
Aus der Universitätsklinik für Hals-, Nasen- und Ohrenheilkunde   
mit Poliklinik Tübingen 

 
 
 
 
 
 
 
 
 
 

Stress Hormone-Induced Changes of Auditory Function 
in the Rat 

 
 
 
 
 
 
 
 
 
 

Inaugural-Dissertation 
zur Erlangung des Doktorgrades  

der Medizin 
 

 
 

der Medizinischen Fakultät 
der Eberhard Karls Universität 

zu Tübingen 
 
 

 
vorgelegt von 

 
Armbruster, Philipp Carlos 

 
2020 



 1 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 2 

 
 

 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Dekan:    Professor Dr. B. Pichler 
 
1. Berichterstatter:   Professorin Dr. M. Knipper-Breer 
2. Berichterstatter:   Professor Dr. B. Hirt 
 
 
 
Tag der Disputation:  10.12.2020 



 3 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Meiner Familie 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 4 

Table of contents 

 

1 Introduction 9 
1.1 Background - The auditory system 10 
1.2 Organization of the auditory pathway 13 
1.3 What is ñstressò? 15 
1.4 The HPA axis 16 
1.5 The role of steroid receptors 17 
1.6 The disrupted auditory system 19 

1.6.1 Etiology of noise-induced hearing loss 19 
1.6.2 Pathophysiology of acoustic over-stimulation 21 

1.7 Aim of this work 22 

2 Material and methods 23 
2.1 Animals 23 
2.2 Drug Treatments 23 
2.3 Anesthesia 25 
2.4 Acoustic trauma and sham treatment 25 
2.5 Hearing measurements 26 

2.5.1 Distortion product of otoacoustic emissions 26 
2.5.2 Measuring auditory brainstem responses (ABRs) 26 
2.5.3 Analysis of auditory brainstem responses (ABRs) 27 

2.6 Preparation of animals 29 
2.7 Immunohistochemistry and high resolution fluorescence microscopy 29 
2.8 Cortisol analysis 30 
2.9 Statistical analyses 31 

3 Results 33 
3.1 The effect of GR and MR activation and attenuation on normal hearing
 33 

3.1.1 The effect of GR- and MR-potent drugs on c/c ratios 35 
3.1.2 GR- and MR-potent drugs display no effect on OHC function 36 
3.1.3 GR- and MR-potent drugs display no effect on ABR thresholds 39 
3.1.4 GR- and MR-potent drugs display no significant effect on supra-
threshold responses to a 16 kHz stimulus 42 
3.1.5 GR- and MR-potent drugs display no significant effect on supra-
threshold responses to a 32 kHz stimulus 46 
3.1.6 GR and MR-potent drugs display no significant effect on the first 
synapse of the auditory pathway 49 
3.1.7 Conclusion 50 

3.2 The effect of different corticosterone levels on normal hearing 50 
3.2.1 The effect of a continuous treatment with corticosterone on c/c ratio
 52 
3.2.2 A continuous treatment of corticosterone on OHC function displays 
no effect on OHC function 53 
3.2.3 A continuous treatment with corticosterone displays no effect on 
ABR thresholds 54 



 5 

3.2.4 A continuous treatment with corticosterone displays no significant 
effect on supra-threshold responses to a 32 kHz stimulus 56 
3.2.5 A continuous treatment with corticosterone displays no significant 
effect on the first synapse of the auditory pathway 59 
3.2.6 Conclusion 59 

3.3 The role of the GR and the MR during excessive noise exposure and 
subsequent hearing recovery 60 

3.3.1 GR blockage with mifepristone (GR antagonist) maintains DPOAE 
thresholds best after AT 60 
3.3.2 GR blockage with mifepristone (GR antagonist) maintains ABR 
thresholds best 14 days after AT 64 
3.3.3 GR blockage with mifepristone (GR antagonist) maintains supra-
threshold responses of a 16 kHz stimulus best after AT 69 
3.3.4 Mifepristone (GR antagonist) and corticosterone (GR/MR agonist) 
preserve the first synapse of the auditory pathway best after AT 76 

4 Discussion 78 
4.1 The role of corticosterone (GR/ MR agonist) on hearing function 79 
4.2 The role of spironolactone (MR antagonist) on hearing function 81 
4.3 The role of mifepristone (GR antagonist) on hearing function 82 
4.4 Summarizing the role of stress on hearing 83 
4.5 Perspectives 85 

5 Synopsis 86 

Appendix 88 

References 97 

Publication list 107 

Erklärung zum Eigenanteil Fehler! Textmarke nicht definiert. 

Danksagung 108 

 

 

 

 

 

 

 

 

 

                        107 



 6 

List of abbreviations 

 

ABR     AUDITORY BRAINSTEM RESPONSE 

AC     AUDITORY CORTEX 

ACTH     ADRENOCORTICOTROPIC HORMONE  

AN     AUDITORY NERVE 

ANF     AUDITORY NERVE FIBER 

BLA     BASOLATERAL AMYGDALA  

CN     COCHLEAR NUCLEUS 

CRH     CORTICOTROPIN-RELEASING HORMONE  

DCN     DORSAL PART OF THE COCHLEAR NUCLEUS 

DPOAES   DISTORTION PRODUCT OTOACOUSTIC EMISSIONS  

GC     GLUCOCORTICOID 

GR     GLUCOCORTICOID RECEPTOR 

HPA AXIS   HYPOTHALAMUS-PITUITARY-ADRENAL AXIS 

IC     INFERIOR COLLICULUS 

IHC     INNER HAIR CELL 

LSO     LATERAL SUPERIOR OLIVE 

MGB     MEDIAL GENICULATE BODY 

MNTB     MEDIAL NUCLEUS OF THE TRAPEZOID BODY  

MR     MINERALOCORTICOID RECEPTOR 

MSO     MEDIAL SUPERIOR OLIVE 

NIHHL    NOISE-INDUCED HIDDEN HEARING LOSS 

NIHL     NOISE-INDUCED HEARING LOSS 

NKAA3    NA+/K+-ATPASE SUBUNIT ȷ3 

OHC     OUTER HAIR CELL 

PTS     PERMANENT THRESHOLD SHIFTS  

PVN     PARAVENTRICULAR NUCLEUS OF THE HYPOTHALAMUS  

ROS     REACTIVE OXYGEN SPECIES 

SAM     SYMPATHOADRENAL MEDULLARY SYSTEM  

SOC     SUPERIOR OLIVARY COMPLEX  

SPL    SOUND PRESSURE LEVEL 

SR     SPONTANEOUS ACTION POTENTIAL DISCHARGE RATE  

TTS     TEMPORARY THRESHOLD SHIFTS  

VCN     VENTRAL PART OF THE COCHLEAR NUCLEUS 



 7 

List of figures 

 

FIGURE 1:  SCHEMATIC OF THE HUMAN EAR.               11 
 

FIGURE 2:  PHASED ZOOM OF THE COCHLEA AND THE ORGAN OF CORTI.                 13 
 

FIGURE 3:  SCHEMATIC DEPICTION OF THE ASCENDING AUDITORY PATHWAY.          15 
 

FIGURE 4: THE SIMPLIFIED HPA AXIS.               18 
 

FIGURE 5:  ABR WAVE PEAKS.                29 
 

FIGURE 6:  IMMUNOSTAINING.                31 
 

FIGURE 7: EXPERIMENTAL DESIGN OF A SINGLE APPLICATION OF GR- AND MR- POTENT 

SUBSTANCES FOLLOWED BY SHAM TREATMENT OR EXCESSIVE NOISE 

EXPOSURE.                                   35 
 

FIGURE 8:  CORTICOSTERONE/CREATININE RATIO (C/C RATIO) OF URINE SAMPLES.        36 
 

FIGURE 9:  SINGLE APPLICATION OF CORTICOSTERONE, MIFEPRISTONE (MR ANTAGONIST) 
AND SPIRONOLACTONE (GR ANTAGONIST) EXHIBITS NO CONCLUSIVE 

INFLUENCE ON OUTER HAIR CELL FUNCTION.             39 
 

FIGURE 10:  SINGLE DRUG APPLICATION EXHIBITS NO INFLUENCE ON HEARING 

THRESHOLDS.                 41 
 

FIGURE 11:  SINGLE DRUG APPLICATION DOES NOT INFLUENCE ABR THRESHOLDS OF 11.3 

KHZ, 16 KHZ AND 32 KHZ.               42 
 

FIGURE 12: SINGLE TREATMENT WITH CORTICOSTERONE, MIFEPRISTONE AND 

SPIRONOLACTONE EXHIBITS NO STRIKING DIVERGING EFFECT ON EARLY 

(WAVE I) AND LATE (WAVE IV) SUPRA-THRESHOLD ABR WAVE RESPONSES TO 

FREQUENCY-SPECIFIC TONE BURST STIMULI AT 16 KHZ.           44 
 

FIGURE 13:  REACH AND SIZE OF SUPRA-THRESHOLD ABR WAVES.            45 
 

FIGURE 14: TREATMENT WITH CORTICOSTERONE, MIFEPRISTONE OR SPIRONOLACTONE 

HAS NO IMPACT ON REACH AND RESPONSE SIZE OF ABR WAVES TO 16 KHZ 

SOUND STIMULI.                46 
 

FIGURE 15:  SINGLE TREATMENT WITH CORTICOSTERONE, MIFEPRISTONE, AND 

SPIRONOLACTONE EXHIBITS NO STRIKING DIVERGING EFFECT ON EARLY 

(WAVE I) AND LATE (WAVE IV) SUPRA-THRESHOLD ABR WAVE RESPONSES TO 

FREQUENCY-SPECIFIC TONE BURST STIMULI AT 32 KHZ.           48 
 

FIGURE 16:  TREATMENT WITH CORTICOSTERONE, MIFEPRISTONE OR SPIRONOLACTONE 

HAS NO IMPACT ON REACH AND RESPONSE SIZE OF ABRS TO 32 KHZ SOUND 

STIMULI.                 49 
 

FIGURE 17:  IHC RIBBON NUMBER IS NOT INFLUENCED BY SINGLE DRUG APPLICATION OF 

CORTICOSTERONE, MIFEPRISTONE OR SPIRONOLACTONE.           50 
 

FIGURE 18: EXPERIMENTAL DESIGN OF REPEATED CORTICOSTERONE APPLICATIONS TO 

MIMIC CHRONIC STRESS.               52 
 

FIGURE 19:  CORTICOSTERONE/CREATININE RATIO (C/C RATIO) OF URINE SAMPLES.        53 
 

FIGURE 20:  MULTIPLE INJECTIONS OF HIGH CORTICOSTERONE (30 MG/KG) OR LOW 

CORTICOSTERONE (3 MG/KG) EXHIBIT NO INFLUENCE ON OUTER HAIR CELL 

FUNCTION.                 54 



 8 

 
FIGURE 21:  A CONSECUTIVE APPLICATION OF CORTICOSTERONE EXHIBITS NO INFLUENCE 

ON HEARING THRESHOLDS.               56 
 

FIGURE 22:  CONSECUTIVE APPLICATION OF CORTICOSTERONE DOES NOT INFLUENCE 

HEARING THRESHOLDS.               57 
 

FIGURE 23:  MULTIPLE INJECTIONS OF DIFFERENT CONCENTRATIONS OF CORTICOSTERONE 

SHOW NO STRIKING EFFECT ON EARLY (WAVE I) AND LATE (WAVE IV) SUPRA-
THRESHOLD ABR WAVE RESPONSES TO FREQUENCY-SPECIFIC TONE BURST 

STIMULI AT 32 KHZ.                58 
 

FIGURE 24:  CONSECUTIVE TREATMENT WITH 3 MG AND 30 MG CORTICOSTERONE HAS NO 

IMPACT ON REACH AND RESPONSE SIZE OF ABRS TO 32 KHZ SOUND STIMULI. 
                  59 

 

FIGURE 25:  IHC RIBBON NUMBER IS NOT SIGNIFICANTLY IMPAIRED BY A FIVE-DAY DRUG 

APPLICATION WITH 3 MG/KG OR 30 MG/KG CORTICOSTERONE.           60 
 

FIGURE 26:  PRE-TREATMENT WITH MIFEPRISTONE BUT NOT CORTICOSTERONE OR 

SPIRONOLACTONE PRESERVES OHC FUNCTION AFTER ACOUSTIC TRAUMA 

SIGNIFICANTLY.                64 
 

FIGURE 27: PRE-TREATMENT WITH MIFEPRISTONE PRESERVES ABR THRESHOLDS BEST 

AFTER ACOUSTIC TRAUMA.               67 
 

FIGURE 28: PRE-TREATMENT WITH MIFEPRISTONE MAINTAINS THRESHOLDS AFTER 

ACOUSTIC TRAUMA BEST.               68 
 

FIGURE 29:  TREATMENT WITH MIFEPRISTONE BUT NOT SPIRONOLACTONE OR 

CORTICOSTERONE, MAINTAINS EARLY (WAVE I) AND LATE (WAVE IV) ABR 

AMPLITUDES TO A WIDER RANGE AT 16 KHZ.             71 
 

FIGURE 30:  PRE-TREATMENT WITH MIFEPRISTONE AND CORTICOSTERONE, BUT NOT 

SPIRONOLACTONE, MAINTAINS THE REACH FOR CODING HIGH STIMULUS 

LEVELS AND RESPONSE SIZE OF ABRS TO 16 KHZ SOUND STIMULI AFTER AT.73 
 

FIGURE 31: PRE-TREATMENT WITH MIFEPRISTONE, BUT NOT SPIRONOLACTONE OR 

CORTICOSTERONE, MAINTAINS EARLY (WAVE I) AND LATE (WAVE IV) ABR 

AMPLITUDES TO A WIDER RANGE AT 32 KHZ.             75 
 

FIGURE 32:  PRE-TREATMENT WITH MIFEPRISTONE, BUT NOT CORTICOSTERONE OR 

SPIRONOLACTONE, MAINTAINS AMPLITUDE REACH AND RESPONSE SIZE OF 

ABRS TO 32 KHZ AFTER AT.               76 
 

FIGURE 33:  MIFEPRISTONE AND CORTICOSTERONE, BUT NOT SPIRONOLACTONE OR 

VEHICLE PRE-TREATMENT PREVENTS, IN PART, IHC RIBBON LOSS IN HIGH-
FREQUENCY COCHLEAR TURNS.              77 

 
 
 

List of tables 

 
TABLE 1:  OVERVIEW OF PHARMACOLOGICAL GROUPS.             25 
 

SUPP. TABLE 1: STATISTICAL INFORMATION OF THE RESULTS             98 
 

SUPP. TABLE 2: CORTISOL AND CREATININE RAW DATA            102 

 



 9 

1 Introduction 

Approximately 70 million people suffer from severe hearing loss worldwide 

(Shield 2006). Rough estimates reckon this number is going to increase more 

than tenfold to 900 million by 2050 due to demographic and environmental 

changes (Vio and Holme 2005). Hearing loss leads to flawed speech 

understanding and thus decreases the capacity to engage in conversations or 

social activities. The loss of communication skills results in impaired social 

mobility and increased difficulty in establishing or maintaining emotional 

relationships. These factors together lead to social isolation and are mainly 

responsible for the increasing prevalence of depression in people with impaired 

hearing (Nelson, Nelson et al. 2005, Mathers, Fat et al. 2008, Mosges, Koberlein 

et al. 2008, Tikka, Verbeek et al. 2017). Ultimately, hearing loss leads to a decline 

in perceived life quality and, on a global scale, decreases productivity and raises 

expenses for medical treatment (Basner, Babisch et al. 2014). Taking these 

factors together, hearing impairment causes a total estimated loss of 284 billion 

EUR in Europe alone (Shield 2006).  

The etiology of hearing loss is complex as a multitude of pathologies, congenital 

or acquired, can result in impaired hearing function. However, excessive noise 

has been isolated to play a key role in hearing impairment, shaping the term 

noise-induced hearing loss (NIHL). For decades, the mainstay of treatment for 

NIHL was the application of systemic corticosteroids, as glucocorticoids and 

stressors were described to be protective against damage associated with noise 

over-exposure (Sha and Schacht 2017). Conversely, stressors are also risk 

factors for hearing disorders (Singer, Kasini et al. 2018). How these contradictory 

effects are related remains elusive. In the present study we aimed to analyze the 

role of the Hypothalamus-pituitary-adrenal (HPA) axis ï the key player in stress 

response mechanism ï on auditory nerve processing and susceptibility to 

excessive noise in the rat animal model and further discuss related 

pathophysiology and treatment options.  

This work is structured as follows. The anatomy of hearing, the pathophysiology 

of NIHL and the organization of the HPA axis will be outlined in chapter 1. The 

drugs and measurement methods used in this experiment will be declared in 

chapter 2. In chapter 3 the experimental results will be set fourth which then will 

be evaluated and discussed in chapter 4 and finally fit into current literature.
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1.1 Background - The auditory system  

 

The auditory system is complex and needs to be elucidated to better understand 

noise-related pathologies.  

The main task of the auditory organ is the conversion of acoustic to electric 

signals which can be processed by the central nervous system. Hearing, the 

perception of sound, grants mammals the ability to perceive, distinguish, and 

locate sound sources. The hearing organ is classified into four sections and 

consists of the outer ear, middle ear, inner ear, and the subsequent auditory 

pathway.  

Briefly, the auricle operates as funnel, directing sound waves to the ear canal. 

The compression and rarefaction of these waves set the thin tympanic membrane 

and the subsequent ossicles in motion. The malleus, incus and stapes amplify 

the signal and transduce vibrations via the oval window to the inner ear (Fig. 1), 

which consists of two organs, the vestibular system (sense of balance) and the 

cochlea (sound detection and processing) (Fig. 2).  

Figure 1. Schematic of the human ear. The anatomy of the outer ear, middle ear and inner ear 
is depicted in a frontal plane cut through the external ear canal. A zoomed-in version of the 
tympanic cavity shows the chain of the ossicles, connecting the tympanic membrane to the oval 
window (modified from (Dale Purves 2001)).  
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Once sound waves enter the bony labyrinth of the cochlea, the impulse is 

propagated to the fluid-filled cavity and causes the liquid (called perilymph) to 

move. As sound travels through the perilymph, the thickness and stiffness of the 

basilar membrane decreases. This membrane is a structural element that 

supports the organ of Corti, the receptor organ for hearing. The rigidity is highest 

at the base and becomes less stiff at the apex (the helicotrema). Therefore, 

travelling sound waves with high frequencies (up to 20 kHz) correspond to areas 

near the bottom basilar membrane and low-frequency (minimum 20 Hz) waves 

travel down the tube and cause the apical basilar membrane to vibrate. The 

frequency and stiffness of the basilar membrane are proportional to each other. 

This specific structural arrangement of frequency susceptibility is called tonotopy 

(Ehret 1978). 

The sound energy is then conveyed to the Organ of Corti, where the hair cells of 

the sensory epithelium detect vibrations. The organ of Corti is limited by the 

tectorial membrane and the basilar membrane and consists of different cell types. 

The supporting cells act as pillars and provide structural and metabolic support. 

The hair cells with its mechanoreceptors act as signal detectors and convert 

movement into electrical signals which are transmitted via synapses to the 

auditory cortex (Waschke 2015). There are two types of hair cells, the outer hair 

cells (OHCs) and inner hair cells (IHCs). Both OHCs and IHCs are equipped with 

stereocilia in the upper part of the hair cells which are responsible for signal 

transduction (Peter Dallos 1996). When the tectorial membrane is caused to 

move by sound waves, the stereocilia deflect, causing the mechano-transducer 

channels to open and potassium ions flow from the surrounding potassium-rich 

endolymph into the cytosol of hair cells. The shift of ion charge causes the hair 

cells to open calcium channels and the resulting influx of calcium ions leads to 

the depolarization of the cellular membrane with subsequent intracellular 

glutamate release. Simultaneously, the depolarized OHC triggers prestin, a 

protein located in the lateral cellular membrane, to contract. This response 

provides mechanical feedback and amplifies the sound signal (Peter Dallos 

1996).  
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Figure 2. Phased zoom of the cochlea and the Organ of Corti. The cochlea is responsible for 
sound detection. The organ consists of three fluid compartments, the scala vestibuli, scala media 
and scala tympani which are spiralling towards the apex. The organ of Corti is located in the scala 
media and holds the outer hair cells (OHCs) and inner hair cells (IHCs) (modified from (Dale 
Purves 2001)). 

 
 
The amplified signal is then detected by the actual sensory cells, the IHCs. These 

neurons are characterized by synapses specialized for sustained, rapid vesicle 

exocytosis and connect to ca. 95% of afferent fibers in the auditory pathway 

(Singer, Panford-Walsh et al. 2014). A peculiar feature of this synapse is an 

organelle called the synaptic ribbon, which tethers a large pool of readily 

releasable vesicles of neurotransmitters (Matthews and Fuchs 2010) and is able 

to spike up a few hundred times per second to encode sound intensity by action 

potential spike frequency in post-synaptic neurons with unprecedented precision 

(Singer, Panford-Walsh et al. 2014, Wichmann and Moser 2015). The transduced 

electric signal is then propagated along the ascending auditory pathway.  
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1.2 Organization of the auditory pathway 

 

The auditory pathway transmits acoustic information from the organ of Corti to 

the auditory cortex and is comprised of ascending and descending fibers. The 

hair cells form a synaptic connection with the spiral ganglion neurons of the 

auditory nerve (AN) and mark the beginning of the ascending auditory pathway 

(Chumak, Rüttiger et al. 2015). The AN consists of fibers with selective sensitivity 

over different parts of the dynamic range of sound (Bing, Lee et al. 2015). These 

fibers are categorized according to their spontaneous action potential discharge 

rate (SR) (Liberman 1978, Heinz and Young 2004, Singer, Panford-Walsh et al. 

2014). Fibers with a high-SR are specialized for the detection of low sound 

pressure levels (<20 dB sound pressure level, SPL), while low-SR fibers respond 

to much higher sound pressure levels (20-40 dB SPL) (Sachs and Abbas 1974, 

Yates 1991). Low-SR fibers are crucial to hearing in a noisy environment 

(Furman, Kujawa et al. 2013). The coded sound signal is then transmitted 

upstream to the cochlear nuclear (CN) complex, where signals are relayed to 

different parallel ascending tracts (Singer, Panford-Walsh et al. 2014). Each 

ascending tract then converges at the level of the midbrain into the inferior 

colliculus (IC) and finally reaches the auditory cortex (Malmierca, Merchan et al. 

2002).  

The auditory cortex is interconnected either directly or indirectly with the 

amygdala and hippocampus, structures of the limbic system that play a central 

role in emotional processing. The auditory thalamus sends direct neural inputs to 

the basolateral amygdala (BLA), which shares a connection with the 

hippocampus. This link becomes apparent when BLA stimulation enhances the 

number of sound responsive neurons in the AC after sound enrichment (Singer, 

Panford-Walsh et al. 2014). The amygdala in turn activates the hypothalamus-

pituitary-adrenal (HPA) axis (Roozendaal, Griffith et al. 2003, Wolf 2009, Barry, 

Murray et al. 2017). This connection allows acoustic stimulation to activate stress 

responses in the inner ear (Yao and Rarey 1996, Terakado, Kumagami et al. 

2011, Singer, Panford-Walsh et al. 2014). These neuronal links and circuits 

between the auditory circuit, the limbic system and the HPA axis ultimately form 

a sound-activated network. 
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Figure 3. Schematic illustration of the ascending auditory pathway. The auditory nerve (AN) 
projects the transmitted signal coming from the cochlea to the cochlear nucleus complex (CN). Here, 
the AN fibers connect to the dorsal (DCN) and ventral (VCN) part of the CN. The signal is then 
transmitted to the ipsilateral (blue) and contralateral (red) lateral (LSO), medial (MSO) superior olive 
and the medial nucleus of the trapezoid body (MNTB), forming the superior olivary complex (SOC). 
Efferent fibers emerge from the LSO and MSO that convey information to the hair cells in the cochlea. 
The DCN transmits ipsilateral (blue) information and the SOC transmits contralateral information (red) 
to the inferior colliculus (IC). From here, ipsi- and contralateral (green and orange) fibers are 
interchanged and transmitted to the medial geniculate body (MGB), where both impulses are 
propagated to the auditory cortex (AC) (Malmierca and Merchan 2004). The MGB contacts the 
amygdala (green arrows) which simultaneously contacts the hippocampus that in turn shares a 
connection to the AC (green arrow). Changes of glucocorticoid levels caused by amygdala activity 
have a great impact on the cochlea (dashed green arrow) (Singer, Panford-Walsh et al. 2014, 
Chumak, Rüttiger et al. 2015). 
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1.3 What is ñstressò? 

 

This sound-activated network and especially the link between the auditory system 

and the HPA axis, a major player in stress response, is paramount for this work. To 

better understand the role of the HPA axis, term ñstressò has to be defined first. 

Stress originates from the fight-or-flight response described by Walter Cannon 

(Cannon 1929) and nowadays is commonly defined as ñany physical or 

psychological event that disrupts homeostasisò (Sheriff, Dantzer et al. 2011). 

Homeostasis is a central concept in biology (Goldstein and Kopin 2007) that 

describes the process of organisms to maintain equilibrium. This steady state is 

continuously challenged by internal or external stimuli that cause disruption to 

homeostasis, so-called stressors. The organismôs response to these stressors is 

called stress response (Cannon 1932). Two regulatory systems in the human body 

with the goal to maintain equilibrium have been isolated: The sympathoadrenal 

medullary system (SAM) and the hypothalamus-pituitary-adrenal (HPA) axis. Where 

the SAM reacts within seconds after encountering a stressor, the HPA pathway 

takes 3-5 minutes to obtain a measurable increase of stress hormone concentration 

(so-called glucocorticoids, GCs)  in the blood (Sheriff, Dantzer et al. 2011).  

Thus, the SAM axis is responsible for the short-term fight-or-flight response 

mediated through the sympathetic nervous system which reacts to acutely stressful 

situations and directly accelerates metabolic turnover to adapt to the new 

challenging situation. The HPA axis in turn initiates a prolonged stress response by 

modulating GC-responsive systems. 
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1.4 The HPA axis 

 

The HPA axis is comprising three organs that create a network of mutual influence 

and feedback interactions. This system orchestrates a variety of stress responses 

that ultimately regulate bodily functions such as the metabolic system, the 

reproductive system, the immune system and the central nervous system.  

In detail, the paraventricular nucleus of the hypothalamus (PVN) is the motor of the 

HPA axis and builds together with the anterior lobe of the pituitary gland and the 

suprarenal gland the HPA circuit (Bao and Swaab 2010). Activation of PVN neurons 

is regulated by afferent fibers originating from the limbic circuit. Stressors but also 

exertion, illness and the circadian rhythm prompt the neuroendocrine neurons of the 

PVN to release corticotropin-releasing hormone (CRH) and vasopressin. These 

hormones synergistically stimulate the secretion of adrenocorticotropic hormone 

(ACTH) in the hypophyseal portal system of the pituitary gland. ACTH in turn acutely 

triggers the GC biosynthesis by shifting cholesterol into the mitochondria of 

adrenocortical cells and causes GC levels to rise (Gomez-Sanchez and Gomez-

Sanchez 2014). The increased GCs act as second messenger on the glucocorticoid 

receptors and mineralocorticoid receptors, which in turn initiate the stress response 

in the peripheral tissue. At the same time, GCs provide feedback control by 

suppressing the upstream endocrine activity of the hypothalamus and the pituitary 

gland (Fig. 4) (Han, Ozawa et al. 2007). This feedback response of the HPA axis is 

mainly mediated by MR-related corticosteroid activation (Cole, Kalman et al. 2000).  

Throughout the day, the HPA axis triggers pulsatile GC releases from suprarenal 

glands that occur every 60-120 minutes with one secretory episode lasting 

approximately 20 minutes. In humans, the release pattern follows a distinct diurnal 

cycle with low GC concentrations during nights and peak production just before 

awakening. During the course of the day, GC levels slowly decrease and finally 

reach its minimum value again during the night. In nocturnal rodents, this cycle is 

inverse with low GC concentration during days and peak production in the evening 

hours. This rhythm is important to consider when analyzing GC values in 

experimental settings (Young, Abelson et al. 2004, Fries, Dettenborn et al. 2009) 
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Figure 4. The simplified HPA axis. The hypothalamic paraventricular nucleus in the hypothalamus 
produces corticotropin-releasing hormone (CRH) stimulates the release of adrenocorticotropic 
hormone (ACTH) in the hypophyseal portal system of the pituitary gland. ACTH prompts 
glucocorticoid (GC) synthesis and release in the adrenal gland which eventually carries out genomic 
and non-genomic effects within target tissues. The rise of GCs triggers a negative feedback loop that 
stops the release of CRH, ACTH and GC and thereby slackens the HPA axis response. 

 

1.5 The role of steroid receptors 

 

Ultimately, the output of the HPA axis are the hormones corticosterone (main GC in 

rodents) and cortisol (main GC in the human body). Both messengers are ligands 

for the glucocorticoid receptor (GR) and the mineralocorticoid receptor (MR) and 

coordinate cellular activities. GRs and MRs initiate rapid effects through secondary 

cell signalling pathways within the plasma membrane as well as genomic effects via 

gene transcription for proteins in the nucleus (Gomez-Sanchez and Gomez-

Sanchez 2014).  
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MR and GR are cognate steroid receptors of ligand activated transcription factors 

and their expression often co-occurs in the same cell. Additionally, many 

transcriptional events depend on certain ratios of activated GR and MR. Both 

receptors compete for the same ligands, share many chaperones (a protein that 

promotes protein folding), and bind the same target location at the DNA (Gomez-

Sanchez and Gomez-Sanchez 2014).  

Prominent MR functions are ion homeostasis, osmotic regulation and adjustments 

on bodily hemodynamics. In neuronal tissue, MR activity regulates membrane 

excitability and significant neuronal responses during memory formation, learning 

and stress (Gomez-Sanchez and Gomez-Sanchez 2012, Gomez-Sanchez and 

Gomez-Sanchez 2014). In the auditory system, MRs increase the turnover of the 

Na+/K+-ATPase pump which is paramount in ion homeostasis of the scala media in 

the inner ear (Agarwal and Mirshahi 1999). 

However, an excessive activation of MRs results in an increase of reactive oxygen 

species (ROS) and inflammation (Gilbert and Brown 2010, Zhu, Manning et al. 2011, 

Gomez-Sanchez and Gomez-Sanchez 2012). This is important to mention as free 

radicals accumulate in hair cells shortly after being exposed to excessive noise.  

Prominent GR functions are the regulation of energy supply and the mediation of 

stress reactions. The role of GR on inflammation is considered contrary to MR 

function and dampens MR-mediated inflammatory responses (Gomez-Sanchez and 

Gomez-Sanchez 2012). Although the affinity of GRs for corticosterone and cortisol 

is ten times lower than for MRs (Reul and de Kloet 1985, Arriza, Simerly et al. 1988), 

during the pinnacle of GC concentration or during stress exposure, GRs are 

activated by ligands.  

When activated, GRs and MRs are transported into the nucleus, where homodimers 

(GR:GR, MR:MR) or heterodimers (GR:MR) are formed and co-transcription factors 

stabilize promotor binding of specific genes at the hormone responsive element 

(HRE) (Savory, Prefontaine et al. 2001). After gene transcription, an export signal 

moves the receptor out of the nucleus and back into cellular cytosol (Fejes-Toth, 

Pearce et al. 1998, Nishi, Ogawa et al. 2001, Pascual-Le Tallec and Lombes 2005, 

Gomez-Sanchez and Gomez-Sanchez 2012).  

Homodimers of MR and GR act differently at the same HRE and exhibit diverse 

transcriptional efficiencies when compared to heterodimers (Viengchareun, Le 
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Menuet et al. 2007, Ackermann, Gresko et al. 2010, Gomez-Sanchez and Gomez-

Sanchez 2014). The formation of MR:GR heterodimers is controlled by GR secretion 

as MR homodimers predominate at low GC concentrations. The highest MR:GR 

heterodimer formation occurs during stress. Recent studies suggest that these 

heterodimers are most efficient in gene transcription (Ackermann, Gresko et al. 

2010). This finding is crucial for brain functionality and hearing function as MR and 

GR expression is high in neuronal tissue and in the inner ear, showing that both 

systems are important effector organs for stress adaption (De Kloet 2004, Terakado, 

Kumagami et al. 2011, Gomez-Sanchez and Gomez-Sanchez 2014).  

The multi-layered nature of GRs and MRs and the intricacy of the cellular stress 

response in the brain and the inner ear as presented here makes it difficult to 

pinpoint GR and MR functions. This makes steroid receptors unique in complexity 

and facilitates interactions in both synergy and opposition. To explore the specific 

role of both receptors in the cochlea and on the first synapse of the auditory nerve 

is the subject of this work. 

 

1.6 The disrupted auditory system 

 

Any type of damage that is inflicted upon the sensitive auditory system can impair 

hearing function and consecutively cause hearing loss. The etiology and 

pathophysiology of disrupted auditory functionality and related pathways interfering 

with the vulnerability and recovery of the auditory system will be discussed in the 

following.  

 

1.6.1 Etiology of noise-induced hearing loss 

 

Although the pathogenesis of noise-induced hearing loss (NIHL) is a complex and 

multifactorial disease that emerges from underlying genetic interactions and 

environmental factors (Le, Straatman et al. 2017), the main risk factor for NIHL is 

excessive noise (Kujawa and Liberman 2006). NIHL prevalence started to rapidly 

increase with the introduction of the industrial revolution. Occupational noise exposure 

paired with a more recent increase of social noise exposure, such as through personal 

music players, may add to the rise in NIHL prevalence (Basner, Babisch et al. 2014). 
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Noise is omnipresent in our everyday lives and can affect both body and psyche, 

resulting in a variety of auditory and non-auditory health effects (Basner, Babisch et al. 

2014). Today, approximately 5% of the worldôs population is reportedly affected by 

impaired hearing (Sha and Schacht 2017), rendering NIHL one of the most common 

diseases in modern times.  

Chronic sound exposure can lead to sensorineural hearing loss, which is associated 

with irreversible damage to the sensory epithelium located in the organ of Corti (Nadol 

1993). The duration of noise exposure and its intensity define different types and 

different pathological patterns of noise-related hearing loss.  

The human auditory system allows us to process a large dynamic range of sound 

pressure levels. Our perception of sound intensity approximates a logarithmic scale, 

making the dB scale a useful measure. For reference, human hearing ranges from -9 

dB SPL at 3 kHz (a faint whisper) to 140 dB SPL (a gunshot). A normal human 

conversation is usually held around 60 dB SPL. The equal-energy principle (equal 

energy will cause equal damage, creates a continuum of acoustic over-stimulation 

ranging from a short time interval of high-level sound exposure to a long time interval 

of low-level sound exposure (Suvorov, Denisov et al. 2001, Le, Straatman et al. 2017). 

NIHL can result from both sudden noise exposure (acoustic trauma, AT) and long-term 

noise exposure (environmental exposure). Typically, sudden high impulse exposures 

to noise are more damaging to the ear than steady state low impulses (Suvorov, 

Denisov et al. 2001, Le, Straatman et al. 2017). The resulting diversity of hearing loss 

led to two types injury: 

(A) Temporary threshold shifts (TTS) with a transient loss of acuity but no hair cell loss 

(usually lasting 24-48h followed by a return to baseline hearing threshold levels).  

(B) Permanent threshold shifts (PTS) with permanent hearing impairment and 

concomitant hair cell loss (Le, Straatman et al. 2017).  

However, recent evidence suggests that decline in hearing acuity caused by early 

acoustic over-exposure resulting in TTS may continue long after the acoustic over-

stimulation has stopped, even at frequencies outside the original NIHL. These findings 

hint that ears with a history of acoustic trauma are substantially different from those 

without (Gates, Schmid et al. 2000) and accelerate age-related hearing loss (Kujawa 

and Liberman 2006).  
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1.6.2 Pathophysiology of acoustic over-stimulation 

 

Extreme noise intensities or long-term sound exposures beyond 80 dB carry an 

increased risk of (A) structural or (B) metabolic damage to the organ of Corti (Le, 

Straatman et al. 2017, Sha and Schacht 2017, Tikka, Verbeek et al. 2017).  

(A) Structural damage is inflicted when sound intensities above 130 dB SPL impinge 

the cochlea, leading to a disruption of the organ of Corti from the basilar membrane 

and subsequently to a mixing of peri- and endolymph as well as a disconnection of cell 

junctions (Henderson and Hamernik 1986, Le, Straatman et al. 2017). Sound 

intensities less than 130 dB SPL may still cause a detachment of the OHC stereocilia 

from the tectorial membrane, although this is theorized to be transient and therefore 

subject to TTS (Nordmann, Bohne et al. 2000). 

(B) Metabolic decompensation involves stereocilia disruption and an additional 

reduction of synaptic vesicles at the presynaptic membrane (Kim, Park et al. 2014). 

Postsynaptic over-stimulation can cause an excessive amount of glutamate which 

triggers inflammatory swelling of cell bodies and dendrites (Spoendlin 1971, Robertson 

1983). This process is commonly referred to as glutamate excitotoxicity (Le, Straatman 

et al. 2017). It is theorized that the co-occurrence of both excessive glutamatergic 

postsynaptic stimulation at the hair cell level and the formation of free radicals (ROS) 

during over-exposure to noise stimuli promote hair cell death (Yamane, Nakai et al. 

1995). ROS are important initiators and mediators of cell death (Dixon and Stockwell 

2014) and continue to form until a maximum concentration of ROS is reached 7-10 

days after trauma (Yamashita, Jiang et al. 2004), spreading from the basal end to the 

apex of the cochlea (Henderson, Bielefeld et al. 2006).  

Even after a full recovery of hearing thresholds after acoustic trauma, the first synapse 

of the auditory system can be damaged considerably, resulting in a loss of synaptic 

connections between IHCs and type I afferent auditory nerve fibers (ANFs) (Kujawa 

and Liberman 2009, Shi, Chang et al. 2016). Therefore, noise exposures that only 

cause reversible threshold shifts with no hair cell loss (TTS) still provoke a permanent 

loss of >50% of the first synaptic connection in the organ of Corti (Liberman 2017, Sha 

and Schacht 2017). This synaptopathy occurs imminently after acoustic trauma and 

most likely is also caused by glutamate excitotoxicity injuring the post-synaptic 

terminals (Shi, Chang et al. 2016). The neurons of the spiral ganglion cells may survive 
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during the following months and years but eventually also perish as a consequence of 

synaptic loss (Liberman 2017).  

The noise-induced synaptopathy with sustained pure-tone thresholds, as in TTS, 

appears in functional hearing analysis as amplitude loss of supra-threshold ABR 

waves. Here, the reduction of dynamic range is attributed to the selective loss of 

auditory nerve fibers (ANFs) with low-spontaneous rates (low-SR) and high thresholds 

(Furman, Kujawa et al. 2013, Rance and Starr 2015). These fibers are known for signal 

coding in noisy background and are considered vital for speech understanding in 

difficult listening environments and may explain the reduced speech perception in 

individuals with noise-induced synaptopathy (Shi, Chang et al. 2016, Le, Straatman et 

al. 2017).  

These new insights on TTS caused a change of paradigm and suggested that not the 

hair cells but the synapse between hair cells and cochlear nerve is the most vulnerable 

element in the inner ear (Liberman, Epstein et al. 2016). As a consequence, the 

hearing organ compensates for the loss of synaptic function with a reversible central 

gain increase and shifts balance between excitatory and inhibitory midbrain responses. 

This reaction may play an important role in associated hyperacusis and tinnitus 

(Heeringa and van Dijk 2014).  

 

 

1.7 Aim of this work 

 

As shown here, the pathophysiology of hearing loss is complex and sparks 

controversial discussions of the definite role of stress in respect to hearing vulnerability 

and the recovery of hearing after acoustic trauma. Hence, aim of the present study 

was to further explore the influence of GRs and MRs on the organ of Corti, the auditory 

nerve fiber, and central auditory processing to better understand the impact of stress 

signaling on the pathogenesis of noise-induced hearing loss.  

In brief: How does stress influence hearing? Adding a piece to the puzzle.  
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2 Material and methods 

 

2.1 Animals 

 

A total of 55 female Wistar rats were used for this work. Animal care, treatments, 

procedures and the experimental protocol followed the guidelines of the EU Directive 

2010/63/EU for animal experiments and were reviewed and approved by the University 

of Tübingen, the Veterinary Care Unit and the Animal Care and Ethics Committee of 

the regional board of the Federal State Government of Baden-Württemberg (approval 

number HN1/14). Animals were provided by Charles River Laboratories (Research 

Models and Services, Germany GmbH, Kißlegg, Germany). See also (Singer, Kasini 

et al. 2018).  

Rats were 6 to 8 weeks old and weighed between 200 g and 300 g. Food and water 

was supplied ad libitum. The rats were housed in groups of four under an artificial 

12/12-hour light/dark cycle, where noise levels did not exceed 60 dB sound pressure 

level. The suffering of animals in this experiment was minimized not only by limiting 

measurement duration and frequency, selecting measurement periods at time points 

where changes are bound to happen, but also by keeping animals in social groups (3-

4 animals / cage) to ensure normal interaction. Also, animals underwent anesthesia to 

minimize pain during measurements and urine collections. Doing so, discomfort was 

reduced to a minimum which in turn diminished the animalsô stress response and 

ultimately prevented interference with the experimental setup and endpoints.  

 

2.2 Drug Treatments 

 

To study the influence of stress on hearing function and hearing recovery, a total of 

three GR- and MR-potent substances were tested for effect in the following 

experimental design and compared to a control substance.  

 

1. Corticosterone (Sigma-Aldrich, St. Louis, USA), the main glucocorticoid in rodents, 

is the drug of choice to act as pharmacologically induced stress component. 

Corticosterone was injected at a concentration of 3 or 30 mg/kg bodyweight. 
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2. Mifepristone (RU-486, Sigma-Aldrich, St. Louis, USA) is a specific glucocorticoid 

receptor antagonist with no affinity for the mineralocorticoid receptor (Trune and 

Kempton 2009). RU-486 was injected at a concentration of 100 mg/kg bodyweight.  

 

3. Spironolactone (Sigma-Aldrich, St. Louis, USA), is a specific mineralocorticoid 

receptor (Delyani 2000). Spironolactone was injected at a concentration of 75 mg/kg 

body weight.  

 

4. Vehicle was used as negative control for drug application. The vehicle was injected 

at a concentration of 2 ml/kg BW. 

 

 

Table 1. Overview of pharmacological groups. Each group received either spironolactone, 

mifepristone, corticosterone, or vehicle substance intraperitoneally. 

Group  Solution 

Spironolactone (spir)  
30 mg Spironolactone + 720 ml PEG + 

80 ml EtOH (37,5 mg/ml Spironolactone) 
 

Mifepristone (mif)  
30 mg RU-486 + 540 ml PEG + 60 ml EtOH 

(50 mg/ml RU-486) 
 

Corticosterone (cort)  
20 mg Corticosterone + 1200 ml PEG + 

133,33 ml EtOH (15 mg/ml Corticosterone) 
 

Vehicle                                                  540 ml PEG + 60 ml EtOH   

  
All substances were dissolved in polyethylenglycole (Sigma-Aldrich, St. Louis, USA) 

and subsequently diluted with ethanol (1:10) directly before use. For better solubility, 

substances were put in a 60 C water bath for 30 minutes and subsequently put in an 

ultrasonic cleaner for 15 minutes. Drugs were injected intraperitoneally. All injections 

were done during the morning hours to prevent bias caused by circadian variation of 

internal corticosterone (Buijs, van Eden et al. 2003, Tahera, Meltser et al. 2006). After 

injection, rats were returned to their cages.  

 
 
 
 
 



 25 

2.3 Anesthesia  

 

During noise exposure and ABR measurements, animals were anesthetized with an 

intraperitoneal injection of xylazine hydrochloride (5 mg/kg body mass; Rompun® 2%, 

Bayer HealthCare, Leverkusen) and ketamine hydrochloride (75 mg/kg body mass; 

Ketavet®, Pfizer Pharm. GmbH, Karlsruhe). Foot-withdrawal reflexes were checked 

regularly to adjust the level of anesthesia and additional doses of anesthetics were 

administered up to a third of initial dose if necessary. 

During anesthesia, core body temperature was monitored via a rectal digital 

thermometer and maintained at 35,5 °C - 38°C by cooling pads or heating lamps to 

avoid overheating or hypothermia. 

To ensure adequate moisturizing of the ratôs eyes, polyacrylacid eye gel (VidisicÈ, 

Bausch&Lomb GmbH, Dr. Mann Pharma, Berlin) was administered.  

 

2.4 Acoustic trauma and sham treatment 

 

After being anesthetized, animals were put on a rotating disc in a reverberating box 

inside an acoustic chamber which was previously pre-warmed with a red-light lamp. 

The direction of the rotation was changed at the 30-minute mark. For acoustic trauma 

induction, animals were binaurally exposed to a sinusoidal free field tone (10 kHz, 116 

dB SPL RMS for 60 minutes). To deliver sound, a reverberating chamber with tilted, 

non-parallel walls was equipped with seven loudspeakers (1x Visaton, DR 45 N, Haan, 

Germany and 6x Piezeo Horn 335835, Conrad Electronic, Hirschau, Germany) to 

achieve a mostly homogeneous sound field as described in previous experiments 

(Rüttiger, Singer et al. 2013). The Visaton DR 45 N was used as central top speaker. 

The other six speakers were mounted at the top (2 speakers) and sidewalls (4 

speakers) of the chamber.  

The sine tone was controlled and analyzed by microphone and computer reading was 

performed by a fast Fourier transform (FFT) program.  

Animals treated with sham exposure followed same protocol with sound device and 

speaker switched off. Doing so, confounders were limited to a minimum and ensured 

that possible changes between sham treated and noise exposed groups are only 

attributable to the pharmacological effect. 
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2.5 Hearing measurements 

2.5.1 Distortion product of otoacoustic emissions 

 

The measurement and analysis of distortion products of otoacoustic emissions 

(DPOAE) is a widely used method to determine the activity of the outer hair cells (OHC) 

that function as a non-linear amplifier of the cochlea (Sha and Schacht 2017). DPOAE 

originate from an active contraction of OHC which can be detected with a sensitive 

microphone. For this measurement, a phasis II System (Esaotebiomedica, Italy) was 

used to generate acoustic stimuli and to subsequently record evoked potentials 

(Knipper, Zinn et al. 2000).  

Pure-tone continuous sound signals were generated and used as stimuli. Sound 

signals were amplified, filtered (0,2-5 kHz 6-pole Butterworth filter, Wulf Elektronik) and 

averaged across 64-256 repetitions (Rüttiger, Singer et al. 2013). Sound levels were 

subsequently assessed using a probe microphone and a measuring amplifier.  

Cubic distortion products were measured at the frequency 2f1-f2. For each frequency 

f1, the best ratio f2/f1 was determined using an intermediate sound level (60 dB) 

(Knipper, Zinn et al. 2000). Frequency pairs of tones were between f2 = 4 kHz and f2 

= 32 kHz (Chumak, Rüttiger et al. 2015). Sound levels of f1 were always kept 10 dB 

louder than f2 levels. Subsequently, sound levels were gradually increased in steps of 

5 dB. In order to decrease the background noise to a minimum (at least 10 dB below 

the level of emission), recording windows were averaged as described in previous 

experiments (Knipper, Zinn et al. 2000). Animals were under anesthesia during the 

duration of the measurements.  

 

2.5.2 Measuring auditory brainstem responses (ABRs)  

 

Acoustic stimuli create an electromagnetic potential in the inner ear that gets 

transduced along the ascending auditory pathway, as described in chapter 1.2. This 

electromagnetic signal can be measured to assess the summed neuronal potential of 

the auditory pathway after sound stimulus presentation (Knipper, Van Dijk et al. 2013, 

Ruttiger, Singer et al. 2013) and is commonly referred to as auditory brainstem 

response (ABR). With this electrophysiological method, the signal pathway can be 

objectively investigated from the first synapse in the AN to higher cortical regions.  
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ABR waves were measured after short click, noise, or frequency-specific tone bursts. 

The click stimulus was a broadband stimulus with a center frequency at 4,9 kHz. For 

the noise burst a random phase with a duration of 1 ms was generated. Pure-tone 

stimuli had a duration of 3 ms with 1 ms cosine squared rise/fall times and frequencies 

ranging from 1.41 to 32 kHz. Sound pressure was gradually increased in 5 dB steps 

(maximal 105 dB SPL). For more detailed threshold analysis and supra-threshold ABR 

wave analysis, certain frequencies, spanning from 4 to 32 kHz, were recorded with a 

2 dB sound pressure increment (Rüttiger, Singer et al. 2013). In this experiment, the 

pure-tone records of 16 and 32 kHz were used to analyze supra-threshold ABR waves.  

Generated sound stimuli were subsequently delivered to the ratôs ear by a loudspeaker 

(DT-911, Beyerdynamic, Heilbronn, Germany) which was placed at 3 cm lateral to the 

animalôs pinna (Rüttiger, Singer et al. 2013). During measurements, rats were 

positioned in a soundproof chamber (IAC 400-A, Industrial Acoustics Company GmbH, 

Niederkrüchten, Germany) (Knipper, Van Dijk et al. 2013). Evoked potentials then were 

recorded at the ear (positive, active), the vertex (negative, reference) and the back of 

the rat (ground) with subcutaneous silver wire electrodes (Rüttiger, Singer et al. 2013). 

The electric signal was amplified, band-pass filtered (200 Hz to 2kHz), and averaged 

over 500 repetitions. Hearing thresholds were assessed by determining the minimal 

sound pressure that produced a visually evoked potential in the expected time window 

of the recorded signal (Engel, Braig et al. 2006, Chumak, Rüttiger et al. 2015). ABRs 

were recorded during stimulus presentation and polarity was alternated to eliminate 

artefacts (compression and rarefaction) (Ruttiger, Singer et al. 2013).  

 

2.5.3 Analysis of auditory brainstem responses (ABRs) 

 

Each ABR threshold to click and noise stimuli was analyzed for each ear separately. 

ABR waveforms to pure-tone stimuli and its input-output function (peak I/O) were 

measured and assessed on the ear with lower click thresholds. The ABR wave 

functions were averaged and smoothed out by a moving zero-phase Gaussian filter 

with a window length of 5 data points (0.5 ms) (Chumak, Rüttiger et al. 2015).  

For all groups, the ABR wave data for 16 or 32 kHz stimuli was analyzed for peak and 

amplitude by customized computer programs. Wave amplitudes were defined as peak-

to-peak amplitude of a negative peak followed by a positive peak (Rüttiger, Singer et 

al. 2013). The resulting peak amplitudes of ABR waves are directly correlated to certain 
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activity of the ascending auditory pathway and were clustered into two groups: early 

and late ABRs.  

The first measurable response (wave I) was interpreted as the sum of the first stimulus-

related potential and attributed to signal transduction within the auditory nerve 

(Ruttiger, Singer et al. 2013). These early signals were peaks ranging between 0.9 and 

2 ms. Late peaks (4 ï 6 ms) qualify as signals of central processing and fall into the 

time range of neural processing in the inferior colliculus and thalamic activation (see 

Fig. 5) (Ruttiger, Singer et al. 2013, Singer, Panford-Walsh et al. 2014). Based on 

these definitions, settings were adjusted to extract ABR peaks (Chumak, Rüttiger et 

al. 2015). ABR peak-to-peak (wave amplitude) growth functions were then constructed 

for each individual rat and calculated for increasing stimulus levels with reference to 

the ABR thresholds (from ī15 to a maximum of 85 dB above threshold), whereas 

stimulus levels never exceeded 110 dB SPL (Singer, Kasini et al. 2018). When 

damaged, the cochlear nerve loses its connection to the IHCs, which is reflected in a 

decline of amplitude of ABRs (Fig. 5).  

 

Figure 5. ABR wave peaks. When measured, the usual ABR wave shows five prominent peaks 

occurring within the first 10 ms after sound stimuli presentation. Since the peaks represent the 

delay of neural processing, the waves can be attributed to different stations of the ascending 

auditory pathway. Wave I represents the summed potential of the auditory nerve, whereas the 

subsequent waves receive contributions from more than one anatomical structure. Wave IV 

accounts for the activity of the inferior colliculus and thalamic region. If an acoustic trauma injures 

the inner ear of the rat (post AT, red), all amplitudes of ABR waves are reduced when compared 

to un-traumatized control animals (pre AT, black) (Knipper, Van Dijk et al. 2013, Bing, Lee et al. 

2015). AN Auditory nerve, IC inferior colliculus, AT acoustic trauma, I wave I, IV wave IV. 
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2.6 Preparation of animals  

 

After finishing with the experiments, animals were deeply anaesthetized with carbon 

dioxide and consecutively sacrificed through decapitation. The auditory bulla was 

exposed via a dorsolateral approach and cochleae were rapidly isolated, dissected 

and fixed by immersion in 2% paraformaldehyde (PFA), 125 mM sucrose in 100 mM 

phosphate-buffered saline (PBS), pH 7.4, for 2 h (Knipper, Zinn et al. 2000, Bing, Lee 

et al. 2015). Cochleae were decalcified using rapid decalcifier (RDO; Apex Engineer 

Product Corporation, Aurora, IL, USA). Afterwards samples were embedded in Tissue 

Tek (optimum cutting temperature compound; Thermo Fisher Scientific, Waltham, MA, 

USA), followed by an overnight incubation in 25% sucrose and Hanksô buffered saline 

(HBS) and stored at -80°C (Chumak, Rüttiger et al. 2015, Singer, Kasini et al. 2018). 

Samples were cryosectioned parallel to the modiolus in 10 µm sections with a Cryostat 

(Leica Cryostat 1720 Digital Leica, Wetzlar, Germany), mounted on microscope slides 

(SuperFrost Plus, Thermo Fisher Scientific, Waltham, MA, USA) and stored at -20°C 

in a freezer as described in earlier works (Muller 1991, Tan, Ruttiger et al. 2007, Singer, 

Zuccotti et al. 2013). 

The auditory cortex, hippocampus and inferior colliculus were identified with a rat atlas 

(Paxinos and Watson, 1998). Brain tissue was extracted with a small forceps, frozen 

with liquid nitrogen and stored at -80°C. 

 

2.7 Immunohistochemistry and high-resolution fluorescence 

microscopy 

 

Slides were thawed and permeabilized with 0,5 % Triton X-100 (Sigma-Aldrich, St. 

Louis, USA) in PBS for 10 minutes at room temperature. To block unspecific bindings, 

normal goat serum (NGS) was applied for 30 minutes and slides were put in a wet 

chamber. Cochleae were stained using monoclonal mouse antibodies against 

CtPB2/RIBEYE (1:50 concentration, Cell applications, San Diego, CA, USA) and 

Na+/K+-ATPase subunit Ŭ3 (NKAŬ3) (McLean, Smith et al. 2009). Primary antibodies 

were diluted in 2% NaCl, 0,1% Triton X-100, PBS and 1% NGS. Both antibodies were 

added at the same time (100 µl) and incubated overnight at 4°C in a wet chamber. 

Sections were then rinsed and mounted in Vectashield (Knipper, Zinn et al. 2000, 
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Singer, Kasini et al. 2018).  

For image acquisition and CtBP2/RIBEYE-immunopositive spot counting, an Olympus 

BX61 microscope equipped with an X-Cite Lamp (Olympus, Tokyo, Japan) for 

epifluorescence illumination and a z-axis motor was used for histological examination 

(Singer, Kasini et al. 2018). Pictures of inner hair cells were acquired using an Olympus 

XM10 CCD monochrome camera. For ribbon counts, cryosectioned cochleae were 

visualized over a distance of 8 ɛm, covering the entire inner hair cell nucleus, synapses 

and areas beyond it in an image stack along the z-axis (z-stack) (Singer, Geisler et al. 

2016). One image stack along the z-axis consisted of 30 layers with a z-increment of 

0.28 ɛm (Rüttiger, Singer et al. 2013). For each layer and each fluorochrome, one 

image was generated to display spatial protein distribution (Heidrych, Zimmermann et 

al. 2009). Z-stacks were three-dimensionally deconvoluted using cellSens Dimensions 

ADVMLE Algorithm (OSIS; Olympus, Hamburg, Germany). This algorithm helps to 

erase flare light, display the examined object with increased resolution, and sharpen 

the image.  

Figure 6. Immunhistochemical staining of IHC ribbons with CtBP2/RIBEYE (arrows, red dots) and 
NKAŬ3 (open arrows, green). Nuclear staining with DAPI (blue). Dashed lines represent the IHC 
boundaries and cell nuclei, (Singer, Kasini et al. 2018). Scale bars = 10ɛm.  

 

2.8 Cortisol analysis 

 

Urine analysis was performed as previously described (Singer, Kasini et al. 2018). In 

brief, urine was collected each time hearing measurements were carried out and during 

noise exposure or sham treatment, respectively. Collected probes were analyzed for 

cortisol levels by IDEXX (Vet Med Labor, Ludwigsburg, Germany), using the 

chemiluminescence immunoassay Immulite 2000 Cortisol (Siemens Healthcare 
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Diagnostics, Tarrytown, NY, USA). To rule out major influences due to the circadian 

rhythm, all experiments were conducted in the morning (8-12 a.m.) and the trauma 

induction of each experimental group was evenly distributed throughout the day. 

To eliminate bias caused by fluctuations in urine dilution, urine concentration was 

assessed by analyzing probes for creatinine levels as well. Raw data contained 

different units of measurement (cortisol in ɛg/l; creatinine mg/dl), so cortisol was 

multiplied with a factor of 2.76 and creatinine with a factor of 88.4 to convert values 

into SI units. These values were put in a ratio (see below) and labelled as 

cortisol/creatinine ratio (c/c, with cortisol in nmol/l and creatinine in ɛmol/l). Raw data 

of IDEXX analysis is attached as supplemental data (Supplementary Table 2). 
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According to the manufacturer, this immunoassay shares a cross-reactivity of 1.2% 

with corticosterone, the primary glucocorticoid in rats. In this study, the 

cortisol/creatinine (c/c) ratio was used to estimate the corticosterone levels in female 

Wistar rats as a strong correlation between serum cortisol and corticosterone has been 

observed (Gong, Miao et al. 2015). Therefore, c/c ratio is also referred to as 

corticosterone-creatinine ratio in the following (Singer, Kasini et al. 2018). 

 

2.9 Statistical analyses 

 

For cortisol analysis and maximal DPOAE amplitude, 1-way ANOVA with Tukeyôs 

multiple comparison test (GraphPad Prism) was used.  

DPOAE threshold analysis was compared by using 2-way ANOVA, followed by 

Tukeyôs or Bonferroniôs (for delta analysis) multiple comparison test.  

For the click and noise analysis, 1-way ANOVA and post-hoc Tukeyôs multi comparison 

test was calculated.  

The DPOAE I/O function was checked by a 2-way matched, repeated-measures 

ANOVA (0/10/20 - 65 dB SPL) to determine significance.  

For frequency dependent ABR, 2-way ANOVA followed by Tukeyôs (each data set is 

compared to every other data set) or Bonferroniôs (data sets are compared to vehicle), 

multiple comparison test was performed.  



 32 

The frequency specific ABR threshold analysis of 4, 11.3, 16 and 32 kHz was checked 

by 1-way ANOVA and followed by post-hoc Tukeyôs multiple comparison test.  

No statistical analysis was performed with growth function data of ABR wave I and IV 

amplitude in Fig. 8, 10, 18, 24 and 26 as statistical comparisons for same values were 

carried out in Fig. 9, 11, 19, 25 and 27 and checked with 1-way ANOVA, followed by 

Tukeyôs multiple comparison test.  

Counts for CtBP2 immunopositive ribbons were compared by using 1-way ANOVA 

with Dunnett's multiple comparisons test (Singer, Kasini et al. 2018).  

If both ANOVA and post-hoc test reached significance for pairwise comparisons, it is 

indicated by asterisks (* p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001). n.s. 

denotes non-significant results (p > 0.05). If not otherwise denoted, no asterisks mean 

no significance between values. Detailed information about the statistical analyses is 

given in Supplementary Table 1. 
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3 Results 

 

Goal of this work was to elucidate the incoherent and elusive relationship between 

stress and the auditory system. Therefore, the primary glucocorticoid (GC) in rats 

(corticosterone) and its target receptors, the glucocorticoid (GR) and mineralocorticoid 

(MR) receptor were the focus of this research. 

In order to break the complexity of this interaction, three questions were formulated. 

Chapter 3.1: Does activation or attenuation of GRs and MRs alter normal 

hearing?  

Chapter 3.2: Do different levels of corticosterone affect normal hearing?  

Chapter 3.3: Does activation or attenuation of GRs and MRs after excessive 

noise exposure improve or corrupt hearing recovery?  

Different experimental layouts were designed to answer these questions and each 

question will be addressed individually in the following chapters. 

 

3.1 The effect of GR and MR activation and attenuation on normal 

hearing  

 

In a first experiment, animals were randomly assigned to four treatment groups, each 

consisting of eight animals. Pre-test measurements were conducted, evaluating 

auditory brainstem responses (ABRs), distortion product otoacoustic emissions 

(DPOAEs) and urinary cortisol/creatinine ratios (c/c).  

Animals then received a single intraperitoneal injection of either vehicle, corticosterone 

(GR-/MR-agonist), mifepristone (GR-antagonist) or spironolactone (MR-antagonist) 

depending on their groupôs allocation. 90 minutes after drug injection, rats either 

underwent sham treatment or were exposed to a 10 kHz sine tone at 116 dB SPL for 

60 minutes. Follow-up measurements were conducted at 150 mins, 3d, 7d and 14d 

before sacrificing rats at 15 days after drug injection (Fig. 7).  

The impact of different GR- and MR-potent drugs on normal hearing function and on 

c/c ratios in sham exposed rats will be addressed in chapter 3.1. The impact of GR- 

and MR-potent drugs on animals after excessive noise exposure will be outlined in 

chapter 3.3. 
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Figure 7. Experimental design of a single application of GR- and MR-potent substance followed 
by sham treatment or excessive noise exposure. A. Four different treatment options indicated by ¡ 
- ¤. The drug effect on a cellular level is illustrated as check mark for GR/ MR activation, as red cross 
for GR/ MR blockage, or as a blue hyphen for receptor activity not exceeding baseline conditions. The 
anticipated effect of the drug agents on the ratsô metabolic system is characterized as c/c value 
(corticosterone/ creatinine value) B. Time scale of the experiments. Animals either received noise 
exposure or sham treatment, depending on their group assignment.  
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3.1.1 The effect of GR- and MR-potent drugs on c/c ratios 

 

At first, the c/c ratios of rats were analyzed at different time points to evaluate the 

impact of selected drugs on stress hormone balance. The c/c ratio thereby acted 

as a parameter to quantify stress levels of the rats.  

No statistical relevant difference of c/c ratios between groups was noted prior to 

the experiment. Likewise, application with mifepristone and spironolactone did 

not exhibit a significant impact on c/c ratios at any given time.  

However, corticosterone caused the c/c ratio to peak 150 minutes after drug 

application (Fig. 8, labelled as day 0), reaching statistical significance when 

compared to vehicle, mifepristone and spironolactone.  

 

 
Figure 8. Corticosterone/creatinine ratio (c/c ratio) of urine samples. Urine samples were 
collected during each measurement period. C/c ratios are shown for each individual group. There 
was no significant difference between c/c ratios before the experiment. Right after drug application, 
c/c ratios peaked in the corticosterone group (blue bars) significantly. No effect was observed for 
pre-treatment with mifepristone (GR antagonist, red bars) or spironolactone (MR antagonist, green 
bars). Three days after drug application and thereafter, differences between groups were no longer 
significant, although a non-significant surge of c/c levels 7 days after spironolactone application 
was noted. Error bars represent SD (n = 6-8 animals); n.s., not significant. *** P < 0.001, **** P < 
0.0001. For details of statistical analyses, see Supplemental Table 1. 
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This finding supports the presumption that only the application of corticosterone 

affects the endogenous stress hormone levels (c/c ratios) significantly (see Fig. 

3 A). On the days following injection, the corticosterone-treated cohort recovered 

to normal, non-significant values. However, a surge of spironolactone-treated 

animals was prominent seven days after drug application. This increase of blood 

corticosterone did not reach significance due to high variance within the 

spironolactone group.  

Taken together, this finding illustrates the great short-term impact of 

corticosterone on c/c ratios and reveals its lack of long-term effects due to its 

quick metabolization. On top of that, the sudden surge of stress hormone within 

the spironolactone group may hint a long-term MR-related effect on c/c ratios. 

 

3.1.2 GR- and MR-potent drugs display no effect on OHC function 

 

DPOAE measurements quantify OHC electro-motility and therefore work as a 

great tool to evaluate OHC function and their capacity to amplify sound signals. 

DPOAEs of drug-treated animals were recorded, analyzed and results were 

displayed in Fig. 9.  

In the first panel (Fig. 9A), the maximum DPOAE amplitude of each group was 

determined before drug treatments to look for variations between groups. No 

statistical relevant differences were noted at that point in time. Follow-up DPOAE 

analyses were done on days 3, 7, and 14 with no significant changes over this 

time period. Therefore, it can be inferred that a single drug application of 

corticosterone, mifepristone or spironolactone does not affect DPOAE maximal 

response amplitudes.  

In a second step, DPOAE thresholds were analyzed (Fig. 9B). Pre-treatment 

DPOAE thresholds differed greatly at 11.3 kHz, therefore pre-existing inter-group 

differences were eliminated by calculating threshold delta values between the 

time point of measurement and pre-value. The result is displayed in Fig. 9C, 

showing no effect of the treatment regimens of GR- or MR-potent drugs on 

DPOAE thresholds at day 3, 7, or 14 after drug application.  
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Lastly, the growth function of the distortion product is shown in Fig. 9D, where 

amplitude strength of 2f1-f2 is plotted against stimulus intensity (L1 in dB SPL). 

When comparing data generated 14 days after the experiment to pre-test values, 

no significant differences in terms of slope, reach or strength of the I/O growth 

function were found. 

Together, these data provide conclusive evidence that a single application of GR- 

or MR-potent drugs poses no short- or long-term influence on OHC sensitivity, 

response characteristics or other electromechanical properties. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9. Single application of corticosterone, mifepristone (MR antagonist) and 
spironolactone (GR antagonist) exhibits no conclusive influence on outer hair cell function. 
A. Treatment with corticosterone, mifepristone or spironolactone did not influence DPOAE 
amplitude at any time point of the experiment. 1-way ANOVA. B, C. DPOAE thresholds for 
frequency-specific tones before drug application (pre) differed significantly, therefore delta values 
were calculated, and statistical analysis was focused to C. No drug effect on delta values of 
vehicle, corticosterone-, mifepristone-, or spironolactone-treated animals was observed. Delta 
values were calculated as the difference between the time point of measurement minus pre-value. 
2-way ANOVA. D. Drug treatment had no effect on I/O-growth function. Data generated for 11.3 
kHz before drug application (black line with grey shadow as SD) and at 14d post treatment (colored 
symbols with whiskers). Noise floor is visualized with grey crosses. 2-way matched RM ANOVA 
(ranging from 10 - 65 dB SPL). Whiskers represent SD (n = 8-16 ears/ 4-8 animals per group); 
n.s., not significant. * P < 0.05, **** P < 0.0001. For details of statistical analyses, see Supplemental 
Table 1. 
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