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Abstract 

 Tinnitus is the perception of sound with no corresponding external stimulus.  It is 

estimated that at least 17 million Americans experienced approximately 5 minutes of acute 

tinnitus in the past year, and at least 10 million Americans experience chronic tinnitus.  

Tinnitus itself is generally recognized as being a symptom of other conditions or diseases, 

and there are many methods of tinnitus induction.  There are no effective cures for tinnitus, 

and management therapies, although moderately effective, do not address any 

pathophysiological changes associated with tinnitus symptoms. A primary focus of tinnitus 

research has been to elucidate the aberrant anatomy and physiology that underlies tinnitus 

perception, in the hopes of identifying therapeutic targets.  Early research efforts focused on 

the peripheral auditory system (cochlea, auditory nerve) as likely sources of tinnitus, but 

increasing evidence suggests that tinnitus is generated and maintained by the central auditory 

system.  The dorsal cochlear nucleus (DCN) likely plays a key role in tinnitus induction and 

maintenance, and many neural correlates (e.g., hyperactivity) of tinnitus have been observed 

in the DCN.  The DCN is a laminar structure that contains a local circuit, which integrates 

auditory and non-auditory inputs.  This first order central auditory nucleus is the first site of 

multi-sensory integration in the auditory system.  A differential distribution of pre-synaptic 

markers (i.e., VGlut1, VGlut2, and VGat) has been described for the inputs to this circuit, 

which allows these excitatory and inhibitory components to be specifically studied.  The 

work presented here utilizes a rat model of sound damage, and seeks to quantify peripheral 

damage and the corresponding central remodeling of both excitatory and inhibitory synapses 

in the DCN.  We are able to successfully assess tinnitus status of our animals utilizing a 

behavioral assay for tinnitus (i.e., gap detection), granting us the ability to identify differences 

in peripheral damage or central remodeling that are unique to either noise-induced hearing 
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loss or tinnitus.  Peripheral insult was quantified via cochlear hair cell counts, and auditory 

brainstem response measures.  Central insult and reorganization was quantified, in the dorsal 

cochlear nucleus, using both pre- and post-synaptic markers for excitatory (VGlut1, VGlut2, 

and PSD95) and inhibitory (VGat, Gephyrin) synapses.  All experiments from baseline 

tinnitus and auditory assessment through final immunohistochemical labeling of the 

cochleae and DCN were performed on each animal enrolled in the study, instead of each 

experimental phase in the sequence involving a unique animal population.  Using gap 

detection data, we sorted animals into two main groups: tinnitus negative (-) and tinnitus 

positive (+), the latter of which also contained a subgroup of severely impaired (++) 

animals.  Regardless of tinnitus status, all animals had significantly elevated hearing 

thresholds for frequencies > 8 kHz.  Similarly, all animals exhibited IHC and OHC loss, 

although OHC loss was more severe in tinnitus (+) and (++) animals.  Central changes in 

synaptic density in the DCN included an increase in the density of inhibitory synapses in 

tinnitus (+) and (++) animals.  Unexpectedly, no changes were observed in any sound 

exposed animals in the excitatory granule cell/parallel fiber synapses, auditory nerve 

synapses, or somatosensory mossy fiber synapses.  However, we did observe significant 

increases in excitatory unipolar brush cell synapses in tinnitus (+) and (++) animals, which 

suggests a possible increased influence of somatosensory input in the local circuitry of the 

DCN. 
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Chapter 1: Introduction & Background 
 

1.1 Etiology and Epidemiology of Tinnitus 

Tinnitus is the perception of sound with no corresponding external stimulus.  The 

tinnitus percept itself commonly manifests as a ringing or buzzing, however, clicking, 

roaring, or screeching have also been used to describe the sensation (ATA, 2016; 

Shargorodsky et al., 2010b).  These perceived sounds are believed to be distinct from 

auditory hallucinations, which are associated with certain psychiatric disorders, such as 

schizophrenia (Laroi et al., 2012) and bipolar disorder (Toh et al., 2015).  Tinnitus itself is 

not a disease, but is instead a symptom that is indicative of an underlying condition or insult 

to the auditory system (National Research Council Committee on Hearing et al., 1982). It is 

widely believed that tinnitus perception is the result of aberrant activity in the auditory 

system and, more specifically, due to subcortical auditory activity (Roberts et al., 2010). 

Most people will experience tinnitus, whether acute or chronic, at some point through 

their lives.  Data collected as part of the 2005-20061 National Health and Nutrition 

Examination Survey (NHANES) (Centers for Disease Control and Prevention et al., 2005-

2006) shows that of 3520 youths (12-19 years old) in the United States, 257 (7.3%) reported 

experiencing at least 5 minutes of tinnitus perception in the last year alone. Using 2006 U.S. 

census population data (United States Census Bureau, 2006) it can be extrapolated that 

approximately 2.3 million youths were affected nationally. Similarly, data collected as part of 

the 2011-20122 NHANES reports that of 9364 adults (20-70 years old) in the United States, 

684 (7.3%) reported experiencing at least 5 minutes of tinnitus perception in the last year 

																																																								
1 The 2005-2006 NHANES was the most recent survey with publically released data on a youth population that 
included tinnitus related questions. 
 
2 The 2011-2012 NHANES was the most recent survey with publically released data to include questions on 
audiometry. 
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(Mahboubi et al., 2012).  Using 2012 U.S. census population data (United States Census 

Bureau, 2012) it can be extrapolated that approximately 14.5 million adults were affected 

nationally.  In both of these populations a smaller subset of individuals experienced frequent 

or chronic tinnitus (at least once/week), 4.3% of adults and 4.2% of youths, which 

corresponds to approximately 8.5 million and 1.3 million people, respectively (Centers for 

Disease Control and Prevention et al., 2005-2006; Centers for Disease Control and 

Prevention et al., 2011-2012; United States Census Bureau, 2006; United States Census 

Bureau, 2012). 

Within both age categories, additional factors may be significantly related to tinnitus 

incidence.  Sex and race/ethnicity have been associated with tinnitus in adult (Shargorodsky 

et al., 2010a) and youth populations (Mahboubi et al., 2012).  Aging is also associated with 

tinnitus in the adult population (Ahmad et al., 2004; Shargorodsky et al., 2010a; Sindhusake 

et al., 2003).  In the NHANES surveys mentioned above, females report an increased 

incidence of tinnitus compared to age-matched, male counterparts: 4.2 percentage points 

higher for adults, and 10.4 points higher in youths.  Non-Hispanic Caucasian respondents 

reported higher incidences of tinnitus than Hispanic and African-American respondents for 

both youths and adults, although limited data were available for other ethnicities (Mahboubi 

et al., 2012; Shargorodsky et al., 2010a; Shargorodsky et al., 2010b).  Lastly, aging is 

significantly related to tinnitus; this relationship peaks for adults aged 60-69, during which 

time 31.4% report experiencing any form of tinnitus and 14.3% report experiencing chronic 

tinnitus – nearly double what is reported in the average adult population (Shargorodsky et al., 

2010a).  The prevalence of tinnitus decreases in the 70+ years population.  This seeming 

improvement may be due to late improvement in symptoms, which could be a natural time-

course of tinnitus, or tinnitus may confer a mortality disadvantage (Shargorodsky et al., 
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2010a).  Curiously, youths aged 12-15 years comprised only 37.8% of the youth population 

that reported experiencing tinnitus, while those aged 15-19 years comprised the remaining 

62.2% of the respondents (Centers for Disease Control and Prevention et al., 2005-2006; 

Mahboubi et al., 2012). This difference may be to due increased exposure to tinnitus 

inducing sources throughout young adulthood, although no specific details are known.   

Several health-related factors have also been shown to result in significantly increased 

odds of an individual experiencing chronic tinnitus: generalized anxiety disorder (Malakouti et 

al., 2011), major depressive disorder (Malakouti et al., 2011; Toh et al., 2015), current and 

former smokers3(Shargorodsky et al., 2010a), hypertension, diabetes mellitus, and 

dyslipidemia.  Auditory-specific health factors contributing to increased tinnitus risk include 

exposure to loud noise (e.g., recreational, occupational, and/or firearm); low, mid or high 

frequency hearing loss (Centers for Disease Control and Prevention et al., 2005-2006; 

Centers for Disease Control and Prevention et al., 2011-2012; Shargorodsky et al., 2010b).  

In a youth population, history of chronic ear infections (3+) and placement of 

tympanostomy tubes were associated with increased risk (Centers for Disease Control and 

Prevention et al., 2005-2006; Mahboubi et al., 2012; Shargorodsky et al., 2010b). 

Accurate estimates of individuals, who experience tinnitus, and their corresponding 

demographic and health data, can be difficult to obtain because the process is reliant on self-

reporting – tinnitus is subjective, by definition.  Therefore, estimates will vary across 

studies/countries, sometimes wildly depending on the source (i.e.,  5.1% to 42.7%) 

(McCormack et al., 2016).  However, the NHANES survey data reported above are from a 

large, robust sample supported by substantial, statistically based sampling design (Centers for 

																																																								
3 In a youth population, passive exposure to smoke was associated with increased risk for overall tinnitus 
perception and chronic tinnitus. Mahboubi, H., Kiumehr, S., Oliaei, S., Dwabe, S., Djalilian, H.R. The 
Prevalence and Characteristics of Tinnitus among the Youth Population of the United States, Poster session 
presented at: Triological Society 115th Annual meeting. April 20-21, 2012; San Diego, CA.. 
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Disease Control and Prevention et al., 2013) and relevant audiometric assessment (National 

Health and Nutrition Examination Survey, 2009), which allows these data to be 

representative of the population at large, unlike many other samples.    

 As previously mentioned, tinnitus itself is a symptom of other conditions or diseases, 

and as a result it has a variety of known causes, summarized in Table 1, which are discussed 

below: 

 Acoustic trauma is a common cause of tinnitus and noise-induced hearing loss, regardless 

of whether the noise originates from leisure (Ivory et al., 2014) or occupational sources 

(Stucken et al., 2014).  Specific subpopulations, such as military personnel, are especially 

susceptible to acoustic trauma (Humes et al., 2006); tinnitus is diagnosed at elevated rates in 

the military (Veterans Benefits Administration, 2004) and similarly noise exposed 

populations (Humes et al., 2006).  Acoustic trauma is of primary interest for the experiment 

discussed in later chapters.   

Pharmocologic agents can cause tinnitus as well, in addition to hearing loss (Holmes et al., 

2011).  These drugs are recognized as being ototoxic, but that designation alone does not 

indicate the specific type of side effects an individual will experience.  High doses of 

salicylates (such as aspirin, a non-steroidal anti-inflammatory) can cause reversible tinnitus 

that typically resolves shortly after the medication is stopped (Alvan et al., 2016; Liu et al., 

2012; Turner et al., 2008).   Quinine (Alvan et al., 2016) and loop diuretics (Bagshaw et al., 

2007; Rybak, 1982; Wu et al., 2014) have also been shown to induce reversible cases of 

tinnitus.  Permanent tinnitus, which does not resolve when a medication is stopped, is 

induced by platinum containing chemotherapy drugs (Frisina et al., 2016) and 

aminoglycoside antibiotics (Dille et al., 2010). 



	 5	

Disease4 

Meniere’s disease is an inner ear disorder that results in several symptoms including aural 

fullness, hearing loss, vertigo, and tinnitus, which can serve as an early indicator of the 

disease (Nicolas-Puel et al., 2002; Vernon et al., 1980).  Meniere’s disease can present both 

unilaterally (Sajjadi et al., 2008) and bilaterally (Nabi et al., 2009); tinnitus can be a symptom 

of either of these.  Tinnitus can also result from untreated, late-stage Lyme disease if it 

involves the 8th cranial nerve (Lorenzi et al., 2003).  An acoustic neuroma (vestibular 

schwannoma) is a benign, typically slow-growing tumor that is the result of an 

overproduction of Schwann cells found in the 8th cranial nerve.  Growth of the tumor will 

affect nerve function, which can result in tinnitus, hearing loss, and impaired balance (House 

et al., 1981; Spoelhof, 1995).  

Other sources of physical trauma, such as head and neck injuries, have also been reported to 

result in the development of acute and/or chronic tinnitus.  Such injuries can broadly 

include traumatic brain injury, concussion, and whiplash (Folmer et al., 2003). 

Known Causes of Tinnitus 
Cause Specific Examples 

Acoustic Trauma 

Many sound damage paradigms are used to induce tinnitus in animal models.   

These paradigms range from blast noise (Luo et al., 2014) to high intensity long 

duration (Bauer et al., 2001) and low intensity short duration ((Bauer et al., 2008)) 

Pharmacologic 

 Agents 

Reversible: Salicylates & quinine (Alvan et al., 2016), loop diuretics (Rybak, 1982) 

Permanent: Aminoglycoside antibiotics (Dille et al., 2010) (e.g., gentamicin, 

kanamycin, and neomycin), platinum containing chemotherapeutic agents (e.g., 

cisplatin, carboplatin, and oxaliplatin) (Frisina et al., 2016). 

Disease 
Lyme disease (Moscatello et al., 1991), Meniere’s disease(Vernon et al., 1980), 

various tumors(House et al., 1981; Spoelhof, 1995) 

Other Head and neck trauma (Folmer et al., 2003) 

																																																								
4 The diseases listed in this section have a direct and concrete impact on the auditory system, with a likely 
concomitant causal link between them and tinnitus.  Associations with other diseases as risk factors for tinnitus 
(e.g., diabetes mellitus, smoking, and weight loss) are not explicitly mentioned in this section because the links 
are less understood and likely indirect.  
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Many, if not all, causes of tinnitus can also result in other damage to the auditory and 

vestibular systems.  Hearing loss and/or balance disorders are reported as comorbid 

conditions with tinnitus, since they share several common methods of induction, as 

described above.  Despite the existence of these comorbidities, it is possible for an individual 

to experience tinnitus without any other auditory or vestibular deficits.   

The information presented to this point has focused exclusively on subjective 

tinnitus, where the perception of tinnitus is limited to the individual experiencing it.  A 

second type of tinnitus, known as objective tinnitus, exists as well, although the name is 

something of a misnomer.  The perception of objective tinnitus does correspond with an 

acoustic stimulus, although the source originates from within a person’s body.  These sounds 

can sometimes be perceived by a clinician during examination and include vascular noise or 

otoacoustic emissions produced by outer hair cells. The causes and mechanisms of objective 

tinnitus are more clearly defined, and not a subject of interest for this study.  

 

1.2 Theories of Tinnitus – Historical Development 

The earliest records of tinnitus5 in Greco-Roman medicine date back to Hippocrates 

(460 – 370 BCE) and the Hippocratic Corpus (~400 BCE) in which one is advised to “take 

note of patients with … ringing in the ears ... do not treat any of these with a 

medication…”(Hippocrates et al., 1988)6.  However, early treatments based on humoral 

theory (blood, phlehm, yellow bile, and black bile) are mentioned in other chapters of the 

Hippocratic Corpus(Hippocrates et al., 1988; Maltby, 2012).  Several centuries later a Roman 

																																																								
5 There is a possible reference to “bewitched ears” in a papyrus document (Ebers Ppyrus) from the 16th centry 
B.C.E. from ancient Egypt, which would dramatically predate Hippocratic records.  Most of these records are 
primarily concerned with otitis media treatment.  (Stephens, S.D. 1984. The treatment of tinnitus--a historical 
perspective. The Journal of laryngology and otology 98, 963-72.) 
6 The advice not to treat tinnitus with medication is still comically accurate in the present day, considering  
there is no effective medication for the management of tinnitus symptoms.   
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author, Aulus Cornelius Celsus (25 BCE – 50 CE), wrote an eight-part medical encyclopedia 

that largely did not address humoral theory, while still referencing tinnitus.  His writings 

suggested plausible causes for tinnitus (e.g., disease, headaches/migraine, middle ear or 

Eustachian tube blockage7), and non-humoral based treatments.  Tinnitus was later discussed 

by Galen (129-199 CE), who further refined the Hippocratic theory of the 4 humors and 

their respective influence on human health8; perhaps, unsurprisingly, his writings do not 

suggest any valid theories for the pathophysiology that may underlie tinnitus symptoms or 

treatments to alleviate tinnitus.  

The work of Hippocrates, the Hippocratic Corpus, and Galen would guide medical 

theory regarding tinnitus management throughout the medieval period (5th – 15th centuries).   

These medical practices were prevalent in the Byzantine Empire during this time, and would 

quickly expand to include the practices of both Islamic (Avicenna, 1964)9 and Jewish 

physicians during this period.  Despite being based on inaccurate medical theory, writings 

from this time period begin to reflect some aspects of contemporary research.  For example, 

a variety of potential causes of tinnitus are discussed, some of which are plausible (i.e.,  

middle ear infections, traumatic head injury), and each of which required a specific, and 

unique, treatment.  The earliest possible links between tinnitus and other mood disorders are 

suggested in the writings of Avicenna and Guy de Chauliac(Avicenna, 1964; Ogden, 1971)10. 

																																																								
7 “Another type of problem is when the ears produce a ringing sound within themselves; and because of this it 
also comes about that they cannot receive sounds from outside.” Maltby, M.T. 2012. Ancient voices on 
tinnitus: the pathology and treatment of tinnitus in Celsus and the Hippocratic Corpus compared and 
contrasted. The international tinnitus journal 17, 140-5. 
8 Galen suggested that an imbalance of the humors via an “irritation of the brain through black bile” might 
cause tinnitus. Curiously, this was also thought to influence other symptoms indicative of major depressive 
disorder.   
9 Avicenna / Ibn-Sina (980-1036) was a prolific Islamic author who created one of the major medical textbooks 
(“The Canon of Medicine”) used during the medieval period. 
10 It was also during this time that the concept of masking as a way to provide relief from tinnitus symptoms 
made an appearance in translated literature.   
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The Renaissance (14th – 17th centuries) yielded significant advances in medicine, in 

particular a much greater understanding of general human anatomy and physiology.  The 

Renaissance anatomist and physician Andreas Vesalius is generally regarded as the founder 

of human anatomy.  He suggested that the “organ of hearing” must be removed from the 

skull for study (Hachmeister, 2003).  Despite this key recommendation, it was a 

contemporary of his, Gabrielle Fallopio, who significantly advanced the study of ear 

anatomy.  Fallopio successfully described many key characteristics of the outer, middle, and 

inner ear anatomy: tympanic membrane, ossicles, oval & round windows of the cochlea, the 

cochlea itself, labyrinth spaces, semi-circular canals, and auditory nerve (Hachmeister, 2003).  

However, these anatomical advances did not translate to a significantly greater understanding 

of tinnitus and hearing disorders.  A key advancement in the late 17th and early 18th centuries 

concerned the classification of tinnitus as broadly objective or subjective, which is consistent 

with contemporary clinical and research practices across the fields of neuroscience, 

audiology, otolaryngology, and psychology (Duverney, 1731)11(Erlandsson et al., 2013; Itard, 

1821).  This distinction could represent the first efforts to recognize tinnitus as a disorder of 

the ear and/or brain, and not solely the result of the inaccurate, older theories based on the 

four humors.  Duverney also furthered the work of earlier anatomists and produced highly 

detailed illustrations of the human cochlea and semicircular canals; he began to theorize on 

their function.  He suggested the cochlea and semicircular canals were the organs of hearing, 

specifically hypothesizing that the cochlea served to “define and distinguish tones,” and that 

frequency was from low to high from the cochlear base to apex.  Despite theorizing that the 

semicircular canals were an organ of hearing and incorrectly postulating the physiological 

basis for frequency representation in the cochlea, Duverney represented a key step forward 

																																																								
11 This was the first “contemporary” work dedicated to the ear and hearing by Joseph Guichard Duverney, 
which includes the earliest historical reference to the classification of tinnitus as objective or subjective. 
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for physicians and scientists seeking to understand the anatomical mechanisms which 

underlie hearing (Hachmeister, 2003).  In spite of these advances in cochlear anatomy and 

tinnitus classification, new iterations of older, established herbal remedies continued to 

appear in Renaissance writings, such as “Culpeper’s Herbal,” which was first published in 

1694 and included 4 treatments for tinnitus 12.  Advances in surgical practices, trepanation of 

the mastoid process (Bento et al., 2013), technology, and electrical treatment of tinnitus, 

allowed for the invention of new, yet equally ineffective, treatments near the end of the 

1700’s.   

The early 1800’s marked a significant turning point in the history of audiological 

medicine.  Advances would come at a more rapid pace, and otolaryngology would begin to 

emerge as a distinct clinical specialization.  Jean Marie Gaspard Itard 13, a French physician, 

practiced during this time period; he published a two volume treatise dedicated to otology, 

which was based on 170 case reports (Itard, 1821).  Echoing previous work, he noted that 

tinnitus is frequently associated with hearing loss.  Itard began to popularize the 

categorization of tinnitus as “false tinnitus14” (subjective) or “true tinnitus” (objective) 

(Erlandsson et al., 2013; Itard, 1821; Stephens, 1984).  If treatment of an underlying otologic 

condition failed to relieve tinnitus symptoms, which frequently occurred, then Itard 

advocated for efforts to make the tinnitus more bearable for the patient.  Specifically, he 

suggested the external masking techniques, which is a practice commonly used in 

contemporary tinnitus management (Hoare et al., 2013).  Perhaps the most notable aspect of 

Itard’s medical (and teaching) practice was that he based treatment more heavily on evidence 

																																																								
12 “Culpeper’s Herbal” is still reprinted to this day, and readily available through Amazon.com 
13 Itard also has ties to early Montessori and special education, specifically as a teacher of students who were 
deaf.  
14 Subcategories Itard proposed included “idiopathic: not related to other symptoms, yet caused by noise 
exposure;” and “symptomatic: related to physical symptoms, but also included ‘hysterical women’ and 
hypochondriacs;” and “fantastic: auditory hallucinations and psychological disorders.”   
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and clinical observation, which is in line with contemporary evidence-based medical and 

research practices.  Rapid advances during the second half of the 18th century concerning 

isolation, purification, and synthesis of pharmacological agents would occur, but do little for 

drug therapies for tinnitus.  Similarly, major advances in aseptic surgical techniques would 

also rapidly take place, but do little to improve outcomes for individuals who experienced 

tinnitus, although such individuals were more likely to survive surgery (Stephens, 1984).  

Ultimately, more advancements in research concerning the physiology of the inner ear, and 

eventual function and connectivity of central auditory structures, would be required to 

further our understanding of tinnitus.   

In the 19th century, Marchese Alfonso Corti, Ernst Reissner, and Friedrich Deiters 

would significantly advance the field and identify many key structures within the cochlea (the 

organ of Corti (Corti, 1851), Reissner’s membrane (Reissner, 1858), and Deiters’ cells 

(Deiters, 1862), among other structures (e.g., hair cells, and the spiral ganglion).  These 

discoveries would set the groundwork for Hermann von Helmholtz’s work that theorized 

how the tympanic membrane and ossicles could transmit vibrational energy from the air to 

the cochlea.  Within the cochlea, he further suggested the presence of tonotopic 

organization, and that different regions of the basilar membrane would be “tuned” to 

distinct frequencies arranged from high frequencies at the cochlear base to low frequencies 

at the cochlear apex.  The general concept of basilar membrane tuning establishing the 

tonotopic organization of the cochlea would prove to be correct, although the mechanism 

underlying this tuning that he suggested would prove to be incorrect (Helmholtz, 1859).   

It was in the 20th century Georg von Békésy made the final major, historical 

contribution to the understanding of cochlear anatomy and physiology.  He successfully 

demonstrated how sound generated traveling waves within the cochlea, using pure-tones and 
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a stroboscope (Békésy, 1953).  The compliance of the basilar membrane changes from base 

to apex, which underpins the basis for the physical tuning of the cochlea.  He assumed the 

tuning of the cochlea was a passive process, although it would later become clear that 

without an active component, the cochlea would be unable to demonstrate high frequency 

selectivity.  Nevertheless, Georg von Békésy’s work marked a transition into the age of 

contemporary auditory, hearing loss, and tinnitus research, which would allow the 

implementation of more specific experiments tailored to examine the precise (dys)function 

of the cochlea and central auditory system.   

 

1.3 Theories of Tinnitus – Contemporary Research 

As previously discussed, there has been a longstanding clinical observation and 

reporting of tinnitus. However, it was not until very recently that plausible theories of the 

underlying pathophysiology of tinnitus have been suggested.  This lack of knowledge allows 

for ample opportunity for research on tinnitus while simultaneously limiting the 

development of effective treatments/cures for the disease.  Initial theories of tinnitus, based 

on relatively contemporary research and case studies, have focused on the peripheral 

auditory system (cochlea/hair cells).  Jasterboff neatly summarized several of these theories 

in a pair of reviews (Jastreboff, 1990; Jastreboff et al., 1993).  Several theories of peripheral 

origins of tinnitus have been suggested, including:  

1. Spontaneous otoacoustic emissions (SOAE) 

2. Discordant inner and outer hair cell damage 

3. Ionic imbalance in the cochlea 

4. Auditory nerve fiber cross-talk 

5. Dysfunction of cochlear neurotransmitter systems 



	 12	

The first two of these theories focused on cochlear hair cells (HC) as a potential generator of 

tinnitus. This is a subject of particular interest since HC damage and/or loss is typically one 

of the first, earliest types of cochlear damage that occurs following exposure to cochlear 

trauma.   The first theory suggested that SOAEs originating from outer hair cells (OHC) 

could be perceived, and were, therefore, the source of tinnitus.  The second theory suggested 

that discordant loss of inner and outer hair cells resulted in the decoupling of the tectorial 

and basilar membranes.  This decoupling caused the tectorial membrane to directly, and 

inappropriately, stimulate inner hair cells (IHC) in the decoupled regions, resulting in 

tinnitus.   

The SOAE theory was first advanced in 194815, and suggested that SOAEs produced 

by outer hair cells in the cochlea could be perceived (Gold, 1948).  Spontaneous otoacoustic 

emissions were not positively identified until three decades later, in 1978, by David Kemp 

(Kemp, 1978).  The possibility of such emissions matching the frequency of the tinnitus 

percept was an appealing prospect for researchers, and presented new possibilities for 

tinnitus related work.  However, the majority of adults (38-60% )were found to have 

measureable SOAEs (Wilson et al., 1981), but were simultaneously unaware of these sounds, 

which suggests this phenomenon may be a part of a typical, healthy auditory system.  Only a 

minority (2-4%) of tested tinnitus patients had recordable SOAEs that corresponded to their 

tinnitus (Baskill et al., 1992; Penner et al., 1987).  Therefore, spontaneous otoacoustic 

emissions alone do not provide a sufficient explanation for the tinnitus symptoms 

experienced by most individuals16, even though a small subpopulation of patients may fall 

into this category. 

																																																								
15 Spontaneous otoacoustic emissions are sounds that originate from within the cochlea.  Specifically, SOAEs 
are the result of the amplification function of outer hair cells. 
16 An additional piece of evidence disproving SOAEs as a primary tinnitus generator is that salicylate abolishes 
SAOEs, and in these instances there is not a corresponding improvement in tinnitus perception.   
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The second theory suggested that differential inner hair cell and outer hair cell 

damage and/loss may give rise to tinnitus symptoms.  There is some evidence to suggest that 

apical and basal hair cells possess differential susceptibilities to damage (Sha et al., 2001) and 

that inner hair cells are more resistant to damage than outer hair cells (Amarjargal et al., 

2009).  These observations are most true in studies that utilize ototoxic drugs like salicylate 

(Stypulkowski, 1990) and cisplatin (Saito et al., 1997).  We have not previously observed a 

clear differential susceptibility of IHC and OHC with respect to acoustic trauma (Neal et al., 

2015). Nevertheless, this theory focused on a hypothetical length of the organ of Corti that, 

follow damage, contained only IHCs and no corresponding OHCs.  In such an area, the 

basilar membrane could be decoupled from the tectorial membrane, thereby displacing the 

stereocilia on IHC, which would cause them to depolarize.  This would result in the 

perception of sound with no corresponding external stimulus that matched the region(s) of 

damage.  This theory still receives some degree of support to this day (Han et al., 2009); 

however, research efforts have shifted toward the central auditory system as the source of 

tinnitus.   

House et al. (1981) strongly implicated the central auditory system in the generation 

and/or maintenance of subjective tinnitus, which altered how several researchers viewed 

theories of tinnitus based entirely on the peripheral auditory system.  In their study, House 

et. al surgically removed tumors from the eighth nerve in a total of 414 patients, many of 

whom also reported pre-operative tinnitus symptoms.  Surgical procedures varied among the 

patient population, but included translabyrinthine eighth nerve section, middle cranial fossa 

section of the vestibular nerve, stapedectomy, and cochlear implantation.  Many of these 

procedures have been previously used as surgical treatments for tinnitus.  Ultimately, only 
																																																																																																																																																																					
[McFadden, D., Plattsmier, H. 1984. Aspirin abolishes spontaneous oto‐acoustic emissions. The Journal of the 
Acoustical Society of America 76, 443-448.] 
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40% of all patients reported improvement in tinnitus symptoms, following surgery, while the 

remaining 60% either reported no change or a worsening of tinnitus symptoms.  The single 

exception to this trend was in cochlear implant patients, who generally reported an 

improvement in their tinnitus symptoms.  House et. al concluded that “surgical management 

of tinnitus, although successful in some cases, does not provide a valid and reliable mode of 

treatment for subjective tinnitus.” Had tinnitus been consistently generated by the peripheral 

auditory system these various surgical interventions would have likely proven to be more 

effective.  Consequently, the central auditory system became an increasingly significant focus 

of tinnitus research (Kaltenbach, 2000). 

The theories of centrally mediated tinnitus that emerged shared two primary features 

with the peripheral theories of tinnitus.  The first similarity is the initial site of injury - the 

cochlea. Central theories proceed to propose a specific central type of anatomical or 

physiological alteration in response to the specific nature of peripheral damage and/or loss.  

The second similarity is that many central theories of tinnitus still sought out potential 

sources of increased auditory system activity.  Central theories would frequently proceed to 

examine different generators of hyperactivity than peripheral theories, such as the dorsal 

cochlear nucleus (Kaltenbach et al., 1996; Kaltenbach et al., 1998) or inferior colliculus 

(Chen et al., 1995).  

We are particularly interested in two related central theories of tinnitus development, 

which focus on the DCN – increased hyperactivity and somatosensory input into the 

auditory system as a cross-modal driver of auditory activity.  The DCN has been routinely 

implicated in the generation of tinnitus, and recent evidence suggests it is a critical structure 

involved in tinnitus pathology (Baizer et al., 2012).  Bilateral ablation of the DCN has been 

shown to prevent the onset of tinnitus (Brozoski et al., 2012). A type of critical period does 
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seem to exist post-sound exposure during which this bilateral ablation must occur – bilateral 

ablation at points outside of this period has not been shown to prevent the onset of tinnitus 

(Brozoski et al., 2005). Additionally, several neural correlates of tinnitus have also been 

observed in sound-damaged DCN: altered somatosensory input (Dehmel et al., 2008; Shore 

et al., 2006), elevated spontaneous activity (Brozoski et al., 2002; Kaltenbach, 2007), and 

increased neural synchrony (Pilati et al., 2012).  One of the more popular theories of tinnitus 

generation in the DCN is centered on the development of hyperactivity through both 

disinhibition (Asako et al., 2005) and increased excitation (Eggermont et al., 2004; 

Kaltenbach, 2007; Kaltenbach et al., 2008).   

 

1.4 Central Remodeling & Tinnitus 

Theories regarding the likely central origins of tinnitus include a variety of neural 

correlates, including altered somatosensory input (Dehmel et al., 2008; Shore et al., 2006), 

elevated spontaneous activity (Brozoski et al., 2002; Kaltenbach, 2007), and increased neural 

synchrony (Pilati et al., 2012).   These changes in central auditory nuclei emerge after 

exposure to damaging sound, administration of ototoxic drugs, and physical ablation of the 

cochlea, which suggest the mature auditory system is capable of plastic changes in response 

to injury.  Altered physiology, with no corresponding changes in anatomy, could underlie 

these changes; however, changes in the distribution of both pre- and post-synaptic elements 

in the DCN following peripheral injury have been well documented (Rubio, 2006; Wang et 

al., 2009; Zeng et al., 2009).   

These research efforts have identified a variety of specific pre-synaptic vesicular 

transporters (e.g., vesicular glutamate transporters and vesicular GABA/glycine transporter) 

that are expressed by specific cell populations that provide afferent input into central 
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auditory pathways (Ito et al., 2010; Nunzi et al., 2003; Zhou et al., 2007).  Similarly, post-

synaptic receptors that are expressed in specific cell populations for various types of input 

(i.e., inhibitory input, unipolar brush cells) have also been identified (Dino et al., 2008; 

Rubio, 2006; Whiting et al., 2009).  Post-synaptic receptor distribution is appreciably more 

variable than pre-synaptic vesicular transporter expression, and could be used to more 

precisely identify various input types.  Pre-synaptic and post-synaptic markers have been 

used to identify changes in DCN synaptic organization following injury.  Markers of synaptic 

plasticity have also been identified in the DCN post-damage (i.e., doublecortin (Baizer et al., 

2012; Paolone et al., 2014).  The precise mechanisms that ultimately result in observed 

anatomical changes remain to be elucidated, although further advances that describe precise 

redistributions of pre- and post-synaptic elements may contribute to this effort. More 

extensive descriptions of input changes following injury may also present druggable targets 

for pharmacological intervention. 

 

1.5 Animal Models of (Subjective) Tinnitus & Tinnitus Induction Methods 

 The type of tinnitus we are interested in studying is subjective, by definition, which 

presents a unique challenge for animal research.  Human populations allow for the most 

accurate assessment of tinnitus status and perception.  However, the degree of variability in 

human samples is substantial, since tinnitus and hearing loss can be induced by a wide array 

of sources (table 1).  Human subjects experience comorbid conditions that complicate 

studies.  Additionally, histological labeling and experimental manipulation of human brain 

tissue and temporal bone (cochlea) is challenging, due to the difficulties in procurement in 

combination with varying quality of fixation.  Human tissue samples and case studies guided 
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early medical and scientific practice (chapter 1.2).  The advent of animal models allows for 

the development and exploration of theories underlying human disease (chapter 1.3).   

Animal tissue is also more easily collected and preserved for a wide array of 

experimental procedures.  Animals, however, cannot unequivocally communicate their 

tinnitus status or perception to researchers; consequently, indirect behavioral measures are 

the only means of assessing the post-damage tinnitus status of animals.  The difficulty of 

appropriately assessing tinnitus status in animals can, in turn, create challenges in assessing 

differences between tinnitus negative and tinnitus positive samples relative to one another, as 

well as to controls.  Nevertheless, animal models provide a valuable research tool, and 

several have emerged over the years.  These models generally fall into the same categories as 

the methods of inducing tinnitus (e.g., sound exposed, drug induced).  Exact parameters of 

sound exposures (i.e., intensity [dB], frequency [kHz], and duration) vary across studies, and 

a wide array of parameter settings can result in noise-induced hearing loss and/or tinnitus.  

Similarly, dosages and methods of administering of ototoxic drugs vary across studies.  

Animal models of noise-induced hearing loss and tinnitus have comparably low 

variability, relative to a human sample, due to selective inbreeding and controlled sound 

exposures.  Nevertheless, there is still a significant amount of variability in responses to 

acoustic trauma within model animal populations (Turner et al., 2005).  Approximately 50% 

of animals exposed to specific sound damage paradigms do develop some form of subjective 

tinnitus (Bauer et al., 2008; Tzounopoulos, 2008).  It is plausible that different sound damage 

paradigms and/or ototoxic agents could induce tinnitus through distinct processes.  This 

possibility could partially explain the wide array of theories of tinnitus that have been 

presented in the literature and in chapter 1.3.  



	 18	

 Another point of interest, with respect to animal models, is the further challenge of 

cross-species comparisons (i.e., animal 1 vs. animal 2 or animals vs. human).  In lieu of a full 

comparison of the auditory systems from animal models, we will focus on the similarities 

and differences in the dorsal cochlear nuclei of common animal models and humans.  The 

DCN is a three-layered structure, although the fidelity and precision of the boundaries 

between layers varies significantly as a function of species (Baizer et al., 2012). The cat, and 

to a lesser degree the chinchilla, have hyper-organized layers with clearly defined boundaries; 

mice, rats, macaque monkeys, and humans have an appreciably more loosely organized DCN 

with less clearly delineated boundaries between layers (Baizer et al., 2012).  However, the 

composition of cell types in the DCN remains unchanged as a function of species. As 

boundaries between layers become more loosely defined, the relative locations of some cell 

types can vary slightly (Baizer et al., 2012).  Early work with human tissue suggested the 

organization of the DCN was unlaminated and lacked at least one key cell type (Moore et al., 

1979), which would have been a significant departure from all animal models, including 

primates, used to study noise-induced hearing loss and tinnitus.  Recent studies have, 

however, shown that the human DCN is a three-layered, laminar structure (Wagoner et al., 

2009), and that the human DCN does contain the same key cell types as those observed in 

animal models (Spatz, 2001).  These recent findings allow for valid cross-species 

comparisons involving humans.  

  

1.6 Similarities Between Tinnitus and Neuropathic Pain 

 Comparisons between tinnitus and pain have been made in the extant literature 

(House et al., 1981; Moller, 1997), and the two share many common features. A variety of 

possible insults to the nervous system (physical, chemical, and/or disease) can result in the 

perception of pain.  Perception of pain is mediated by an array of receptors,  nerve fiber 
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types, and pathways.  Central reorganization can result in continued perception of pain long 

after recovery from the initial injury. Lastly, the perception of pain is highly subjective, and 

emotional and/or environment factors can significantly influence this perception.  Phantom 

limb pain, in particular, may bear the most similarity to tinnitus; reorganization of the 

tonotopic maps post-injury (Irvine et al., 2001; Rajan et al., 1993) mirrors cortical 

reorganization observed association with phantom limb pain (Hsu et al., 2013; MacIver et al., 

2008).  These observations have led to imaging studies with human tinnitus patients, which 

have shown tonotopic reorganization of the auditory cortex (Muhlnickel et al., 1998). 

 

1.7 Cures & Management Strategies 

 No effective cure for tinnitus currently exists; however, many pharmacological 

agents have been investigated as potential cures in recent history.  Tinnitus management 

strategies (i.e., masking or tinnitus retraining therapy) do exist, and may provide symptomatic 

relief for some tinnitus patients.  These approaches do not correct the underlying 

pathophysiology that gives rise to tinnitus symptoms.   

 The stagnation of pharmacological treatments for tinnitus can be observed in the 

history of tinnitus treatment and research (chapter 1.2).  Significant advances are regularly 

made in regard to understanding of auditory anatomy and physiology, yet the same 

ineffective herbal treatments dating back to the Roman empire were consistently employed, 

even as recently as the 1800’s (Stephens, 1984).  Unfortunately, “radish juice with oil of roses 

and the juice of a wild cucumber root,” (Maltby, 2012) funneled into the ear canal would 

remain as effective as drugs tested through the 1980’s.   

The first drug to provide any relief to tinnitus patients in a double-blind study was 

the benzodiazepine alprazolam (Xanax), which reduced, but did not eliminate, tinnitus 
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loudness in up to 76% of patients (Johnson et al., 1993).  Related benzodiazepines have not 

been shown to be as effective (e.g., diazepam, clonazepam) (Jufas et al., 2015). Tricyclic 

antidepressants, such as amitriptyline, have also been shown to be efficacious as tinnitus 

management drugs (Bayar et al., 2001), although reductions in tinnitus perception are 

reported, at best, to be moderate.  Selective serotonin reuptake inhibitors have been shown 

not to improve tinnitus perception (Robinson et al., 2005).  Alternative medicine 

approaches, ginko biloba and vitamin B12, have also been investigated.  One study on ginko 

biloba demonstrated that ginko biloba is not an effective treatment for tinnitus (Hilton et al., 

2013).  A second study employed questionable tinnitus evaluation methods, and showed 

dramatic improvements in tinnitus (Krauss et al., 2016).  Vitamin B12 has, also, been shown 

not to improve tinnitus symptoms (Berkiten et al., 2013). 

 Non-pharmacological approaches for tinnitus management can be divided into two 

categories: surgical and non-surgical.  Surgical approaches include cochlear implants, 

auditory brainstem implants, and vagus nerve stimulators.  These approaches attempt to 

reverse aberrant or pathological neural activity through targeted plasticity (Engineer et al., 

2011).  Vagal nerve stimulation has been previously used to treat epilepsy and depression, 

and has been explored as a treatment for tinnitus.  Tone presentation paired with vagal nerve 

stimulation, in a rat model of tinnitus, has been shown to result in tonotopic reorganization 

of central auditory nuclei, which can become disorganized as a consequence of sound 

damage an tinnitus  (Engineer et al., 2013).  House et al. (1981) also reported that recipients 

of cochlear implants reported improvement in their perception of tinnitus, although 

subsequent research have reported mixed findings regarding efficacy (Arts et al., 2012; 

Quaranta et al., 2004; Ramakers et al., 2015).  
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Non-surgical approaches include masking and tinnitus retraining therapy.  Both 

methods employ what could be described as “sound therapy,” although the protocols are 

distinct.  In tinnitus masking, sound is used to either completely or partially mask the 

perception of tinnitus, and the sound is administered through a wearable device that fits 

on/around the ear. Contemporary sound masking has been championed by Vernon (1977) 

since the 1970’s17.  Tinnitus retraining therapy was designed by Jastreboff (1990) to help 

patients habituate, long-term, to their tinnitus perception.  This process involves sound 

therapy in combination with “directive-counseling” to help address any negative emotional 

component associated with tinnitus.  The key distinction between masking and tinnitus 

retraining is that masking will require a sound-emitting device indefinitely, while tinnitus 

retraining may not require the use of such a device long term.  Both methods have been 

shown to help reduce patients’ annoyance with their tinnitus symptoms(Henry et al., 2002).   

Ultimately, a pharmacological treatment for tinnitus that either halts or reverses the 

damage that gives rise to the perception is highly desirable.  Existing treatment and 

management options can only reduce a patient’s reaction to tinnitus symptoms, but do not 

successfully eliminate or reverse tinnitus symptoms.  This is due to insufficient knowledge 

about the neuronal changes that accompany the development and maintenance of tinnitus.   

 

1.8  Summary of Work 

 The work presented in this dissertation seeks to quantify noise-induced cochlear 

injury and elucidate the corresponding maladaptive plastic changes that occurred among the 

anatomical connections of the dorsal cochlear nucleus circuitry in both tinnitus and noise-

induced hearing loss populations of animals.  Behavioral assessment of tinnitus (i.e., gap 

																																																								
17 Masking made appearances in historical literature detailing treatment of tinnitus as early as the 1600’s, and 
was unquestionably (re-)introduced by Dr. Itard in the early 1800’s.   
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detection) allowed us to define our experimental noise-exposed animal groups (tinnitus 

negative/noise-induced hearing loss, and tinnitus positive).  Peripheral insult was quantified 

via cochlear hair cell counts, and auditory brainstem response measures.  Central insult and 

reorganization was quantified, in the dorsal cochlear nucleus, using both pre- and post-

synaptic markers for excitatory (VGlut1, VGlut2, and PSD95) and inhibitory (VGat, 

Gephyrin) synapses.   

All experiments from baseline tinnitus and auditory assessment through final 

immunohistochemical labeling of the cochleae and DCN were performed on each animal 

enrolled in the study, instead of each experimental phase in the sequence involving a unique 

animal population.  This design allowed us to control for inter-animal variability regarding 

the development of tinnitus and noise-induced hearing loss, and to directly examine how 

patterns of peripheral injury resulted in specific types of central reorganization.  
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Chapter 2: Materials & Methods 

We used a rat model of acoustic trauma to study the maladaptive plastic changes that 

occur as a result of noise-induced hearing loss and/or tinnitus.  The methods for all 

experiments, which generated the data reported in the chapters 3, 4, and 5 are described in 

this chapter.  A timeline and overview of the methods can be seen in (figure 1).  Additional, 

method-specific details will be provided, as required, in subsequent chapters to supplement 

the information presented in this chapter.   

 

2.1 Animals 

Male Long-Evans rats (Charles River Laboratories, Wilmington, MA) weighing 

between 250 and 300 g upon arrival were used in these experiments. The Institutional 

Animal Care and Use Committee of the University of Kansas Medical Center approved all 

experimental protocols. 

 

2.2 Sound Exposure 

 Rats were placed inside a sound attenuated chamber (Industrial Acoustics Company, 

Bronx, NY), and anesthetized using isoflurane (2-2.5%) administered using a Matrx VP 3000 

isoflurane vaporizer (Midmark, Kettering, OH ). Anesthetized animals were exposed to a 

118 dB SPL, 16 kHz pure-tone for 4 hours, which was produced by a loudspeaker (model 

40-1310-B, Radio Shack, Fort Worth, TX), and then allowed to recover for 2 weeks before 

post-exposure assessment. The loudspeaker was coupled to the pinna using 1⁄2 inch flexible 

plastic tubing and sealed, using Audalin ear mold compound (All American Mold Lab, 

Oklahoma City, OK), to minimize any bilateral damage. The intensity level of the stimulus 

measured outside the tubing was 45 dB less than the intensity of the stimulus within the 
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tubing sealed to the head of the animal (Imig et al., 2005), reducing the likelihood of any 

bilateral damage resulting from air conduction. A Macintosh computer with a MaLab 

synthesizer, event processor, and software (Kaiser Instruments, Irvine, CA) was used to 

control noise waveform synthesis. 

 

2.3 Auditory Brainstem Response (ABR) 

 The primary purpose of ABRs is to establish baseline thresholds and measure 

threshold shift post-exposure; this measures the extent of the noise-induced hearing loss, 2 

weeks post-exposure.  Future analysis of the same ABR data set will allow for the evaluation 

of any change in of peak latencies and amplitudes as a function of noise exposure.   

 Baseline and post-exposure ABRs were recorded for each animal using Intelligent 

Hearing Systems Smart EP hardware and software (IHS, Miami, Florida) inside a sound-

attenuated booth (Industrial Acoustics Company, Bronx, New York).  During all recordings 

rats were anesthetized using isoflurane (2%-2.5%) administered using a Matrx VP 3000 

isoflurane vaporizer (Midmark, Kettering, OH). Needle electrodes were placed at the vertex 

of the scalp and behind each pinna.  A probe attached to a high frequency transducer was 

inserted into the ear canal.   Pure-tones were presented at 2, 4, 8, 11.3, 16, 22.6, and 32 kHz 

(22.6 and 32 kHz used a high-pass filter) in 500 us bursts. Figure 2 show results from a 

representative ABR recording session.  For each frequency that was assessed, ABR 

waveform recording began with a tone presented at a minimum intensity of 70 dB SPL. If a 

response was recorded, which was determined by the presence/absence of wave II, then the 

intensity was decreased by 10 dB SPL.  This process was repeated in a step-wise fashion until 

wave II was no longer visible in the recorded waveforms.  Following the disappearance of 

wave II, the intensity was increased in 5 dB SPL increments until wave II was visible.  The 
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value of the lowest intensity at which wave II was visible was then recorded as the threshold 

for a given frequency.  Two waveforms were recorded in succession for each tested 

freqeuncy, and if wave II was present/absent in both the process continued.  However, if 

wave II was present in one recording and absent in the other then a third waveform was 

recorded as a tiebreaker.  

 Statistical analysis of ABR thresholds was performed using the statistical software 

package Prism v6.0 (GraphPad, La Jolla, California).  A 2-way Repeated Measures ANOVA 

with a Fisher LSD post-hoc was performed, comparing baseline to post-exposure 

thresholds, for all frequencies.  The level of significance was set at p < 0.05. 

 

 2.4 Gap Prepulse Inhibition of the Acoustic Startle Reflex (Gap Detection, GD) 

 Gap detection is a behavioral assay for tinnitus based on the strength of the acoustic 

startle reflex.  The startle chamber apparatus consisted of a small chamber containing a 

speaker, force plate transducer, and an acrylic cage with an adjustable ceiling located on the 

force plate (figure 3).  Animals were placed in the acrylic cage, and the adjustable ceiling was 

lowered to be slightly above the rat’s back, which preventing the animal from rearing up 

during testing 

Figure 4 depicts the two test conditions for the assay.  In a “no-gap trial”, an acoustic 

startle pulse follows presentation of continuous background tone, without warning, causing 

the animal to “jump”.  In a gap trial, the acoustic startle pulse is preceded by a silent gap in 

the background tone, which the animal can use as a “cue” to suppress the startle reflex with 

repeated exposures.  The output measure for the startle reflex is units of force (Newtons, N) 

measured at the floor of the chamber.  A ratio of the average force measured for gap vs. no-

gap trails is calculated. In animals that exhibit an intact, functional startle reflex this ratio is 
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<1.  If an animal has tinnitus it is theoretically less able to detect the silent gap due to the 

perception of tinnitus, therefore the startle reflex remains un-attenuated.  This results in an 

elevated gap/no-gap ratio >1. 

 For sound exposed animals, baseline and post-exposure startle force data were 

collected using Kinder Scientific’s startle reflex hardware and software (Poway, California) 

inside a sound-attenuated booth (Industrial Acoustics Company, Bronx, New York).  For a 

separate population of gap detection control animals (n=8), baseline data were acquired, 

animals were allowed to “recover” for two weeks, and then post-“recovery” data were 

collected.  This process mirrors the timeline for sound-exposed animals.   

Startle data were collected across four recording sessions for both baseline and post-

exposure time points, on four successive days. Animals were allowed to acclimate to the 

startle chamber for a minimum of 5 minutes prior to the start of each testing session.   

 Startle force data were collected for three backgrounds, which are 1 kHz wide 

bands centered at 12 kHz, 16 kHz, and 20 kHz.  Non-gap trials consisted of a 60 dB SPL 

continuous narrowband noise and a 50 ms, 115 dB SPL startle startle pulse.  Gap trials also 

consisted of a 60 dB SPL continuous narrowband noise but introduce a 100 ms silent gap 

that occurred 100 ms before the 50 ms, 115 dB SPL startle pulse (figure 3B).  For each 

background, 12 no-gap trails were pseudo randomly intermixed with 10 gap trails, totaling 22 

trials per background tone.  The three background tones were presented in two triplets of 33 

trials (11 @ 12 kHz, 11 @ 16 kHz, and 11 @ 20 kHz) (figure 4A).  Trial presentation was 

based on the method established by Turner et al. (2006);  trials intermix gap and non-gap 

trails while cycling through background tones.  This theoretically helps to prevent 

habituation over the course of a single recording session. 
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 For each rat, all startle data (baseline and post-exposure) were aggregated into a 

single spreadsheet and sorted as a function of background frequency, and then subsorted by 

gap/no-gap trail status (figure 4A).  A single iteration of the Grubbs outlier detection test 

(Grubbs, 1950; Longenecker et al., 2014) is performed on each subset of data (e.g. 12 kHz 

gap, 20 kHz no-gap, etc…), removing a maximum 1 extreme outlier (figure 4B) per subset.  

Outliers are excluded from all further analyses.  Weighted averages for each subset of data 

per recording session are calculated for both baseline and post-exposure data (figure 4C).  

Weighted averages for each session for each subset of data are calculated for both baseline 

and post-exposure data (figure 4D).  Baseline and post-exposure “gap/no-gap” ratios are 

calculated for each background tone (figure 4E).  Finally, dividing the post-exposure ratio by 

the baseline ratio normalizes each animal’s startle data, and results in the final gap detection 

score (figure 4F).  This calculation represents post-noise exposure startle behavior as a 

percentage of pre-exposure, baseline responses.  Gap detection scores <1 suggest a lack of 

tinnitus, scores >1 suggest tinnitus, and those ≅1 show no change in performance.   

 All sound-exposed rats were assigned a tinnitus status (negative (-), positive (+), 

severe positive (++)) based on the following criteria:  tinnitus (-) if GD Score <1 for all 

background frequencies, or tinnitus (+)  if GD Score >1 for at least one background 

frequency.  Within the tinnitus (+) group we observed a subgroup of animals whose GD 

scores were at least 2 standard deviations above control values, and these animals were 

sorted into the subgroup tinnitus (++).  Sorting animals as a function of GD performance 

allowed us to examine differences between noise-induced hearing loss (tinnitus (-)) and noise 

induced hearing loss & tinnitus (tinnitus (+) and (++)).  Statistical analysis of GD scores was 

performed using the statistical software package Prism v6.0 (Graphpad, La Jolla, California).  
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A 2-way ANOVA with a Fisher LSD post-hoc was performed.  The level of significance was 

set at p < 0.05. 

 

2.5 Animal Sacrifice & Tissue Harvesting  

Following the 2-week recovery period, post-exposure ABR, and post-exposure gap 

detection testing, rats were euthanized by injection of Beuthenasia (5 cc/kg), and 

systemically perfused with 4% paraformaldehyde (PFA); rats were perfused with 

approximately 500 ml PFA/kg body weight. Brains were immediately removed from the 

skull and post-fixed in 4% PFA overnight prior to sectioning.  Following brain removal, 

temporal bones were isolated from the skull.  The bullae were removed, allowing for the 

stapes to be removed and the oval and round windows to be punctured.  Temporal bones 

were then post-fixed in 4% PFA overnight.   

 

2.6 Cochlear Dissection, Labeling, Reconstruction, & Counting 

 Cochleae were processed for evaluation of hair cell damage either by embedding in 

plastic resin and sectioning or by immunostaining whole mount dissections. 

 

2.6a Plastic Sections 

Prior to post-fixation the stapes was removed and the oval window, round window, 

and apex of the cochlea were punctured. Following post-fixation, the cochlea was 

submerged for 1 h in a 1% osmium tetroxide solution, which was flushed through the 

cochlea at 15-minute intervals. After washing with distilled water, the cochlea was decalcified 

with RDO (Apex Engineering Products, Aurora, IL) for 1 h. Phosphate buffered saline 

(PBS) was used to rinse the cochlea.  The washed cochlea was dehydrated using a graded 
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series of ethanol, and embedded in Araldite plastic (Electron Microscopy Sciences, Hatfield, 

PA). The araldite embedded cochlea was cut into 40 um sections parallel to the modiolar 

axis, using a tungsten-carbide knife (figure 5A). Sections were mounted on charged glass 

slides, counterstained with toluidine blue, and coverslipped with Permount (Fisher Scientific, 

Waltham, MA). 

 Low magnification images of the 40 um serial sections were acquired using a 

QImaging EXi Aqua camera in combination with QImaging software (QImaging, Surry, 

British Columbia, Canada).  Images were aligned using Adobe Photoshop and the (x, y) 

coordinates of each basilar membrane location containing hair cells were identified and 

exported as a Microsoft Excel file. Coordinates of the basilar membrane were paired with 

the corresponding HC count data in Excel and ordered from the basal-most point to the 

apex of the cochlea. The total length of the cochlea was then subdivided into 20 equal 

sections, each of which represented 5% of the total length, in preparation for counting.  A 

frequency-place equation developed by Greenwood (Greenwood, 1996) was used to convert 

relative cochlear location, expressed as percent distance from the apex (100% is the base, 0% 

is the apex) to characteristic frequency for evaluation of the data. The equation is: 

 

F = A * (10ax –k) 

 

Where F is frequency in kHz; x is the relative location (% distance) along the basilar 

membrane; A, a are species-specific coefficients (A=7613 and a=0.928); and k is the 

constant of integration (k=1.015).  

One individual with no knowledge of the treatment group to which the cochlea 

belonged performed hair cell counts. Inner and outer hair cells were counted using a 20X 
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objective with Nomarski illumination on a Nikon Optiphot-2 microscope. The presence of a 

hair cell was defined as an intact, spherical nucleus located in the basal half of the cell. The 

same person who performed the initial counts recounted a select group of cochleae to 

determine a measure of intra-rater reliability. 

 

2.6b Whole Mount Dissection 

  After post-fixation, cochleae were decalcified with for 1 hour using RDO (Apex 

Engineering Products, Aurora, Illinois), and submerged in a petri dish filled with 1X 

phosphate buffered saline in preparation for micro-dissection.  Excess temporal bone 

around the cochlea was trimmed away, and the cochlea was bisected in a midmodiolar plane 

using a thin breakable razor blade. A series of cuts through the modiolus separated the half-

turns from one another (figure 5B). Each half-turn was then removed from the surrounding 

temporal bone and the tectorial membrane was removed. 

The newly dissected half-turns were permeabilized using 0.2% Triton X- 100 (Sigma 

Aldrich, St. Louis, MO) for 30 min, and PBS was used to wash off excess Triton X-100. 

Tissue was blocked for 30 min using a 2% bovine serum albumin solution, and washed again 

using PBS. The dissected half-turns were incubated with alexafluor 488 conjugated 

phalloidin (Life Technologies, Carlsbad, CA) diluted in PBS (1:400) for 40 min. Tissue was 

then washed with PBS to remove residual, unbound phalloidin. The stained tissue was 

mounted on charged slides, using Vectashield containing DAPI (Vector Laboratories, 

Burlingame, CA).  Images of the half-turns were acquired using a Nikon Eclipse E800 

microscope and a QImaging EXi Aqua camera in combination with QImaging software 

(QImaging, Surry, British Columbia, Canada). The total length of the cochlea was then 

subdivided into 20 equal sections in preparation for counting. 
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Two different people counted both IHCs and OHCs for all whole-mount dissected 

tissue. These two sets of HC counts were used to calculate inter-rater reliability measures. As 

with the plastic section based HC counts, one individual also recounted a subset of the 

whole-mount dissected tissue. This set of HC counts was used to calculate a measure of 

intra-rater reliability. When counting phalloidin stained hair cells, stereocilia bundles were 

counted directly when they were visible. However, in some instances the phalloidin staining 

was robust; resulting in labeling of actin located in non-stereocilia structures. When the 

cuticular plate was thoroughly labeled, it rendered stereocilia difficult to distinguish in the 

captured images.  In these instances, the cuticular plate was used as the criteria for the 

presence of a hair cell. In DAPI stained tissue, intact spherical nuclei were counted to 

estimate HC number, similar to the criteria used for plastic sections. Care was taken when 

photographing tissue, so that the nuclei in focus were HC nuclei and not the nuclei of 

nearby supporting cells.  

 

2.6c Hair Cell Count Statistical Analysis 

SPSS v22.0 (IBM, New York, NY) was used to calculate intra-class correlations 

(ICC), which were used to determine the reliability of the hair cell count data set.  Intra-class 

correlation coefficients > 0.7 were a considered to be an indicator of strong, absolute 

agreement between the two sets of data being compared.  

Prism v6.0 (GraphPad, La Jolla, CA) was used for all statistical tests for examining 

differences in HC number among treatment groups; the level of significance was set at p = 

0.05. T-tests were used to assess differences in the total numbers of HCs, inner hair cells 

(IHC) and outer hair cells (OHC) across treatment groups for both methods of tissue 

preparation. Two-way ANOVAs for repeated measures were used to determine the 
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frequency-specific regions of HC loss relative to control animals. The Dunnett post hoc 

method compared data sets to a control, while comparisons of data sets among methods 

utilized Tukey's multiple comparisons. 

 

2.7 Brain Tissue Embedding & Sectioning 

 After post-fixation, brains were rinsed three times for 10 minutes with 1X PBS to 

remove any residual PFA.  The left (sound-exposed), ventral surface of the brainstem was 

nicked using a razor blade.  Washed brains were then incubated in a 5% gelatin solution for 

30 minutes in a water bath at 37o C prior to embedding in 10% gelatin.  A breakable 

razorblade was used to cut the brain in a coronal plan of section just caudal to the inferior 

colliculi.  Care was taken to keep the blade perpendicular to rostral-caudal and horizontal 

axes, which allows for a true coronal plane.   

A Leica VT1000S vibratome (Wetzlar, Germany) was utilized for sectioning.  Section 

thickness was set to 40 um, speed was set to ~4.5, and frequency set to ~6.    All cut 

sections were collected serially in 12-well plates filled with ice cold 1X PBS for storage prior 

to immunohistochemical labeling.  Sections were collected beginning when the caudal aspect 

of the left and right DCNs appeared (~ bregma -11.75 mm) until facial nerve was clearly 

visible in the brainstem (~bregma -10.25), which ensured the entirety of the DCN was 

collected.  

 The section at the midpoint of the rostral to caudal extent of the DCN has been 

shown to contain all frequencies within the tonotopic map (Ryan et al., 1988) (figure 6A-B).  

Accordingly, we used these two median sections for immunohistochemical labeling.  

Utilizing notes written during sectioning, the tissue sections containing the left, median 

DCN could be easily identified.  The caudal aspect of the DCN can be plainly identified 
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without additional staining or magnification (figure 6C, purple).  However, the rostral aspect 

of the DCN cannot be directly identified without additional staining to separate it from the 

VCN (figure 6D, purple).  We used the first appearance of the facial nerve, which can be 

plainly seen using a dissection microscope as a surrogate for the DCN end point.  

 All immunohistochemical labeling (figure 7) with a given combination of primary 

antibodies18 (figure 7, table) took place simultaneously, using a single master antibody 

solution.  The median two DCN sections from each animal were retrieved for free-floating 

immunohistochemical labeling.  These two tissue sections also included the corresponding 

section of cerebellum that served as a positive control.  The cerebellum is an ideal positive 

control for three primary reasons.  First, the patterns of labeling for both the excitatory and 

inhibitory labels utilized in this study are well described for the cerebellum; second, the 

cerebellum is unlikely to be directly affected by acoustic trauma; third, each section of DCN 

has a paired section of cerebellum allowing for simultaneous labeling of both cerebellar and 

DCN targets.  Two additional non-median DCN tissue sections were also selected for use as 

negative controls.  One negative control exclusively received a primary antibody mix with no 

corresponding secondary antibody, and the second negative control received only a 

secondary antibody mix without a corresponding primary antibody mix. 

Selected sections were initially floated onto slides for antigen retrieval; four drops of 

a pepsin reagent (#R2283, Sigma-Aldrich, St. Louis, Missouri) were placed on each tissue 

section and allowed to incubate for 10 minutes at 37oC.  Tissue was then immediately floated 

into 12-well plates containing 1X PBS, and washed 3X for 10 minutes each.  Tissue was 

blocked using a 2% BSA, 0.1% Tween20 solution dissolved in 0.02M tris-buffered saline 

																																																								
18 Synaptic Systems has determined that the VGlut1 and VGlut2 antibodies are specific for their respective 
targets in rat tissue, and they should theoretically not cross-label their respective targets.  We have compared 
the immunogen sequences for these two antibodies, and have no reason to suspect the antibody against VGlut1 
would recognize VGlut2 proteins, or that the antibody against VGlut2 would recognize VGlut1 proteins. 
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(TBS) solution for 1 hour at room temperature on a rocker.  The tissue sections were then 

moved into a primary antibody solution (figure 7, table), and allowed to incubate overnight 

at 4oC on a rocker.  Primary antibody was washed off in a series of 3 ten-minute washes with 

TBS.  Sections were transferred into the appropriate secondary antibody solutions and 

allowed to incubate at room temperature for 1 hour before being washed 3 times, for ten 

minutes each, using TBS.  Labeled sections floated onto supercharged slides and mounted 

using Prolong Gold with DAPI (#R36935, Molecular Probes, Eugene, Oregon) prior to 

coverslipping.   

 

2.8 Confocal Imaging & Computer-Aided Layer and Frequency Division 
A NikonEclipse E2000-U inverted confocal microscope and Nikon Elements 

confocal imaging software were initially used to acquire a 20X, large image acquisition of the 

entire left DCN.  These low magnification images were used to identify the 50 um X 50um 

regions of interest (ROI) for high magnification imaging.  Images were opened in Adobe 

Illustrator and divided into layer and frequency regions (figure 8).   The dorsal and ventral 

borders of the DCN were traced out (figure 8 [1-2]) first.  The distance between them then 

was separated into three layers of equal thickness, which approximates the DCN’s laminar 

organization (molecular, fusiform, and deep layers (figure 8 [3]).  The DCN was divided into 

three equal regions from ventral-lateral to dorsal-medial, which corresponds broadly to low, 

mid, and high frequency quadrants.  The center points of each of these frequency regions 

were identified (figure 8 [4]).  The 50 um X 50 um ROIs (figure 8, ) are 

identified where the vertical, central axis of the frequency regions intersects with the 

horizontal, central axis of the layers. 
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The sections labeled for inhibitory markers (VGat & Gephyrin) were imaged with a 

100X objective using the Nikon Eclipse E2000-U confocal microscope, which has a 440 

diode laser, a 457/476/488/514 multiline argon laser, and a 561 diode laser.  The sections 

labeled for excitatory markers (VGlut1, VGlut2, PSD95) were imaged with a 100X  objective 

using the Nikon Eclipse 90i confocal microscope, which has a 488/457/477/514 multiline 

argon laser, a 561 diode laser, and a 638 diode laser.  Both microscope utilize the same 

Nikon APO/ TIRF 100X / 1.49 oil objectives.  Secondary antibody labeling in the green 

channel (488) was colorized as green; secondary antibody labeling in the red channel (555) 

were colorized as red; and far-red secondary antibody labeling (635) was colorized as blue.  

Acquisition settings were determined separately for the inhibitory and excitatory markers, 

and were held constant when acquiring images.  Full-color images were acquired at 

2048X2048 resolution and saved as RGB formatted TIFFs.   

 

2.9 Image Analysis 

 We obtained a total of 6 full-color images from each labeled tissue section, acquired 

from the 3 layers (molecular, fusiform and deep) for 2 frequency regions (high and mid) of 

the DCN.  Prior to beginning image processing and analysis, all images were duplicated.  All 

image processing work was completed on duplicate images, thereby ensuring that all digital 

originals would remain unaltered.  The unaltered originals could serve as reference images, if 

needed, or be re-duplicated in the event of errors that arose while processing. 

 The broad purpose of image processing was to prepare each channel, and the areas 

of co-localization across channels, for automated counting of synaptic elements utilizing 

imageJ.  We were interested in evaluating both individual pre-synaptic and post-synaptic 

elements in addition to co-localized pre-synaptic + post-synaptic labeling.  To accomplish 
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this, the channels in each RGB image were individually thresholded (black and white), 

colorized (green, red, or blue [far-red recolor]), which made all labeling a single, consistent 

color.  The colorized thresholds can then be overlaid, recreating a thresholded, full-color 

version of the original image with 2 key differences.  First, signal is separated from 

background due to thresholding.  Second, areas of co-localization are a single uniform 

color19 instead of multiple, closely related colors20 whose variation is due to varying 

intensities in the original full color image.   

																																																								
19 Example using RGB coloring: Green [0, 255, 0] + Red [255, 0, 0] =  [255, 255, 0]). 
20 Three different shades of  (255, 2250, 5) & (250, 245, 0) & (230, 230, 0) all would appear visually 
similar, th the actual color values are distinct. 
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Chapter 3: Quantification of HC loss, Importance of Tissue Preparation, & Selection 
of Sound Damage 

3.1 Introduction 

 Exposure to acoustic trauma damages the cochlea, which houses the sensory cells of 

the auditory system.  Damage to the peripheral auditory system can manifest as noise-

induced hearing loss, but it can also induce remodeling in central auditory nuclei that results 

in tinnitus.  The intensity (dB), frequency range (kHz), and duration of a sound damage 

paradigm all influence the pattern damage and hair cell loss in the cochlea.  The method of 

tissue preparation used to quantify this damage may also affect the pattern of HC loss 

observed. 

A schematic of the ascending auditory system is shown in figure 9.  The peripheral 

auditory system is shown in red, the central auditory system is shown in black, and major 

nerve projections are shown in blue. The cochlea houses the sensory cells of the auditory 

system – inner and outer hair cells (IHC, OHC respectively) (figure 10A-B). Inner hair cells 

are innervated by type I spiral ganglion neurons (90-95% of all spiral ganglion neurons), and 

respond to narrow frequency ranges as a function of their location on the basilar membrane; 

this establishes the tonotopic arrangement of the auditory system (figure 10C).  Outer hair 

cells are innervated type II spiral ganglion neurons (~5-10% of all spiral ganglion neurons), 

and are involved in signal amplification and tuning.  Acoustic trauma results in hair cell death 

and the loss of hair cell/auditory nerve synapses resulting in noise-induced hearing loss 

(NIHL).  The extent and severity of the hair cell loss and damage is dependent on the 

frequency, intensity and duration of the damaging stimulus (Bohne et al., 2000; Chen et al., 

2003).  Additionally, there is evidence to suggest that IHC and OHC have a differential 

susceptibility to noise damage, and OHC are more severely affected(Chen et al., 2003; Sha et 

al., 2001).  This initial cochlear damage can also have far reaching downstream 
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consequences, resulting in maladaptive plastic change in central auditory nuclei, in particular 

the dorsal cochlear nucleus. These maladaptive plastic changes can manifest as further 

auditory deficits – i.e. tinnitus.  

This chapter is focused exclusively on the frequency-specific quantification of hair 

cell loss as a function of exposure to damaging sound, and the benefits and limitations of the 

two methods used to quantify this damage.  These data will serve to inform the selection of a 

sound damage paradigm for use in future experimental work.  These data have also been 

previously published in the journal Hearing Research volume 328 (pgs. 120-132) as “Hair cell 

counts in a rat model of sound damage: effects of tissue preparation & identification of 

regions of hair cell loss” by Neal et al. (2015). 

 

3.2 Methods 

 All cochleae used for HC counts in this chapter were from control and sound 

exposed animals generated either by Dr. Stefanie Kennon-McGill as part of her dissertation 

research (Kennon-McGill, 2014), which studied the neural correlates of tinnitus in the 

inferior colliculus of unanesthetized rats, or Dr. Davina Gassner’s research when she worked 

in the Auditory, Vestibular Neuroscience lab at the University of Kansas Medical Center.   

Their sound exposures utilized the same apparatus and methods described in  

chapter 2.2, although the specific intensity and duration of sound exposure varied.  

Two major methods of tissue preparation for assessing hair cell survival as a function 

of frequency are described in chapter 2.6 (figure 5) - plastic embedding and sectioning or 

whole mount dissection.  Embedded cochleae were sectioned in a paramodiolar plane.  This 

plane of section exposes the HCs for quantification in addition to other virtually all other 

cochlear structures.  It also simultaneously fragments the basilar membrane into hundreds of 
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discontinuous fragments, which requires extensive reconstruction.  In a whole mount 

dissection method of tissue preparation, the organ of Corti is dissected from the cochlea, 

exposing the HCs for quantification; however, most other cochlear structures are removed.  

Dissection also cuts the organ of Corti into approximately 6 continuous sections that are 

easily reconstructed.   The primary goal of this chapter, and the data published in the 

corresponding paper (Neal et al., 2015), is to determine the patterns of HC loss caused by 

four sound damage paradigms using both methods of tissue preparation.  A secondary goal 

of this chapter is to determine whether both methods of HC counting produce comparable 

results when quantifying HC survival in animals exposed to a single sound damage paradigm.   

As described in chapter 2, HCs are identified by specific morphological criteria for 

quantification.  Since assessment of HC survival is subjective and prone to rater bias, we 

sought to verify the reliability the HC count data sets through the application of intraclass 

correlation statistics (ICC)21.  Two separate raters were involved in HC assessment; rater 1 

was the same individual for both plastic sections and whole mount dissections, while rater 2 

was only involved with whole mount dissections.  A summary of all types of HC counts 

performed by both raters is shown in Table 1.  In plastic sections only intra-rater reliability 

was determined (n=3) due to the complex and time-intensive process of pairing HC with the 

corresponding coordinates in the reconstructed cochlea.  In whole mount dissections intra-

rater (n=3) and inter-rater reliability (n=9) were both calculated.  All ICCs were calculated in 

SPSS v22.0 (IBM, New York, NY).  We chose to apply the “absolute agreement” variation 

of the test, which looks for precise, exact agreement between data sets instead of relative 

agreement. We used an intra-class correlation coefficient of 0.7 as a measure of strong 

absolute agreement between the two sets of HC counts being compared. 

																																																								
21 ICCs can be used to assess intra-rater reliability as the name would suggest in addition to inter-rater 
reliability.  The test simply requires two+ sets of data regardless of what the sources of the data sets are.   
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3.3 Results 

 

3.3a Total HC Counts: Plastic Sections & Whole Mount Dissection 

 We initially examined HC counts as totals of IHC, OHC, and combined HC types.  

These HC count data are summarized in Table 2.  In thick plastic sections (40 um) we 

evaluated IHC, OHC, and combined HC type survival, relative to controls, for a total of 4 

sound damage paradigms.  Hair cell counts were performed using toluidine blue stained 

nuclei as the marker for the presence/absence of IHCs and OHCs. Multiple statistical 

differences in sound exposed animals were observed relative to controls (Table 2, red *).  In 

the 114 dB SPL, 1 hour exposure, the numbers of OHC and combined HCs were 

significantly decreased relative to controls; in the related 114 dB SPL, 2 hour sound 

exposure, the number of IHC, OHC, and combined HCs were significantly decreased 

relative to controls.  In HC counts from animals exposed to the 118 dB SPL, 1 hour sound 

damage paradigm, only IHCs were significantly decreased relative to controls; however, in 

the HC counts from animals exposed to the 118 dB SPL, 4 hour sound damage paradigm we 

observed significant decreases in the numbers of IHC, OHC, and combined HCs relative to 

controls.   

In whole mount dissected tissue, we evaluated survival of IHC, OHC, and combined 

HC types relative to controls for two sound damage paradigms.  We chose the mildest (114 

dB SPL, 16 kHZ pure-tone, 1 hour) and most severe (118 dB SPL, 16 kHz pure-tone, 4 

hour) sound damage paradigms from the 4 sound damage paradigms that were evaluated 

with the plastic section method of tissue preparation.  In whole mount dissected tissue we 

quantified HC loss based on staining of two distinct cell features (figure 5F & J) – nuclei and 

stereocilia.  Hair cell nuclei were visualized using DAPI, which allowed for legitimate, 
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parallel comparisons against nuclei based counts in toluidine blue stained plastic sections.  

Hair cell stereocilia/cuticular plates were visualized using fluorescently conjugated 

phalloidin.  Stereocilia and cuticular plates are HC specific structures, unlike DAPI stained 

nuclei, which simplifies the counting process and minimizes the risk of mistaking pillar cell 

or supporting cell nuclei for hair cells.   

Total HC count data for both HC features assessed using whole mount dissections 

(DAPI stained nuclei, and phalloidin stained stereocilia) are summarized in Table 2. 

Comparing HC counts from 114 dB SPL, 1 hour exposed animals to controls, we observed 

no statistically significant differences for IHC, OHC, or combined HCs.  In HC counts from 

animals exposed to the 118 dB SPL, 4 hour sound damage paradigms, we observed 

significant decreases in the total numbers of IHC, OHC, and combined HCs, relative to 

controls as assessed by either DAPI or phalloidin staining. 

Lastly, we made comparisons within sound exposure groups, using data from both 

methods of tissue preparation.  When nuclei based counts were compared within the control 

group, the total numbers of IHC, OHC, and combined HCs were found to be significantly 

decreased relative to nuclear based counts in plastic sections (table 2, green **).  No 

statistically significant differences were observed for DAPI v. phalloidin HC counts from 

within any single treatment group.  

  

3.3b HC Counts as a Function of Frequency: Plastic Sections 

   The previous analysis of total HC numbers revealed significant reductions in the 

total numbers of IHC and OHC in most sound exposed animals relative to controls.  We 

proceeded to evaluate these data as a function of frequency because we wanted to identify 

the specific frequency regions that contained statistically significant HC loss (figure 11).  
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Animals exposed to a 114 dB SPL, 16 kHz pure-tone for 1 hr had statistically significant HC 

loss in one low frequency region for IHC and one high frequency region for OHC (figure 

11A-B). A longer duration (2 hr) exposure to the 114 dB SPL, 16 kHz pure-tone resulted in 

a more extensive pattern of HC loss, in comparison to the shorter duration exposure. With 

this longer exposure, 5 regions of statistically significant IHC loss across low, mid and high 

frequencies were observed, along with 4 areas of OHC loss in similar frequency regions 

(figure 11C-D). All regions of statistically significant HC loss seen following 1 hr exposure 

were also observed in the longer duration exposure. As expected, we observed more regions 

of HC loss as the duration of sound exposure increased. However, although we presented a 

16 kHz pure-tone to create cochlear damage, we did not observe a discrete region of damage 

centered on the 16 kHz region of the cochlea. Rather, regions of damage were patchy, both 

above and below the 16 kHz location, particularly for longer duration exposures. 

Animals exposed to the more intense 118 dB SPL, 16 kHz pure-tone for 1 hr had 

significant HC loss in two high frequency regions for IHC and two regions (mid and high 

frequencies) for OHC (figure 11E-F). Exposure to a 118 dB SPL, 16 kHz pure-tone for 4 hr 

resulted in many areas of significant HC loss. Once again, all regions of statistically 

significant HC loss seen in the 1 hr exposure were also observed in the longer duration 

exposure. As seen with the 114 dB SPL sound damage paradigms, longer exposure duration 

resulted in more regions of HC loss. Ten areas of significant IHC loss were observed in low, 

mid, and high frequency regions, with the majority of the damage seen in the high 

frequencies (figure 11G); nine areas of significant OHC loss were also observed across all 

frequency regions, but the damage was most prevalent in the high frequency regions (figure 

11H). 
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3.3c HC Counts as a Function of Frequency:  Whole Mount Dissections  

   The previous analysis of total HC numbers revealed significant reductions in the 

total numbers of IHC and OHC in sound exposed animals relative to controls, and revealed 

significant differences between the control HC counts as determined by both tissue 

preparation methods (plastic sections and whole mount dissection).  To create a more 

nuanced analysis we made the same broad categories of comparisons as a function of 

frequency in chapter figures 12-14.   

Figure 12 compares nuclei based counts from whole mount dissections and plastic 

sections as a function of frequency within treatment groups (i.e. control v. control, etc….). 

Prior to analysis, the data sets from each method (plastic sections and whole-mount 

dissections) were logarithmically transformed.  Data transformation was necessary due to 

artifacts in the reconstruction process for plastic embedded cochleae, which caused the 

resulting numbers of HCs to have unique distributions as a function of frequency.  The 

source of this artifact was the changing orientation of the Organ of Corti and the 

corresponding need to subdivide regions of hair cell in non-modiolar sections (figure 5D and 

H).  Without such a transformation, any statistical evaluation might have reflected 

differences resulting from artifacts and not sound exposure. 

These data let allow us to explore if there were differences between methods, 

however, these differences do not indicate areas of loss relative to controls.  Although we 

previously observed significant differences in the total numbers of IHC, OHC, and total 

HCs for controls evaluated with different methods of tissue preparation (table 2), we 

observed no significant differences when we viewed HC number as a function of frequency 

(figure 12 A-B).  Conversely, although we observed no significant differences in the total 

numbers of IHC, OHC, and total HCs within sound exposure groups, but we did observe 
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significant differences within sound exposure groups when data were graphed as a function 

of frequency.  Within the 114 dB SPL, 16 kHz pure-tone, 1 hour sound exposure group we 

observed 2 statistically significant differences for IHC in the mid frequency region, and 1 

statistically significant difference for OHC in the mid frequency region.  Within the 118 dB 

SPL, 16 kHz pure-tone, 4 hour sound exposure group we observed 4 statistically significant 

differences for IHC in the low (2) and high (2) frequency regions, and 5 statistically 

significant difference for OHC in the mid (1) and high (4) frequency regions.  These 

differences suggest that both methods of tissue preparation may produce HC counts that 

identify different regions of statistically significant HC loss relative to controls, which is 

further addressed in figure 16. 

Figure 13 compares DAPI and phalloidin based counts as a function of frequency 

within treatment groups (i.e. control v. control etc…).  These data allowed us to compare 

counts based on different HC features in the same tissue; however, these differences do not 

indicate areas of loss relative to controls.  In control animals, we observed no significant 

differences between DAPI and phalloidin based counts for either IHC or OHC (figure 13A-

B) as a function of frequency. In rats exposed to a 118 dB SPL, 16 kHz pure-tone for 4 h, 

which resulted in significant HC loss, we also observed no difference between DAPI and 

phalloidin based counts for either IHC or OHC (figure 13E-F). However, statistically 

significant differences in two regions were found in IHC counts (figure 13C) for animals 

exposed to a 114 dB SPL, 16 kHz pure-tone for 1 h, although no corresponding statistically 

significant differences were observed in the OHCs (figure 13D). These IHC differences are 

directly attributable to one rat with atypically severe HC loss for this sound damage 

paradigm. The minor differences that exist for the 114 dB SPL, 1 h exposure, and the lack of 

differences for the 118 dB SPL, 4 h exposure, suggest either feature can be used to 
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determine HC loss for these sound damage paradigms. 

Figure 14 depicts hair cell loss evaluated using whole-mount dissection; animals were 

exposed either to a 114 dB SPL, 16 kHz pure-tone for 1 h or a 118 dB SPL, 16 kHz pure-

tone for 4 h.  Counts from sound damaged animals were compared to those from 

unexposed control animals.  Each of the cochleae used for these HC counts was co-labeled 

with DAPI and phalloidin, and each stain was used to count HCs separately in the co-labeled 

tissue.  When examining phalloidin based counts, animals exposed to a 114 dB SPL, 16 kHz 

pure-tone for 1 h had only one region of significant IHC loss in the high frequencies (figure 

14A) and three regions of OHC loss in the mid and high frequencies (figure 14B). 

Corresponding DAPI counts were similar, however, three regions of IHC loss were seen in 

low and high frequencies (figure 14C) and three regions of OHC loss were seen in the low 

and high frequencies (figure 14D). For animals exposed to a 118 dB SPL, 16 kHz pure-tone 

for 4 h, the phalloidin based counts revealed 11 areas of significant IHC loss, seen 

predominantly in the mid to high frequency ranges, although minor low frequency damage 

was observed (figure 15E). Only seven total areas of significant OHC loss were observed in 

the low, mid and high frequency regions (figure 14F). Corresponding DAPI based counts 

showed 12 regions of significant IHC loss (figure 14G) throughout the cochlea, and 6 

regions of significant OHC loss, also throughout the cochlea (figure 14H). In all cases, 

damage was observed both above and below the 16 kHz frequency region.  

 

3.3d Reliability Measures 

We performed a series of ICC analyses to determine the reliability of HC count data 

from plastic sections and whole mount dissections (figure 15). Blinded HC counts from two 

independent raters, generated using whole-mount dissected tissue stained with DAPI and 
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phalloidin, were compared using ICC analysis set to a two-way mixed model with absolute 

agreement. Individual ICCs were performed utilizing count data for each stain and HC type 

(e.g., one analysis for DAPI stained IHCs and a subsequent analysis for DAPI stained 

OHCs). Similarly, intra-class correlation analyses were performed on blinded recounts of 

tissue from both tissue preparation methods to provide a measure of intra-rater reliability. 

We performed three distinct sets of correlation analyses: rater 1 v. rater 2 counts of 

phalloidin and DAPI stained whole-mount dissections; rater 1 initial count v. rater 1 recount 

of phalloidin and DAPI stained whole mount dissections; and rater 1 initial count v. rater 1 

recounts of plastic embedded tissue. 

When we examined the ICC coefficients from the rater 1 v. rater 2 counts of whole-

mount dissection (figure 15A-C), we determined that regardless of stain, HC type, or 

treatment condition, the two sets of counts were in good agreement, with all ICC 

coefficients exceeding 0.7 (figure 15A). We observed an even higher degree of agreement in 

the rater 1 recount comparisons (figure 15D-E), with all ICC coefficients exceeding 0.9 

irrespective of stain, HC type, or treatment group. Based on these data, both raters 

consistently, and accurately, assessed HC number. 

 

3.3e Cross-Methods Comparison 

Our final analysis examined whether the method of tissue preparation influenced the 

regions of significant hair cell loss that were identified.  Figure 16 depicts the regions of 

statistically significant HC loss for the 114 dB SPL, 16 kHz pure-tone 1 hour exposure and 

the 118 dB SPL, 16 kHz pure-tone 4 hour exposure determined using both methods of 

tissue preparation.  When the cochleograms for the same sound exposure were compared, 

the regions of significant HC loss were found to be similar, but not identical (figure 16A-D, 
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and E-H).  The milder, 114 dB SPL, 1 hour exposure resulted in regions of statistically 

significant HC loss that were similar for each method of tissue preparation (figure 16A and 

C, B and D).  The regions of significant HC loss were minimal, patchy, and affected an equal 

number of IHC and OHC regions.  However, HC counts in plastic sections revealed slightly 

fewer affected regions than whole mount dissections. 

A more dramatic difference between the HC counts generated by the two methods 

of tissue preparation was seen for the more severe, 118 dB SPL, 4 hour exposure (figure 

16E-H).  The whole-mount dissection method of tissue preparation revealed more regions 

of significant HC loss in the low to mid frequency regions, but less damage in the highest 

frequency regions compared to counts in plastic embedded tissue.  Whole-mount dissection 

did not show the dramatic high-frequency HC loss seen in plastic sections.  Surprisingly, 

both methods revealed more IHC loss than OHC. 

 

3.4 Discussion 

 The data presented in this chapter address several aspects of hair cell quantification, 

and help to inform the selection of a sound damage paradigm for use in subsequent 

experimental work.  The collected data for both plastic sections and whole mount 

dissections was determined to be reliable through a series of intraclass correlations, 

validating it for use in further statistical analyses.  We investigated whether the criteria used 

to count HCs (cell nuclei or actin labeling) affected the resulting count; relatedly, we also 

sought to explore how the method of tissue preparation and corresponding reconstruction 

influenced the final cochleogram. Finally, we applied these two methods-related explorations 

to our specific sound damage paradigms and HC counts, as we quantified which regions of 

the cochlea were affected by sound exposure.   
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3.4a Reliability 

Although hair cell loss following acoustic trauma is an objective phenomenon that 

results in an absolute number of lost HCs, its quantification is subjective and dependent, in 

part, on the rater evaluating it.  Therefore, we chose to confirm the reliability of our data sets 

through internal and external comparisons prior to further statistical examination.  Our 

internal comparisons consisted of intra-class correlations (ICC), which compared two sets of 

HC counts to one another to determine the extent to which the two data sets were in 

absolute agreement.  The ICC coefficients for all inter-rater comparisons returned values > 

0.7, irrespective of the method of tissue preparation and HC stain, which suggested strong 

agreement between the two raters (Cicchetti, 1994). Additionally, our intra-rater comparisons 

had ICC coefficients > 0.9 indicating that the rater had a high degree of internal consistency 

when assessing hair cell loss.  To lend further support to the reliability of our data set we 

sought to verify our HC counts using external sources.  Keithley et al. (1982) reported an 

average of 4700 HCs, occurring in a ratio of 3470 OHC: 960 IHC in age-matched, 

unexposed Sprague-Dawley rats.  These values are in close agreement with our data for 

control animals (chapter 3 table 2).  Thus internal analysis and external reports support our 

conclusion that our full data set is both reliable and consistent, irrespective of tissue 

preparation, stain, and HC type. 

 

3.4b Methodology 

Utilizing the total number of HCs from sound exposed animals (table 2) we are able 

to make further comparisons across the stains and methods of tissue preparation.  The 

reported total numbers of IHC and OHC for the DAPI and phalloidin stain appear to be in 
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close agreement with one another for any given sound damage paradigm. This lack of 

significant differences was expected, as phalloidin and DAPI staining were compared within 

the same animal, thereby eliminating any inter-animal variability.  Our more detailed 

comparison of the two sets of HC counts distributed as a function of frequency showed only 

two areas of statistical difference across the data set (figure 13).  These two regions of 

difference are seen in the IHC counts of animals exposed to a 114 dB SPL, 16 kHz pure-

tone for 1 hour.  Examination of individual animals’ patterns of HC loss in this group (data 

not shown), suggested these differences are directly attributable to an atypically severe 

pattern of HC loss seen in a single animal. Thus, a severe response from a single animal in 

our small sample directly affected the statistical analysis.  We would not expect to observe 

these significant differences in a larger sample. 

Given the variability in an individual animal’s response to sound damage we 

expected the differences based on tissue preparation to be the most evident when comparing 

plastic sections and whole-mount dissections from sound exposed animals.  The total 

numbers of IHCs and OHCs for a given sound damage paradigm were in close agreement 

when compared across tissue preparation methods (table 2).  However a detailed cross-

methods comparison, seen in figure 12, allows us to see the distribution of the HCs across 

frequency regions. In this detailed analysis, no statistical differences were observed when the 

control groups for both methods of tissue-preparation were compared (figure 12A-B).  The 

regions of significant differences were few for animals exposed to a 114 dB SPL, 16 kHz 

pure-tone for 1 hour (figure 12C-D), while the number of differences further increased when 

examining the results of the 118 dB SPL, 16 kHz pure-tone exposures for 4 hours (figure 

12E-F).  The increasing number of regions of difference in sound exposed animals could 

either be caused by the variable response of rats to sound trauma, differences in the 
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reconstruction methods used for the two methods of tissue preparation, or most likely, a 

combination of these two factors.   

 

3.4c Hair Cell Loss 

The sound damage paradigms used to induce hearing loss and/or tinnitus in animal 

models vary greatly, as do the patterns of HC loss that result from exposure to different 

sound damage paradigms.  All three parameters of a sound damage paradigm (intensity, 

frequency, and duration) can vary significantly while still resulting in tinnitus and/or noise-

induced hearing loss in animal models.  Brief exposure to acoustic trauma (2 minutes) can be 

used to model transient tinnitus, lasting less than 15 minutes (Norman et al., 2012), while a 

comparable, longer duration (1 hour) exposure is used to model chronic tinnitus lasting at 

least a year from the initial noise exposure (Longenecker et al., 2014).  Alternatively, blast 

noise can also be used as a method of inducing chronic tinnitus (Luo et al., 2014).  A 

similarly wide array of intensities, ranging from quite low at 80 dB (Brozoski et al., 2002) to 

high intensity at 130 dB (Guitton et al., 2007), can also be utilized.  The frequency of noise 

exposure can also range from a variety of pure-tones (Heffner, 2011), to narrow band noise 

(Kraus et al., 2010), and broadband noise (Rybalko et al., 2005). 

While the array of possible parameter combinations complicates comparisons of 

results across studies (especially when the animal species is taken into account), the 

prevalence of certain sound damage paradigms in the literature facilitates the comparisons of 

sound exposure outcomes.  Bauer and Brozoski established the use of one such sound 

damage paradigm: octave band noise centered at 16 kHz, presented at a 105 dB with 

exposure duration of 1 or 2 hours.  The sound damage paradigms we examine in this chapter 

stem from modifications to the original Bauer and Brozoski paradigm, to produce more 
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extensive or less extensive cochlear trauma, resulting in a spectrum of damage. On this 

damage spectrum we found our 114 dB SPL, 1 hour exposure to produce the mildest 

damaging effects while the 118 dB SPL, 4 hour exposure produced the most severe damage. 

It is commonly believed that hair cell loss resulting from exposure to a pure-tone or 

narrowband stimulus will result in a discrete band of HC loss.  Following such an exposure, 

thresholds are elevated at frequencies half an octave higher than the frequency of the 

damaging stimulus (Cody et al., 1981), which is both consistent and predictable.  This half-

octave shift is due to active amplification of the signal by OHCs combined with basilar 

membrane non-linearities (Ruggero et al., 1997).  The underlying presumption is that this 

discrete physiological change is accompanied by an analogous discrete loss of HCs. 

Despite this common expectation, one of our most consistent observations is that HC loss 

occurs in low, mid, and high frequency regions of cochlea, irrespective of the sound damage 

paradigm and method of tissue preparation utilized.  Hair cell loss is not restricted to a 

narrow band around the stimulus frequency, only in higher frequency regions, or exclusively 

at harmonics of the stimulus frequency.  In a meta-analysis of HC counts from sound 

exposed chinchillas, Bohne et. al found that sound exposures lasting a minimum of 1 hour, 

with intensities between 108-123 dB, caused IHC and OHC lesions both below and above 

the frequency of the sound exposure (Harding et al., 2004). 

We also observed that exposure to a shorter duration (1 hour) lower intensity (114 

dB SPL) stimulus resulted in markedly less severe HC loss (Fig. 4A and B) than a longer 

duration (4 hour) higher intensity (118 dB SPL) stimulus (Fig. 4 G and H).  Upon further 

examination we observed that increase in exposure duration, while holding stimulus intensity 

constant, resulted in more severe IHC and OHC loss.  This finding held true when 

comparing either HC loss evaluated with either tissue preparation method (Fig. 4). 
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Few studies employ and directly compare two or more sound damage paradigms.  

However, a subset will compare the tinnitus and hearing loss that result from exposure to 

different types of acoustic trauma, some of which can be used to investigate how duration 

may or may not relate to HC loss.  Mulders et al. (2011) used a guinea pig model of tinnitus 

and generated HC counts from animals exposed to 10 kHz, 124 dB  sound for 1 or 2 hours.  

Their findings suggest that duration did not result in any increased HC loss.  In fact, their 

HC loss profiles appeared to have less severe IHC and OHC loss in the longer duration 

sound exposure.  Similarly, Bauer and Brozoski’s (2001) hair cell counts did not demonstrate 

appreciably more extensive IHC or OHC loss with a 2 hour exposure compared to the 1 

hour exposure.  These findings are contrary to our own observations regarding effects of 

exposure duration on hair cell loss.  This discrepancy could be the result of different animal 

models, anesthesia, and/or sound damage paradigms. 

A related observation regarding HC loss is the way in which the regions of loss 

accumulated and expanded as exposure duration was increased.  In our animals, all regions 

of HC loss seen in shorter duration exposures were seen in analogous longer duration 

exposures.  Harding and Bohne determined that HC loss begins as small cochlear lesions, 

which then expand and merge into larger areas of HC loss (Harding et al., 2004).  The 

compounding of damage we observed with increases in exposure duration closely mirrors 

the findings of Harding and Bohne.  It is also plausible that if we further increased exposure 

intensity and/or duration we would see more severe HC loss in regions that already show 

statistically significant HC loss. Relatedly, if we had elected to include additional sound 

damage paradigms of intermediate durations a more precise picture of the expansion and 

merging of HC lesions could be observed.   
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Lastly, outer hair cells are typically regarded as being more susceptible to sound 

damage than inner hair cells, particularly in regions with higher characteristic frequencies 

than the damaging stimulus (Furness, 2015).  However, we observed roughly equivalent 

regions of statistically significant OHC and IHC loss, and in our more severe sound damage 

paradigm, IHC loss exceeded OHC loss.  Although our distribution of HC loss differs from 

the pattern Bauer and Brozoski (2001) found in a similar sound exposure paradigm, both 

data sets report severe OHC and IHC loss (Bauer et al., 2001). 

 

3.5 Conclusion 

 We used two methods of tissue preparation and reconstruction to determine HC loss 

profiles following different sound damage paradigms to facilitate comparisons of our 

pattern(s) of HC loss to those published in other studies.  The HC loss we observed was 

distributed through the low, mid and high frequency regions of the cochlea; IHC loss was as 

severe (and more severe in some instances) than OHC loss.  Both of these findings were 

unanticipated, yet were supported by both methods of tissue preparation.  We also described 

how increasing the duration of sound exposure resulted in a progressive accumulation and 

expansion of the regions of significant HC loss. 

We found that plastic sections and whole mount dissections ultimately produced 

distinct cochleograms – the overall patterns of HC loss were comparable, but the precise 

regions with significant HC loss were different.  This suggests that the method used to 

examine HC loss may skew the results, further complicating the comparisons of HC counts 

across studies.  Given the high ICCs, it seems likely that the HC counts, independent of 

reconstruction, are accurate.  The differences between the methods likely stem from 

different reconstruction methods, which also encompasses the division and assignment of 
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HCs to their respective 5% distance bins.  The reconstruction process for plastic sections is 

substantially more difficulty and complex since the basilar membrane is fragmented into 

hundreds of discontinuous fragments, while in whole mount dissections the basilar 

membrane is cut into 6-8 continuous pieces. 

For future experimental work, which encompasses the data presented in chapters 4 

and 5, the 118 dB SPL, 16 kHz pure tone, 4 hour sound exposure will be utilized in 

combination with the whole mount dissection method of tissue preparation for HC counts.  

The selected sound damage produces the most severe peripheral damage, which could 

produce more substantial central remodeling following damage at earlier time points that 

would in turn lead to a greater likelihood of animals developing tinnitus post-exposure.  Hair 

cell damage and loss is relatively rapid following acoustic trauma (Furness, 2015), while the 

corresponding spiral ganglion degeneration occurs on a noticeably more protracted timeline 

(3-6+ months in rodents).  More severe initial peripheral damage may result in more rapid 

central remodeling.  The whole mount dissection method of tissue preparation for HC 

counts is selected due to its relative simplicity and the ease of the reconstruction process. 
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Sound Exposure 

All 16 kHz pure-tones 

Plastic Sections: 

Osmium + Tol Blue counterstain 

Whole Mount Dissection: 

DAPI + Phalloidin labeling 
 

Rater 1 
Rater 2 Count 

Rater 1 
Rater 2 Count 

 

Count Recount Count Recount 

114  dB, 1 hour Yes Yes No Yes Yes Yes 

114  dB, 2 hours Yes Yes No No No No 

118  dB, 1 hour Yes Yes No No No No 

118  dB, 4 hour Yes Yes No Yes Yes Yes 
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 Number of Hair Cells* 

Exposure Tissue Prep Stain IHC OHC Total 

Control 

Plastic Sections Toluidine Blue 1001 ± 17 3509 ± 19 4511 ± 25 

Whole-mount 
DAPI 853 ± 20** 3278 ± 68** 4132 ± 86** 

Phalloidin 916 ± 21 3325 ± 64 4209 ± 82 

114 dB, 16 kHz for 1 hour 

Plastic Sections Toluidine Blue 931 ± 41 3063  ± 43* 3994±  76* 

Whole-mount 
DAPI 848 ± 23 3044 ± 158 3892 ± 180 

Phalloidin 893 ± 17 3099 ± 99 3992 ± 113 

114 dB, 16 kHz for 2 hours Plastic Sections Toluidine Blue 780 ± 29* 2713 ± 15* 3493 ± 32* 

118 dB, 16 kHz for 1 hour Plastic Sections Toluidine Blue 876 ± 35* 3161 ± 111 4037 ± 144 

118 dB, 16 kHz for 4 hours 

Plastic Sections Toluidine Blue 741 ± 30* 2735 ± 144* 3476 ± 174* 

Whole-mount 
DAPI 709 ± 32* 2812 ± 145* 3521 ±  174* 

Phalloidin 739 ± 52* 2872 ± 163* 3611 ± 210* 

  * = Significantly different from the matching control (plastic v. plastic, DAPI v DAPI, or Phalloidin v Phalloidin) and 
        HC category (IHC v. IHC, OHC v OHC, or total v total) 
 ** = Significantly different from the matching HC count in control values in plastic sections 
  Test:  One way ANOVA with the Tukey post hoc, p < 0.05 
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Reliability Measures:  Assessment of  HC survival is subjective and results are, in part, dependent on the rater evaluating it.  

Therefore, we applied a series of  intra-class correlation to determine the reliability of  our data set.  We used Intra-class correlations 

(ICC) to compare two sets of  HC counts to one another to determine the extent to which the two data sets were in absolute agreement.  

7KLV�VWDWLVWLFDO�WHVW�FDQ�EH�XVHG�WR�FDOFXODWH�PHDVXUHV�RI �LQWUD��DQG�LQWHU�UDWHU�UHOLDELOLW\���,&&�FRHIÀFLHQWV�JUHDWHU�WKDQ������VXJJHVW�
VWURQJ�DJUHHPHQW�EHWZHHQ�WKH�WZR�VHWV�RI �GDWD�EHLQJ�FRPSDUHG���,&&�FRHIÀFLHQWV�IRU�+&�FRXQWV�JHQHUDWHG�XVLQJ�ZKROH�PRXQW�GLVVHFWHG�
tissue are shown in (A), and examples of  counts between the two raters are shown in B and C.  Panels D, and E show intra-rater 

reliability for HC counts generated using whole moutn dissected tissue and plastic sections, repsectively.  For these analysis rater 1 counted 

amd then later recounted the same tissue, and the two counts were compared to one another.  

  ICC Coefficients 
Exposure Stain IHC OHC 

Control DAPI 0.751 0.722 
Phalloidin 0.751 0.757 

Control DAPI 0.788 0.781 
Phalloidin 0.851 0.802 

Control DAPI 0.847 0.823 
Phalloidin 0.768 0.729 

114 dB, 16 kHz for 1 hour DAPI 0.894 0.957 
Phalloidin 0.762 0.756 

114 dB, 16 kHz for 1 hour DAPI 0.857 0.982 
Phalloidin 0.898 0.978 

114 dB, 16 kHz for 1 hour DAPI 0.739 0.794 
Phalloidin 0.948 0.868 

118 dB, 16 kHz for 4 hours DAPI 0.713 0.738 
Phalloidin 0.765 0.730 

118 dB, 16 kHz for 4 hours DAPI 0.720 0.758 
Phalloidin 0.703 0.76 

118 dB, 16 kHz for 4 hours DAPI 0.891 0.787 
Phalloidin 0.891 0.831 

�

B

C

D Whole Mount Dissection ICC Coefficients 
Exposure Stain IHC OHC 
Control DAPI 0.965 0.997 

Phalloidin 0.983 0.951 
114 dB, 16 kHz for 1 hour DAPI 0.955 0.976 

Phalloidin 0.954 0.986 
118 dB, 16 kHz for 4 hours DAPI 0.963 0.970 

Phalloidin 0.963 0.972 
�

E

�

Plastic Sections ICC Coefficients 
Exposure Stain IHC OHC 
Control Toluidine Blue 0.993 0.988 

114 dB, 16 kHz for 1 hour Toluidine Blue 0.981 0.976 

118 dB, 16 kHz for 4 hours Toluidine Blue 0.968 0.954 
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Chapter 4: Assessment of Tinnitus Status and Quantification of Peripheral Damage 

4.1 Introduction 

Exposure to damaging sound has far-reaching functional consequences for the 

peripheral and central auditory systems, including tinnitus and noise-induced hearing loss.  

However the precise relationships between anatomical change and tinnitus development 

and/or extent of auditory threshold shifts have yet to be fully elucidated.  Therefore, 

audiological outcomes based solely on animal model strain and sound exposure paradigm 

cannot yet be predicted.  This is in large part due to the functionally interdependent 

relationships between the spatially segregated elements of the peripheral auditory system / 

cochlea:  the organ of Corti + HCs, stria vascularis, spiral ligament, and spiral limbus among 

other structures.  Changes in one of these elements will indirectly affect the function(s) of 

the others.  These relationships are further complicated by (alternatively, caused by) the 

extreme inter-animal variability that can be observed when exposing animals to acoustic 

trauma (Bohne et al., 1999; Cody et al., 1983; Davis et al., 1999; Turner et al., 2005).   

Initial peripheral/cochlear damage includes, but is not limited to, frank loss of HCs as 

discussed in the previous chapter (Neal et al., 2015).  Additional, more subtle peripheral 

damage can include loss of HC/auditory nerve synapses (Furman et al., 2013; Liberman et 

al., 2011; Puel et al., 1998); impairment of function of the stria vascularis (Wang et al., 2002); 

and spiral ligament  / spiral limbus fibrocyte function (Hirose et al., 2003; Wang et al., 2002).  

These changes, likely in aggregate, can influence the nature and extent of central remodeling 

that may be associated with tinnitus development.  

In order to relate noise-damage induced plasticity in the central nervous system to 

tinnitus, we employed gap detection as a behavioral measure of tinnitus.  This test allowed us 

to separate the animals with just noise-induced hearing loss (tinnitus -) from the animals with 
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noise induced hearing loss and tinnitus.  This separation allowed us to quantify changes that 

were unique to sound damage and to identify changes that were distinctly related to tinnitus.  

Turner et al. (2006) initially adapted GD as a behavioral assay for tinnitus, and cross 

validated it using animals that also underwent operant conditioning.  This early work allowed 

the field to utilize GD as a “high-throughput” method of tinnitus screening.   

Sound exposed animals are sorted into treatment groups:  tinnitus negative (-) [n=5], 

tinnitus positive (+) [n=5], which contains a subgroup of animals with severe tinnitus (++) 

[n=3]).  Additionally, we recorded auditory brainstem responses to quantify threshold shifts.  

The brains of these animals were collected and used in immunohistochemical analyses 

(chapter 5) that sought to quantify central remodeling that results from exposure to 

damaging sound.   

 

4.2 Methods 

 A single sound damage paradigm was used in these experiments, which consisted of 

the unilateral presentation of 118 dB SPL, 16 kHz pure-tone, for 4 hours.  Based on the data 

presented in chapter 3, we saw the most severe IHC and OHC loss in animals exposed to 

this sound damage paradigm, so we sought to expand upon those data through the addition 

of gap detection and ABR recordings.  These animals underwent both baseline and post-

exposure ABR and Gap Detection measurement; HC counts were also performed for these 

same animals.  Collecting ABR, GD, and HC count data from the animals allows us to 

mitigate the effects of interanimal variability to see how these various changes are directly 

related to one another (i.e. how does a pattern of HC loss translate to specific threshold 

shifts or affect GD performance?). 
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4.2a Gap Pre-Pulse Inhibition of the Acoustic Start Reflex (Gap Detection, GD) 

As previously discussed in chapter 2.4 (figures 3-4) we used gap detection as a 

behavioral assay for tinnitus. A separate population of gap-detection control animals (n=8) 

was utilized so we could assess how the rats would adapt to the test following repeated 

exposures as part of the baseline and “post-exposure” assessment.  These control animals 

were not utilized in other experimental work.  All sound-exposed rats were assigned a 

tinnitus status (negative, positive, severe positive) based on the following criteria:  tinnitus (-) 

if GD Score <1 for all background frequencies, tinnitus (+) if GD Score >1 for at least one 

background frequency.  A subgroup (n=3) of tinnitus (+) animals had GD scores that were 

elevated at least 2 standard deviations above control values.  Prior to analysis of any 

additional data collected (ABR, HC counts, or immunohistochemical labeling), we chose to 

create a third experimental group of animals with severely impaired gap detection scores, 

designated tinnitus (++); these animals were also included in the tinnitus (+) group.  These 

group assignments were used for all subsequent experiments. 

 

4.2b Hair Cell Counts 

Cochleae were prepared for HC counting using a whole mount dissection method of 

tissue preparation in combination with phalloidin labeling of actin.  The phalloidin and 

DAPI stains (figure 13) produce highly similar results.  A phalloidin stain was selected for 

evaluating whole mount dissected tissue in this chapter due to its ease of use and straight 

forward imaging process.  Similarly, the whole mount dissection method of tissue 

preparation was selected for its relative ease of use, and vastly simplified reconstruction 

process, which also introduced very few artifacts into the finished counts.  The same rater 

(rater 1) who performed the HC counts reported in chapter 3, performed the HC counts 
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presented in this chapter.  Rater 1 has previously been shown to have a very high degree of 

intra-rater reliability and consistently produced reliable HC count data.   

4.2c Statistical Analysis 

  Prism v6.0 (GraphPad, La Jolla, CA) was used for all statistical tests, with the level of 

significance set at p = 0.05 for all analyses.  Gap detection performance was assessed using a 

2-way ANOVA with Fisher’s LSD post-hoc, which allowed us to identify differences among 

control, tinnitus (-), tinnitus (+), and tinnitus (++) animals.  Auditory brainstem response 

threshold changes (post-exposure vs. pre-exposure, as a function of frequency) were 

assessed using repeated-measures Two-way ANOVA, with Fisher’s LSD post-hoc test.  Hair 

cell count differences for IHC, OHC, and total HC number were assessed using a One-way 

ANOVA and a Tukey post hoc.  Hair cell loss was analyzed as a function of frequency using 

Two-way ANOVAs with Fisher’s LSD post hoc tests.   

 

4.3 Results 

4.3a Gap Detection 

 There are two trial conditions used in the GD behavioral assay – “no-gap” and “gap 

trials.”  In a “no-gap trial”, an acoustic startle pulse follows the continuous background tone, 

without warning, causing the animal to “jump,” registering as a change in force on the force 

plate actimeter.  In a gap trial, the acoustic startle pulse is preceded by a silent gap in the 

background tone, which the animal can use as a “cue” to suppress the startle reflex with 

repeated exposures (chapter 2, figure 3).  A ratio of the force generated in gap/no-gap trails 

is calculated (chapter 2, figure 4). If an animal has tinnitus it is theoretically less able to detect 

the silent gap and the startle reflex remains un-attenuated, so the gap/no-gap ratio is 

elevated.  We normalize each individual animal’s post-exposure gap/no-gap ratio to its own 
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baseline gap/no-gap ratio, which greatly reduces interanimal variability.  We refer to this 

final calculated value of the “(Post-Exposure [Gap/No-Gap Ratio]) / (Baseline of the 

[Gap/No-Gap Ratio])” as the “GD score.”   

 We used a ratio of post-exposure to baseline gap detection performance for our 

noise-exposed animals to reduce variability inherent in behavioral tests.  This approach 

necessitated testing of an unexposed group of animals to evaluate the possibility of 

habituation to the test and improvement of performance over time.  Figure 17 displays the 

data for gap detection controls animals (non-sound exposed), and all sound-exposed animals 

grouped together.  A value of 1 (dashed line) would indicate the same post-exposure 

performance as baseline, which means no impairment and no improvement in gap detection.  

In these control animals we observed a noticeable improvement in gap detection for the 12 

kHz centered narrowband background, and minor improvements in gap detection for the 16 

kHz, and 20 kHz centered narrowband backgrounds.    In all sound exposed animals we 

observed a similar improvement at 12 kHz, approximately equal performance as 16 kHz, and 

mild impairment at 20 kHz.  Although there was a significant general effect for frequency, 

no significant group or interaction effects observed.   Post-hoc analysis revealed no 

significant differences between these two animal populations for specific background tones. 

 When we examined the GD data for each individual animal we observed three 

distinct trends, which are illustrated in figure 18.  One population of animals either exhibited 

performance equal to controls for all frequencies or improved performance for all 

frequencies; we assigned these animals to the tinnitus (-) group (figure 18A, red).  A second 

population of animals exhibited impaired performance at 16 kHz and/or 20 kHz; we 

assigned these animals to the tinnitus (+) group (figure 18B, green).  Within this population 

of tinnitus (+) animals we observed a subgroup of animals that demonstrated significantly 
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impaired gap detection, and at 20 kHz their responses were always at least 2 standard 

deviations above controls.  We assigned these animals to the tinnitus (++) group (figure 

18C, blue).  These patterns were observed prior to analysis of any other data collected, 

therefore we opted to create a third experimental group of severely impaired tinnitus 

animals. 

 Once the animals were appropriately sorted into tinnitus groups (-, +, and ++) we 

re-evaluated the GD data as a function of tinnitus status (figure 19).  Tinnitus (-) animals 

have consistent GD scores across all frequencies that are equal to (12 kHz background) or 

below (16 kHz, 20 kHz) controls.  There are no statistically significant differences between 

these control and tinnitus (-) animals.  Tinnitus (+) animals’ GD scores are approximately 

equal to tinnitus (-) and control GD scores for the 12 kHz background tone.  Tinnitus (+) 

animals are statistically elevated relative to tinnitus (-) animals for the 16 kHz background, 

but not statistically different from controls.  Tinnitus (+) animals are statistically elevated 

relative to both tinnitus (-) and control animals for the 20 kHz background.  The 

subpopulation of tinnitus (++) animals follows the same pattern as the tinnitus (+) animals 

for significant differences from controls, but with more pronounced differences.  

 

4.3b Auditory Brainstem Response 

The primary purpose of the ABR is to establish baseline thresholds and measure 

threshold shift post-exposure, as a means of evaluating noise-induced hearing loss 2 weeks 

post-exposure. Seven pure-tone frequencies are assessed: 2, 4, 8, 11.3, 16, 22.6, and 32 kHz.  

Each animal functions as its own baseline, reducing inter-animal variability.  Figure 20 

displays all tested frequencies for tinnitus (-), tinnitus (+), and tinnitus (++) animals.  No 

significant differences were observed at either 2 kHz or 4 kHz.  Tinnitus (+) and (++) 
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animals had significantly elevated thresholds, relative to their respective baselines, at 8 kHz.  

Tinnitus (-), tinnitus (+), and tinnitus (++) animals all had significantly elevated thresholds, 

relative to their own respective baselines, at 11.3, 16, 22.6, and 32 kHz.  The post-exposure 

thresholds for tinnitus (++) animals were also significantly elevated relative to tinnitus (-) 

animals for 16 kHz.   

All frequencies with statistically significant threshold shifts are displayed in a single 

bar graph (figure 21). When all frequencies for all groups are viewed at once, a trend in the 

data emerges:  tinnitus (++) animals consistently had the most elevated thresholds post-

exposure, tinnitus (+) animals demonstrated an intermediate threshold shift, and tinnitus (-) 

animals showed the relatively smallest threshold shift.  This tiered pattern is observed at 8, 

11.3, 16, 22.6, and 32 kHz, which are all frequencies with significantly elevated post-

exposure thresholds (for tinnitus (+) and (++) animals). This trend was not observed for 

frequencies that were not significantly elevated post-exposure. 

 

4.3c Hair Cell Counts 

 Data presented in the previous chapter showed that the 118 dB SPL, 16 kHz, 4 hour 

sound exposure resulted in hair cell loss throughout the cochlea, and that IHC and OHC 

were similarly affected.  The same control values utilized in chapter 3 for phalloidin based 

HC counts from whole mount dissected tissue were used for the data in the analyses 

reported here. Table 3 summarizes the IHC, OHC, and total HC counts.  Sound exposed 

animals, regardless of tinnitus status, had significantly fewer IHC, OHC, and total HC, with 

no statistically significant differences evidenced between tinnitus groups.   

To aid in future evaluation of frequency-specific CNS changes, we once again sought 

to evaluate HC loss as a function of frequency within the cochlea. For the present analyses, 
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we were able to analyze HC count data as a function of tinnitus status, due to the prior 

incorporation of the gap detection behavioral assay for tinnitus. Hair cell counts, as a 

function of frequency for tinnitus (-) animals vs. controls, are presented in figure 22, with 

regions of significant HC loss highlighted in yellow.  In tinnitus (-) animals, we observed 9 

areas of significant IHC loss located in the mid and high frequency regions and 5 areas of 

significant OHC loss in the mid frequency region.  As previously observed, more regions of 

significant IHC loss were identified than regions with significant OHC loss, and regions of 

loss are not confined to a small region, but instead are located throughout the cochlea. These 

observations are highly similar to what was quantified in chapter 3 (figure 16G-H), but are 

extended with a single key difference.  The HC count data in chapter 3 do not have any 

corresponding behavioral data to suggest if the animals did or did not develop tinnitus post-

exposure, therefore, their tinnitus status was unknown. 

Hair cell counts as a function of frequency for tinnitus (+) and (++) animals vs. 

controls are presented in figure 23.  Regions of significant HC loss for tinnitus (+) animals, 

relative to controls, are highlighted in green; regions of significant HC loss for tinnitus (++) 

animals, relative to controls, are highlighted in blue; and regions of significant HC loss where 

both tinnitus (+) and (++) animals differed from controls are highlighted in yellow.  

Tinnitus (+) animals showed 7 regions of significant IHC loss in the mid and high frequency 

regions.  Tinnitus (++) animals had 9 regions with significant IHC loss in the mid and high 

frequency regions, with these 9 regions skewed toward the higher frequencies.   Tinnitus (+) 

animals exhibited OHC loss in 5 high frequency regions, and tinnitus (++) animals exhibited 

OHC loss in these same 5 high frequency regions, with an additional 4 regions, for a total of 

9 with significant loss.  For both tinnitus (+) and tinnitus (++) animals, we observed more 
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regions containing identified significant IHC loss than regions with significant OHC loss, 

and loss was observed through the cochlea.   

The patterns of IHC loss observed for both tinnitus (-) and tinnitus (+) animals are 

comparable to the pattern of loss seen in whole mount dissected tissue in chapter 3, but in 

which tinnitus status was not assessed.  However, OHC loss appeared to be more 

consolidated and shifted toward the mid and high frequency regions, especially for tinnitus 

(++) animals.  

 After comparing HC counts from both tinnitus (-), tinnitus (+), and tinnitus (++) 

animals separately to controls, and finding the same general patterns of HC loss as quantified 

in chapter 3, we sought to investigate differences between the two groups of sound exposed 

animals.  The animals from which cochlea were harvested for HC counts reported in chapter 

3 did not undergo GD testing; therefore, those animals were of unknown tinnitus 

status.  Consequently we could not compare HC loss between tinnitus (-) and tinnitus (+) 

animals.  Initially we compared the animals of unknown tinnitus status (chapter 3 data, 118 

dB SPL, 16 kHz pure-tone, 4 hour exposure and whole mount dissection tissue preparation, 

n=3) to all sound exposed animals of known tinnitus status combined in a single group 

(n=10) (figure 24).  We observed no significant differences between the two groups of 

sound exposed animals for either IHC or OHC. 	

Subsequently, we sought to compare the patterns of HC loss for tinnitus (-), (+), and 

(++) animals to sound exposed animals of unknown tinnitus status.  Figure 25 compares 

tinnitus (-) animals with sound exposed animals of unknown tinnitus status. No statistically 

significant differences were observed for either IHC or OHC between these groups.  Figure 

26 compares tinnitus (+) and (++) animals with sound exposed animals of unknown tinnitus 

status. No significant differences for IHC were observed, however, 2 tinnitus (++) animals 
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had 2 high frequency regions with significant OHC loss relative to the sound exposed animals 

of unknown tinnitus status.   

We further sought identify differences in HC loss between animals that had noise-

induced hearing loss (tinnitus (-)) compared to animals that had noise induced hearing loss 

and went on to develop tinnitus.  Lastly, we compared the HC loss of tinnitus (-) animals to 

tinnitus (+) and (++) animals, as shown in figure 27.  We observed no significant differences 

with respect to IHC loss. However, for OHCs in tinnitus (+) animals, we did observe 2 high 

frequency regions with significant HC loss relative to tinnitus (-) animals.  In tinnitus (++) 

animals we observed significant OHC loss relative to tinnitus (-) animals in these same 2 

high frequency regions as well as 3 additional high frequency regions. 

These data further reinforce the need to sort animals into distinct experimental 

groups on the basis of tinnitus status.  Multiple significant differences are only observed after 

tinnitus (+) and, especially, tinnitus (++) animals are separated from animals that only 

experience noise-induced hearing loss (tinnitus (-)).  The significant decreases in OHC for 

tinnitus (+) and (++) animals suggest that animals that go on to develop tinnitus may 

experience more severe peripheral damage as a result of sound exposure.  

 

4.4 Discussion 

4.4a Gap Detection 

 As others have reported, we observe sound-induced tinnitus in ~50% of our animals 

(Engineer et al., 2013; Li et al., 2013). However, the use of gap detection as behavioral 

indicator of tinnitus is still a controversial decision within the field of tinnitus research.  

Some researchers posit (Lobarinas et al., 2013) that a unilateral sound exposure impairs 

hearing to a degree that would affect the animal’s performance during GD, regardless of its 
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tinnitus status.  Others have suggested that GD is an inadequate substitution for operant 

conditioning.  Lastly, difficulties in gap detection data collection and analysis could result in 

inaccurate assessment of tinnitus status, resulting in groups with high variability, which 

would interfere with subsequent analysis. 

 True control animals are infrequently employed in studies that use GD as a method 

of tinnitus assessment.  We acquired baseline GD data using naïve rats with normal hearing, 

waited for two weeks (“recovery period”), and retested them.  When these data were 

analyzed we saw that the rats showed a marked improvement in GD performance, especially in 

the 12 kHz background condition.  We observed an even greater degree of improvement in 

tinnitus (-) animals even though these animals also had severe unilateral NIHL.  Tinnitus (+) 

animals also had severe unilateral NIHL, but performed dramatically worse than controls.  

This strongly suggests that unilateral hearing loss alone does not interfere with successful 

detection of the silent gap. 

 The work published by Turner et. al cross-validated GD and operant conditioning, 

which strongly suggests that both assessment methods can accurately diagnose tinnitus in 

animal models (Turner et al., 2008; Turner et al., 2006).  We believe the criticism that GD is 

an inadequate substitute for operant conditioning stems from the difficulty associated with 

acquiring high quality gap detection data and successfully analyzing22 these.  If the collected 

data were too variable, then GD would appear to be a poor substitute for operant 

conditioning.  A key element of our GD analysis is the removal of extreme outliers; this step 

has rarely been seen in other studies, with a single exception (Galazyuk et al., 2015).  This 

procedure controlled for unrepresentative startle responses that would have otherwise 

																																																								
22 The initial methods published by Turner et al. provided very little depth with respect to data analysis, which 
resulted in a variety of approaches in the field.  This variety has resulted in some unsuccessful attempts, in 
combination with successful ones, to accurately diagnose tinnitus status. 
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heavily skewed the average startle responses from a given recording session.  We further 

controlled for variability in GD by normalizing all post-exposure gap/no-gap ratios to 

baseline gap/no-gap ratios. 

 The use of control animals revealed a frequency specific improvement in 

performance with repeated testing, which had a direct impact on tinnitus classification.  

Since GD is based on a reflex theoretically present in all animals, and tone presentation was 

designed to help prevent habituation, many researchers have assumed equal performance 

across all frequencies.  Our data underscore the need to take into account frequency specific 

cut offs when assigning tinnitus (-) or (+) classification.  Misclassification of animals could 

result in groups with high variability, muddying subsequent statistical analysis. This is nicely 

illustrated in figures 1-3 where sorting animals into groups as a function of GD performance 

revealed two distinct populations that would have been otherwise overlooked.  

 

4.4b Auditory Brainstem Response 

 The threshold shifts we observed in ABRs at 2-weeks post-exposure were expected, 

given the intensity, frequency, and duration of the damaging stimulus.  The most severe 

effects were observed at 16 kHz and 0.5-1 octaves higher; highly similar results were 

reported (Kennon-McGill, 2014) for rats exposed to this same sound damage paradigm.  We 

were, however, surprised when we sorted animals as a function of tinnitus status.  Tinnitus 

(+) and tinnitus (++) animals consistently exhibiting somewhat more severe threshold shifts, 

relative to tinnitus (-) animals, was an unanticipated finding.  The post-exposure threshold 

variances between tinnitus (-) and tinnitus (++) animals are of particular interest, despite the 

lack of statistically significant differences, since this could be indicative of more severe 
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peripheral injury in tinnitus (++) animals.  Distinct patterns of peripheral injury for tinnitus 

(-) and tinnitus (+) and (++) animals could result in distinct patterns of central remodeling.  

 

4.4c Hair Cell Counts 

The HC counts presented in this chapter broadly recapitulate the general findings 

previously presented in chapter 3, with new findings that are unique to tinnitus (+) and (++) 

animals.  IHCs and OHCs were approximately equally affected and HC loss was observed 

through many frequency regions of the cochlea and not in a discrete band near the damaging 

frequency (figures 22-23).  These findings suggest that our sound exposures were consistent 

and controlled across different animal populations utilized in different experiments.  No 

statistically significant differences were evidenced between the tinnitus (-) animals and 

animals of unknown tinnitus status (figure 25).  

Interestingly, some new differences did emerge in the HC count data when animals 

were sorted into tinnitus groups, an action not performed for the data presented in chapter 

3.  When the tinnitus (++) animals were compared to animals of unknown tinnitus status 

(figure 26) the tinnitus (++) subgroup of animals appeared to have more pronounced high 

frequency OHC loss in two regions.  This observation was even more pronounced when we 

compared OHC loss for tinnitus (+) and (++) animals to confirmed tinnitus (-) animals (figure 

27).  The tinnitus (+) animals had OHC loss in the same two regions identified in figures 26, 

and the tinnitus (++) animals showed significant OHC loss in an additional 3 high frequency 

regions (figure 27).  These additional regions of more severe HC less may partially explain 

the trend we observed in ABR data.  

 

4.5 Conclusion 
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Given the measures we have taken to ensure the integrity of our entire data set, along 

with the implementation of unique GD control groups, we feel highly confident in our 

classification of either tinnitus (-) or tinnitus (+) animal groups used in the remaining 

experiments.  For ABR threshold shifts, tinnitus (+) and (++) animals skewed toward more 

severely elevated thresholds than their tinnitus (-) counterparts, despite being exposed to the 

same sound damage paradigm.  Tinnitus (++) animals also tended toward more severe high 

frequency OHC loss than the tinnitus (-) animals.  These differences further reinforce the 

validity of sorting animals into distinct response groups on the basis of GD performance.  

When ABR and HC count findings are considered together, we feel these data indicate more 

severe peripheral damage in tinnitus (+) and (++) animals relative to sound exposed tinnitus 

(-) animals.   
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(n=3/5) 
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Figure 21: Combined ABRs for all Frequencies 
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Chapter 5: Plastic Changes in the Central Auditory System 

5.1 Introduction 

 The spiral ganglion contains the cell bodies of auditory nerve fibers, and it is located 

in the cochlea.  These neurons send one projection out to HCs, and a second projection to 

the central auditory system.  Auditory nerve fibers, which carry frequency specific 

information, bifurcate upon entering the central nervous system and send one process to the 

ventral cochlear nucleus and one to the dorsal cochlear nucleus.  These initial synapses mark 

the beginning of the ascending auditory system, and schematic is shown in figure 28.    The 

auditory nerve acts as a bridge between the peripheral (figure 28, black) and central (figure 

28, red) auditory systems.  All auditory information must pass through the auditory nerve to 

the cochlear nucleus, which is an obligatory synaptic station.  The tonotopic organization of 

the cochlear nucleus is determined by the synapsing of type I auditory nerve fibers onto their 

post-synaptic targets (figure 29).  The tonotopic maps of higher auditory nuclei originate in 

the cochlea and projections from tonotopically mapped regions of lower auditory nuclei; 

multiple branching, ascending pathways emerge from the cochlear nucleus: 

• Dorsal Acoustic Stria:  AN à Ipsi. DCN à Contra. IC  

• Intermediate Acoustic Stria:  AN à Ipsi. VCN à Contra. SOC 

• Ventral Acoustic Stria: AN à  AVCN à Ipsi. & Contra SOC 

These ascending pathways parse various elements of an acoustic stimulus allowing for 

meaningful extraction of information related to timing, intensity, location, and meaning.  

 The dorsal cochlear nucleus and the information carried by the dorsal acoustic stria 

are subjects of particular interest for tinnitus research.  The DCN has been highly implicated 

in the generation of tinnitus (Baizer et al., 2012).  Bilateral ablation of the DCN has been 

shown to prevent the onset of tinnitus (Brozoski et al., 2012).  However, ablation does 
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appear to need to happen during a critical period of sorts, since ablation at other time points 

has not been shown to prevent the onset of tinnitus (Brozoski et al., 2005). Several neural 

correlates of tinnitus have also been observed in sound-damaged DCN: altered 

somatosensory input (Dehmel et al., 2008; Shore et al., 2006), elevated spontaneous activity 

(Brozoski et al., 2002; Kaltenbach, 2007), and increased neural synchrony (Pilati et al., 2012).   

One of the more popular theories of tinnitus generation in the DCN is centered on 

the development of hyperactivity (specifically in fusiform cells) through both disinhibition 

(Asako et al., 2005) and increased excitation (Eggermont et al., 2004; Kaltenbach, 2007; 

Kaltenbach et al., 2008).  The DCN also makes direct projections to the inferior colliculus, 

which has also been shown to exhibit neural correlates of tinnitus(Bauer et al., 2008; 

Manzoor et al., 2013; Niu et al., 2013).  Additionally,prior work by Dr. Kennon McGill 

(Kennon-McGill, 2014) in our laboratory has extensively studied effects of anesthesia and 

sound damage on the physiology of neurons in the inferior colliculus.  

 The DCN is a laminar structure consisting of three layers (deep, fusiform, and 

molecular (figure 30).  A Nissl stained section is shown in figure 30A, which clearly 

illustrates the laminar structure; an analogous schematic of the layers is shown in figure 30B.  

These three layers contain 5 main cell types – fusiform, granule, unipolar brush, vertical, and 

cartwheel cells – which create a local circuit in the DCN (figure 31A), which shares many 

similarities with the cerebellum.  The DCN circuit receives 2 main types of excitatory input – 

auditory input and somatosensory/vestibular input (figure 31B).  

The main projection neuron of the DCN is the fusiform cell (figure 31A-1), with its 

cell body located in the appropriately named fusiform layer.  Fusiform cells have two 

dendritic fields – the apical dendritic field extends into the molecular layer, and the basal 

dendritic field extends into the deep layer.  Granule cell bodies (figure 31A-2) are found 
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predominantly in the fusiform layer but are also observed in the deep layer; they send out 

local parallel fiber-like projections into the molecular layer.  Unipolar brush cells (UBC) 

(figure 31A-3) are small, excitatory interneurons found in close proximity to the granule cell 

bodies (figure 31A-2).  There are also two types of local, inhibitory interneurons – vertical 

cells and cartwheel cells.  Vertical cell bodies23 (figure 31A-4) are primarily found in the deep 

layer(Kuo et al., 2012), and cartwheel cell bodies (figure 31A-5) are found in the molecular 

layer(Sedlacek et al., 2011).  A summary of the excitatory neurons and their locations, 

synaptic targets, and VGlut1 and/or2 expression is seen in Table 4. 

Figure 32A illustrates the two main types of excitatory input in the DCN circuitry.  

Somatosensory and vestibular input enters the DCN via mossy fiber like projections (figure 

32A, blue) and synapses onto granule cell bodies and unipolar brush cells. Mossy fibers are 

glutamatergic and solely express VGlut2 (Zeng et al., 2009).  Unipolar brush cells serve to 

amplify mossy fiber input, and synapse onto other unipolar brush cells and granule cell 

bodies. Unipolar brush cells are glutamatergic and have two subpopulations: those 

containing exclusively VGlut1, and those exhibiting VGlut1 + VGlut2 co-expression (Nunzi 

et al., 2003).  There is no known difference in spatial distribution of these two populations in 

the DCN.  The relative abundance of these subtypes has been quantified in the cerebellum 

(Nunzi et al., 2003), but not in the DCN (Dino et al., 2008).  Granule cell axons gives rise to 

the parallel fiber network (figure 32A, green, molecular layer), which relays non-auditory 

information from mossy fibers to fusiform cell.  The parallel fibers synapse onto the apical 

dendrites of fusiform cells, cartwheel cells, golgi cells (not shown), and stellate cells (not 

shown).  Parallel fibers are glutamatergic and solely express VGlut1 (Zeng et al., 2009).  

Auditory input from type 1 auditory nerve fibers (figure 32A, green, deep layer) enters the 

																																																								
23 Vertical cell bodies can sometimes also be found in the fusiform cell layer, but never the molecular layer. 
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DCN and synapses onto the basal dendrites of fusiform cells, vertical cells, and giant cells 

(deep layer, not shown).  Type 1 auditory nerve fibers24 (90-95% of SG neurons) that 

innervate IHCs are glutamatergic and solely express VGlut1, while type II auditory nerve 

fibers (5-10% of SG neurons) that innervate outer OHCs express neither VGlut1 nor 

VGlut2 (Zhou et al., 2007).  T-stellate cells (not shown) from the VCN also send 

glutamatergic projections to the DCN that contact the basal dendrites of fusiform cells; t-

stellate cells likely co-express VGlut1 & VGlut2 (Ito et al., 2011).  PSD95 (Figure 31A, red) 

labeling is used as a marker of the post-synaptic membrane, allowing us to identify synapses 

with VGlut1 and/or VGlut2. 

Figure 32B illustrates the two sources of local-inhibitory input in the DCN.  Vertical 

cells and cartwheel cells express VGat, and function within either the auditory or non-

auditory aspects of the circuit, respectively.  Vertical cells receive auditory input and synapse 

onto the basal dendrites of fusiform cells and giant cells (not shown) in the deep layer of the 

DCN.  They function to modulate auditory nerve activity.  Cartwheel cells receive input 

from the parallel fiber network of granule cells and synapse onto the apical dendritic field of 

fusiform cells in the molecular layer.  They function to modulate parallel fiber activity.  Both 

of these cell types co-release the inhibitory neurotransmitters GABA and glycine, although 

glycine is dominant.  The DCN also receives inhibitory input from D-stellate cells in the 

VCN, the periolivary nucleus, and inferior colliculus; these other sources of inhibitory input 

are also likely to express VGat as well.  Gephyrin (Figure 32B, red) labeling is used as a 

marker of the post-synaptic membrane, in inhibitory synapses for which VGat is the pre-

synaptic label. 

																																																								
24 Auditory nerve fibers synapse predominantly on the deep layer of the DCN, but sometimes also synapse 
onto targets in the ventral portions of the fusiform cell layers as well. 



	 105	

The broad purpose of the experiments presented in this chapter was to quantify the 

changes in synaptic density in the DCN that occurred as a result of sound exposure.  In 

particular, we sought to determine if there were unique changes that presented exclusively in 

the tinnitus positive population of animals.  We sought to isolate the various sources of 

excitatory and inhibitory input in the DCN as a function of layer location using expression 

of pre-synaptic vesicular transporter(s) (i.e., VGlut1, VGlut2, and VGat).  All data were 

analyzed as a function of layer and frequency region.  Based on the lack of statistically 

significant changes we observed in ABRs at low frequencies (2 kHz, and 4 kHz), and the 

lack of changes in the 12 kHz background for gap detection, we chose to exclude the low 

frequency region of the DCN from analysis. 

 

5.2 Methods 

 The animals used in the experiments described in this chapter were the same animals 

whose gap detection, ABR, and hair cell count data were presented in Chapter 4.  The 

animals remained sorted into the same tinnitus status (-, +, and ++) groups.  In Adobe 

Illustrator, the DCN was digitally divided into layer and frequency regions, as described in 

chapter 2.7 & 2.9 and figure 8.  The resulting boundaries between frequency regions are seen 

in figure 33 and the corresponding table. 

 

5.2a Image Processing: Inhibitory Labeling 

 Two components of inhibitory synapses were labeled: the pre-synaptic vesicular 

GABA/glycine transporter, VGat, and the post-synaptic scaffold protein Gephyrin.  We 

sought to quantify co-localized , which represents complete inhibitory 

synapses, in addition to orphaned VGat and orphaned Gephyrin puncta.  The processing of 
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images for the evaluation of labeled elements of inhibitory synapses was relatively simple 

since only two targets are labeled  (figure 34). The workflow consisted of opening the full-

color RGB images in Adobe Photoshop CS5 (figure 34A) and then the channels were 

separated (figure 34B), individually thresholded (figure 34C), and colorized (figure 34D).  

Each colorized and thresholded channel (figure 34D) was processed with ImageJ to remove 

digital noise – groups of connected pixels with an area less than 4 px^2 are excluded (125 X 

125 nm, 15,625 nm^2).  These noise-reduced, colorized thresholds were loaded back into 

Photoshop, and overlaid (figure 34E) to re-create a full-color version of the original image 

(figure 34A).  The areas of co-localization, , were globally selected (figure 34F), and 

then this selected area was inverted, which selected all non-yellow regions of the image.  

These non-yellow regions were deleted, thereby isolating all yellow puncta from the other 

colors of puntca in the image. 

 All image thresholding was performed using blinded images.  Image thresholding 

utilized manually adjusted Otsu’s local threshold (Otsu, 1975), which was identically applied 

to all channels containing each unique primary-secondary antibody pairing.  The threshold 

cut-off point for each channel was individually determined through the use of the positive 

controls (cerebellum) and negative controls (primary only and secondary only DCN 

sections). The two negative controls allowed us to examine what degree of autofluoresence 

occurred in our tissue sections that would contribute to the “background” signal we 

observed.  The positive controls allowed us to determine that our immunohistochemical 

labeling was functioning using the well-described patterns of immunoreactivity in the 

cerebellum, and also suggested how bright a legitimate “signal” might be relative to 

background.   
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At the end of these image processing steps, each original full color image will have 

generated 3 thresholded images (red, green, and ). The puncta in these images were 

automatically counted using a custom macro in imageJ.  This macro calculated the total 

number of puncta, the area of each puncta, and then saved these data in an excel 

spreadsheet.   A Microsoft Excel (Redmond, Washington) custom macro was used to 

aggregate the data for each animal using the full set of excel spreadsheets previously created 

by ImageJ (6 images * 3 sheets/animal).   

 

5.2b Image Processing: Excitatory Labeling 

Processing of images for the excitatory labeling design (figure 35) was fundamentally 

similar to the inhibitory design (figure 34), although process is more complex.  A total of 3 

target proteins were labeled: pre-synaptic vesicular glutamate transporters 1 and 2 (VGlut1 & 

VGlut2) and post-synaptic density protein 9 (PSD95).  These three labels result in 3 types of 

double co-localization (VGlut1+VGlut2, , VGlut2+PSD95) and a single 

type of triple co-localization ( VGlut1 & VGlut2 + PSD95 ). 

 Using Adobe Photoshop CS5 the images were opened (figure 35A) and then the 

channels were separated (figure 35B), individually thresholded (figure 35C), and colorized 

(figure 35D).  Each colorized and thresholded channel (figure 35D) was processed with 

ImageJ to remove digital noise – groups of connected pixels with an area less than 4 px^2 

are excluded (125 X 125 nm, 15,625 nm^2).  These noise-reduced, colorized thresholds were 

loaded back into Photoshop, and overlaid (figure 35E) to re-create a full-color version of the 

original image (figure 35A).  The three combinations of double co-localization ( , 

, and magenta - figure 35G i – iii, respectively) and the single combination of triple co-
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localization (,white, figure 35H) were isolated (figure 35F) from the other colors in the 

image. 

At the end of these image processing steps each original full color image will have 

generated 7 thresholded images (red, green, blue, , , magenta, and ,white, 

figure 35D, G, and H).  The puncta in these images were automatically counted using a 

custom macro in imageJ.  This macro calculated the total number of puncta, the area of each 

puncta, and then saved these data in an excel spreadsheet.   A Microsoft Excel (Redmond, 

Washington) custom macro was used to aggregate the data for each animal using the full set 

of excel spreadsheets previously created by ImageJ (6 images * 3 sheets/animal). 

 

5.2c Data Analysis: Inhibitory Labeling 

 Figure 34 illustrates the image processing workflow that generated data for puncta 

that stained positive for VGat, Gephyrin, or .  We are interested in determining the 

density of “complete synapses” (i.e., co-localization of both pre- and post-synaptic elements) 

as well as any changes in the density in orphaned pre-synaptic label.  The raw data (chapter 

5.2a) generated during image processing yielded the total number of “complete synapses” 

(total number of  puncta).  Figure 36 illustrates how we utilized the remaining raw 

data generated during image processing to calculate the density of orphaned pre-synaptic 

labeling (VGat) that did not co-localize with its respective post-synaptic counterpart 

(Gephyrin). 

 

5.2d Data Analysis: Excitatory Labeling 

Figure 35 illustrates the image processing workflow that generated data for puncta that 

stained positive for VGlut1, VGlut2, PSD95, the three possible double co-localizations 
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( , magenta), and the single possible combination for triple co-localization 

(.white.).  These raw data (chapter 5.2b) already yielded the total number of “complete 

synapses” (co-localization of both pre- and post-synaptic elements) that had triple co-

localization (total number of .white.puncta).  Figures 37 and 38 illustrate how we sought to 

use the raw data generated during image processing.  The process was conceptually the same 

as that applied to the inhibitory label design, but it is significantly more complicated due to 

the inclusion of a third color, which increased the possibilities for co-localization.   

 

5.2e Statistical Analysis  

Prism v6.0 (GraphPad, La Jolla, CA) was used for all statistical tests for examining 

differences in puncta density among animal groups; the level of significance was set at p = 

0.05.  One-way ANOVAs were used to assess differences in puncta density for control, 

tinnitus (-), tinnitus (+), and tinnitus (++) animals for a given label within a single region of 

interest. Comparisons of data sets among methods utilized the Fisher’s LSD post-hoc test. 

 

5.3 Results 

A summary of the major findings for changes in the density of both excitatory and inhibitory 

synaptic is found in Table 5 (pg. 149).  Specific findings are discussed below.  

5.3a Inhibitory Labeling 

 We evaluated changes in inhibitory input in the DCN using tissue double-labeled for 

VGat (pre-synaptic) and Gephyrin (post-synaptic).  Puncta that labeled positively for VGat 

and co-localized with Gephyrin likely represent inhibitory synapses from both local and 

descending sources.  Since VGat is a broad pre-synaptic marker for GABAergic and 

glycinergic neurons, we cannot clearly differentiate between these two broad categories of 
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sources.  However, given that local inhibitory interneurons make up the majority of the 

inhibition in the DCN (Rubio et al., 2004), we believe that changes in the density of 

inhibitory synapses are most likely due to changes involving the local inhibitory 

interneurons. 

 Multiple significant differences were observed for synapses in which pre-synaptic 

(VGat) and post-synaptic (Gephyrin) are co-localized (figure 39).  In the mid frequency 

region of the molecular layer (figure 39A), tinnitus (+) and (++) animals exhibited increases 

in puncta density that approached significance relative to controls.  However, in the high 

frequency region of the molecular layer, tinnitus (+) and (++) animals did exhibit significant 

increases in puncta density relative to control animals (figure 39B).  These synapses likely 

reflect cartwheel cell inhibitory synapses with parallel fibers.  

Significant increases were also observed in the mid frequency region of the fusiform 

layer for tinnitus (+) animals relative to controls, and for tinnitus (++) animals relative to 

both control and tinnitus (-) animals (figure 39C).  No similar trends were observed in the 

high frequency fusiform cell layer (figure 39D).  Inhibitory synapses in the fusiform layer 

likely originate cartwheel and vertical cells in addition to descending input, and no one 

particular cell type can be assumed to be the bulk of these inputs.  There were no significant 

differences in the mid or high frequency deep layers (figure 39E-F).  Inhibitory synapses in 

the deep layer likely represent vertical cell synapses on fusiform cell dendrites.   

Puncta that labeled positively for VGat that did not go-localize with Gephyrin may 

represent incomplete or “orphaned” synaptic elements.  No significant differences were 

found in any layer or frequency region for orphaned VGat (figure 40).   

 

5.3b Excitatory Labeling 
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We evaluated changes in several sources of excitatory synapses by labeling for 

specific pre-synaptic glutamate transporters (VGlut1 and VGlut2) and the broad post-

synaptic density marker, PSD95.  Puncta that labeled exclusively for VGlut1 and co-localized 

with PSD95 represented one of three input types:  (1) parallel fiber synapses onto the apical 

dendrites of fusiform cells within the molecular layer, (2) unipolar brush cell and auditory 

nerve fibers in the fusiform layer, and (3) auditory nerve fibers and unipolar brush cells in 

the deep layer.   In the fusiform layer, UBC synapses with granule cells and UBCs likely 

vastly outnumber auditory nerve fiber synapses on the basal dendrites of fusiform cells.  

Unipolar brush cells are most abundant in areas of high granule cell density (Dino et al., 

2008) and the auditory nerve makes relatively few synaptic contacts in the fusiform cell 

layer (Rubio et al., 2004). In the deep layer, auditory nerve synapses target fusiform cell basal 

dendrites and vertical cells, which are relatively abundant (Rubio et al., 2004), while UBCs 

synapses onto granule cells are relatively less abundant in the deep layer (Dino et al., 2008). 

In the molecular layer we observed no significant differences in parallel fiber 

synapses for either the mid or high frequency region (figure 41A-B).  We observed a 

significant increase in unipolar brush cell / auditory nerve synapses in the fusiform layer of 

the mid frequency region in tinnitus (+) animals relative to controls (figure 41C).  In the mid 

frequency region of the fusiform layer, relative to controls, tinnitus (++) animals exhibited 

an increase approaching statistical significance; similarly, tinnitus (+) animals exhibited an 

increase approaching statistical significance relative to tinnitus (-) animals in the same layer 

and freqeuncy region.  In the high frequency region of the fusiform layer, tinnitus (+) 

animals exhibited an increase approaching statistical significance relative to controls (figure 

41D).  No significant differences were observed in the auditory nerve fiber / unipolar brush 

cell synapses in the deep layer in either frequency region (figure 41E-F).  Taken together 
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these results suggest that both the parallel fiber network (molecular layer) and the incoming 

auditory input (deep layer) are less susceptible to synaptic re-organization induced by 

acoustic trauma.  Additionally, unipolar brush cells in the fusiform layer likely undergo 

tinnitus specific plastic changes as a consequence of sound trauma, since these differences 

are not observed in tinnitus (-) animals.   

 Orphaned VGlut1 puncta that did not co-localize with PSD95 are suggestive of 

incomplete synapses, since the pre-synaptic element was not paired with a marker of the 

post-synaptic membrane (figure 42).  The origin of the synapses of these puncta represent 

are analogous to those described for VGlut1 co-localized with PSD95. In the molecular layer 

we observed a statistically significant increase in orphaned VGlut1 puncta in the mid 

frequency region for both tinnitus (+) and (++) animals relative to controls (figure 42A).  

No significant differences were observed in the high frequency region of the molecular layer 

(figure 42B).  In the deep layer we, observed a significant decrease in orphaned VGlut1 in 

the high frequency region for tinnitus (-) animals relative to controls (figure 42C).  No 

significant differences were observed in the mid frequency region of the deep layer (figure 

42E), or in the mid or high frequency regions of the fusiform layer (figure 42C-D).  We 

believe the increased density of orphaned VGlut1 puncta in the molecular layer could be 

evidence of axonal branching of parallel fibers.   

 Puncta that labeled exclusively for VGlut2 co-localized with PSD95 likely represent 

mossy fiber synapses (non-auditory) in the fusiform and deep layers.  VGlut2 labeling in the 

molecular layer could originate from descending excitatory inputs, but because the precise 

source of the synapses is unknown, data from the molecular layer contained no significant 

differences and are not shown (figure 43).  No significant differences were observed in either 

the fusiform or deep layers for either the mid or high frequency regions (figure 43A-B & C-
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D, respectively). However, in the high frequency region of the fusiform layer, tinnitus (-) 

animals exhibited a decrease in puncta density that approached statistical significance relative 

to controls (figure 43B). Similarly, in the high frequency region of the deep layer, tinnitus (+) 

animals exhibited an increase in puncta density relative to tinnitus (-) animals, which 

approached statistical significance.   

Orphaned VGlut2 puncta that did not co-localize with PSD95 are suggestive of 

incomplete synapses, since the pre-synaptic element was not paired with a marker of the 

post-synaptic membrane (figure 44).  Again, we are attributing the sources of these puncta to 

those described for VGlut2 that co-localized with PSD95. No significant differences were 

observed in VGlut2 puncta density for either mid or high frequency regions in either the 

fusiform layer or deep layer.  However, in the mid frequency region of the fusiform layer, 

tinnitus (+) and tinnitus (++) did exhibit decreases in puncta density relative to both 

controls and tinnitus (-) animals, which approached statistical significance (figure 44A).  The 

lack of statistically significant differences for both co-localized and orphaned VGlut2 puncta 

suggests that we do not observe any increased or decreased mossy fiber (somatosensory) 

input to the DCN.   

Puncta that double labeled with VGlut1 & VGlut2 and co-localized with PSD95 

represent synapses from a subpopulation of unipolar brush cells in addition to t-stellate cells 

in the fusiform and deep layers (figure 45).  VGlut1 & VGlut2 labeling in molecular layer is 

of unknown origin (no significant differences observed, data not shown). We observed a 

significant increase in the density of VGlut1 & VGlut2 puncta that co-localized with PSD95 

in the mid frequency fusiform layer in tinnitus (+) and (++) animals relative to controls.  In 

this same region of interest, tinnitus (+) and tinnitus (++) animals also had increases that 

approached statistical significance relative to tinnitus (-) animals (figure 45A).  Unipolar 
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brush cells are highly abundant in these regions, and they participate in feed-forward 

amplification of mossy fiber (non-auditory input).  Therefore, we believe these significant 

increases in synaptic density may reflect increased activity. 

Orphaned puncta containing both VGlut1 and VGlut2 puncta that did not co-

localize with PSD95 are suggestive of incomplete synapses since only the pre-synaptic 

element was observed (figure 46).  The sources of these puncta are analogous to those 

described for VGlut1 & VGlut2 that did co-localize with PSD95.  We observed a significant 

decrease in the number of orphaned VGlut1 and VGlut2 double labeled puncta in the mid 

frequency regions of the fusiform layer for both tinnitus (+) and tinnitus (++) animals 

relative to controls.  In the same regions of interest, tinnitus (+) animals also exhibited a 

significant decrease relative to tinnitus (-) animals, and tinnitus (++) animals exhibited a 

decrease relative to tinnitus (-) animals that approached statistical significance (p=0.0525) 

(figure 46A).  In the high frequency region of the fusiform layer tinnitus (+) animals 

exhibited a statistically significant decrease in puncta density relative to controls (figure 46B).  

No significant differences were observed in the mid or high frequency regions of the deep 

layer (figure 46C-D). 

 

5.4 Discussion 

 We have documented changes in both inhibitory and excitatory synaptic proteins as a 

function of frequency and location within the DCN.  Some changes were observed 

exclusively in tinnitus (+) and (++) animals, while others were observed in all sound exposed 

animals.  These differences allow us to elucidate tinnitus specific changes.  Table 5 

summarizes these findings, which are addressed in greater detail throughout the discussion.   
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Our findings, however, are influenced by two broad, confounding factors.  First, we 

used immunohistochemically labeled proteins as markers of synapses; however, 

immunoreactivity does not guarantee the targeted proteins are present in the tissue.  

Relatedly, disappearance of one of these proteins from the synapse does not necessarily 

mean the entirety of the synapse is no longer present.  Second, pre-synaptic labels we have 

classified as “orphaned” may actually be paired with post-synaptic labels that were in a 

different plane than that from which the images were captured.  

 

5.4a Inhibitory Labeling 

Hyperactivity is a neural correlate of tinnitus that has been well studied in the DCN, 

and research has suggested that disinhibition of the local circuitry underlies an increase in 

activity.  More specifically, disinhibition of the non-auditory components of the local circuit 

could allow for somatosensory inputs to become a potent driver of fusiform cell activity 

(Brozoski et al., 2002; Dehmel et al., 2008; Wang et al., 2009).  Consequently, the dramatic 

increase in the density of inhibitory synapses in the molecular layer of tinnitus (+) and (++) 

animals, in the mid and high frequency regions of the DCN, was an unusual, unanticipated 

finding.  We suspect these data support the hypothesis that the molecular layer is a region of 

extensive remodeling following sound exposure. Tinnitus (+) and (++) animals also 

demonstrated an increase in puncta density in the mid frequency region of the fusiform 

layer.   Since no significant differences were observed in the high frequency region of the 

fusiform layer, these data could suggest that the mid frequency region may undergo more 

extensive plastic changes post-damage, relative to the high frequency region.  Ultimately, the 

combination of these changes may be implicated in the generation of tinnitus, since these 

significant differences were not evidenced in sound exposed tinnitus (-) animals, relative to 
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controls. More precise staining with specific post-synaptic receptors would be required to 

identify which source(s) of inhibition were increasing.   

  

5.4b Excitatory Labeling 

 No decrease in the density of pre- & post-synaptic label co-localization were 

observed in the molecular layer (figure 41A-B), suggesting that the parallel fiber synapses are 

fairly resistant to sound-induced loss remodeling.  This was expected, as the parallel fiber 

network is fairly insulated from direct noise-induced trauma or excitotoxic damage.  We do 

suspect that the parallel fiber network may be prone to plastic modification with respect to 

synapse number; in tinnitus (+) and (++) animals we observed an increase in orphaned 

VGlut1 in the mid frequency region of the molecular layer (figure 42A) without a 

corresponding increase in orphaned PSD95 labeling (data not shown, see chapter 5.2a).   We 

believe this could be indicative of increased branching of the parallel fiber network, as 

opposed to a separation of the pre- and post-synaptic elements of pre-existing parallel fiber 

synapses.   

Few changes in the density of either orphaned or pre- and post-synaptic element co-

localization were observed in the deep layer of the DCN in either the mid or high frequency 

regions.  This general observation held true for VGlut1, VGlut2, and VGlut1 & 2 positive 

labeling +/- PSD95.  This observation was somewhat surprising, given that synaptic input in 

this layer represents input from type I auditory nerve fibers to the DCN (predominantly 

deep layer, VGlut1 exclusive puncta +/- PSD95). Extensive threshold shifts in the ABRs and 

extensive IHC & OHC damage and loss were observed in these animals. A minority of 

studies has suggested that the spiral ganglion may undergo fairly rapid degeneration 
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following injury (Zeng et al., 2009)25.  These physiological observations from our data, in 

combination with published studies, lead us to believe that we might have observed a 

decrease in the number of auditory nerve synapses in the central auditory system (exclusively 

VGlut1 positive puncta +/- PSD95).  However, animals were sacrificed at a relatively acute 

time-point post damage (~2 weeks post-exposure), and there is ample evidence to indicate 

that the time-course of degeneration of the auditory nerve following exposure to damaging 

sound could take upwards of 3+ months (Bohne et al., 2000; Kujawa et al., 2009).   Had 

animal sacrifice occurred at a longer time-point post-exposure, we might have observed 

changes in VGlut1 labeling that could be directly attributed to changes in the density of 

auditory nerve synapses.   

An additional confound is the presence of a subpopulation of unipolar brush cells 

that expressed VGlut1.  These cells, and their synaptic targets, are located in the same 

region(s) as the auditory nerve and its synaptic targets.  Precise estimates of what percentage 

of the unipolar brush cell population these cells comprise are unavailable for the DCN 

(Dino et al., 2008; Nunzi et al., 2003). Nevertheless, we feel it is reasonable to assume that 

the number of type I auditory nerve fibers and their corresponding synapses greatly 

outnumber the quantity of unipolar brush cells in this subpopulation (Keithley et al., 1979; 

Wrzeszcz et al., 2013) in the deep layer of the DCN.  We suggest this, in part, due to the 

observation that unipolar brush cells are most highly enriched in areas of highest granule cell 

density, and the fusiform layer contains a more dense distribution of granule cells than the 

does deep layer (Dino et al., 2008; Nunzi et al., 2003).  

																																																								
25 Zeng et. al used an intra-cochlear dose of kanamycin to induce hearing loss.  Aminoglycoside induced 
hearing loss may result in a distinct time-course of spiral ganglion degeneration relative to sound-induced 
hearing loss, which is typically observed to occur over a more protracted period.   
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The fusiform layer contained the bulk of changes in excitatory markers (Chapter 5 

figures 16A, 17A, and 18A-B), and the mid frequency region (8-24 kHz, ROI centered at ~ 

16 kHz), in particular, contained the majority of these changes.  We observed increases in 

markers indicative of either local unipolar brush cells or t-stellate input from the VCN to the 

DCN.  These two cell types share cell markers (VGlut1 & 2 co-expression) and cannot be 

separated using the present labeling design.  Both present plausible explanations for 

increased excitation in the DCN.  

Unipolar brush cells, in particular, provide a highly plausible explanation for 

increased excitation in the DCN following acoustic trauma.  Studies have shown a 

tremendous upregulation of doublecortin, a marker of neurogenesis26 and/or synaptic 

plasticity, in the population of DCN unipolar brush cells following sound-exposure (Bauer et 

al., 2013; Manohar et al., 2012).  The unipolar brush cells act as local, feed-forward amplifiers 

of the mossy fiber input (somatosensory and vestibular) to the DCN; unipolar brush cells 

synapse onto other unipolar brush cells and granule cells.  Lastly, the non-auditory elements 

of the DCN circuitry have also been shown to be particularly prone to stimulus-dependent 

plastic changes (Basura et al., 2012; Dehmel et al., 2012; Shore et al., 2006; Zeng et al., 2009), 

which may partially explain our anatomical findings.  

 

5.5 Conclusion 

 The local circuit within the DCN is composed of two functionally distinct 

components that process either non-auditory or auditory inputs.  These two input sources 
																																																								
26 A single study examined doublecortin as a marker of unipolar brush cell neurogenesis cells in adult 
organisms.  This study suggests that new unipolar brush cells are not born, but instead that doublecortin is 
merely a marker of plasticity in this cell population. 
 
Paolone, N., Manohar, S., Hayes, S.H., Wong, K.M., Salvi, R.J., Baizer, J.S. 2014. Dissociation of doublecortin 
expression and neurogenesis in unipolar brush cells in the vestibulocerebellum and dorsal cochlear nucleus of 
the adult rat. Neuroscience 265, 323-31.	
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converge on the apical and basal dendritic fields of fusiform cells, respectively.  The fusiform 

cells, in turn, integrate these sources of multisensory input.  As shown in summary table 5, 

we observed relatively few changes that could be directly attributed to auditory input, or are 

involved the auditory, basal half, of the DCN circuitry (i.e., deep and fusiform layers:  

auditory nerve, vertical cells, basal fusiform dendrites).  The majority of the changes we 

observed are attributable to elements of the non-auditory, apical half of the DCN circuitry 

(i.e., molecular and fusiform layers: granule cell/parallel fibers, cartwheel cells, and unipolar 

brush cells).  Changes in these non-auditory components of the circuit support the concept 

of somatosensory modulation of tinnitus perception, while also providing a plausible 

explanation for increased hyperactivity, in spite of the simultaneously observed increase in 

inhibitory elements.   
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Chapter 6: Discussion & Conclusions 

6.1 Purpose 

The experiments presented in this dissertation sought to accurately assess the 

tinnitus status of animals, following recovery from acoustic trauma, which would in turn 

allow us to quantify the extent of peripheral damage and corresponding central remodeling 

associated with tinnitus and/or noise-induced hearing loss.  Gap detection and ABR data 

were collected at both baseline and 2-weeks post-sound exposure, animals were sacrificed, 

and then harvested cochleae and brains were processed for immunohistochemical labeling.  

By completing all experiments (chapters 4-5) with the same population of animals, we were 

able to better control the variability of sound exposure and tinnitus development.  Although 

some of out results are unanticipated, we believe they reveal central changes uniquely related 

to tinnitus in our rat model of sound damage. 

6.2 Assessment of Tinnitus 

 Use of the gap detection behavioral assay for tinnitus is of central importance to the 

experimental work discussed in this dissertation, as it strongly affected all subsequent data 

collection analysis.  The presentation of tones in our gap detection protocol matches the 

established patterns developed by (Turner et al., 2006).  We proceeded to utilize a unique 

group of control animals for GD, in addition to unique data-processing and analysis 

methods.  Both of these steps helped to ensure accurate GD results and assessment of 

tinnitus status.  First, we normalized each animal’s post-exposure data using its 

corresponding baseline data to account for variability in the presence and strength of startle 

responses amongst animals.  Second, we removed statistically significant outliers, which 

would have exerted a disproportionate influence on the averaged responses of animals, had 

these been included in analysis.  Inclusion of naïve control animals in our gap detection 
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analyses revealed that animals exhibited background frequency specific improvements in gap 

detection.  This was an unanticipated finding, one which demonstrated the need for 

comparisons between controls and sound exposed animals, even in the calculation of 

impairment based on unique pairs of baseline and post-exposure data from individual 

animals.   

An initial comparison of these control animals to all sound exposed animals as a 

single group revealed no statistically significant differences, and only a slight impairment in 

gap detection.  When we examined each animal’s individual gap detection score, instead of 

group averages, we observed three distinct categories of responses from sound-exposed 

animals:  tinnitus (-) animals (only noise-induced hearing loss), and tinnitus (+) animals 

(tinnitus and noise-induced hearing loss, which contained a subgroup of tinnitus (++) (severe 

tinnitus and noise-induced hearing loss).  We re-analyzed the gap detection data after sorting 

animals into these three groups, and striking significant differences emerged.  Tinnitus (-) 

animals showed improved gap detection ability at all frequencies, while tinnitus (+) and (++) 

animals exhibited moderate impairment at 16 kHz (moderate impairment) and pronounced 

impairment 20 kHz. Findings in our tinnitus (+) and (++) animals were in agreement with 

previously published data, suggesting that tinnitus may present at frequencies slightly above 

the damaging tones used during sound exposure (Turner et al., 2008; Turner et al., 2006). 

 

6.3 Peripheral Damage as a Function of Tinnitus Status 

 After assessing tinnitus status in our sound exposed animals, we went on to analyze 

ABR data (a physiological measure of hearing impairment), in addition to assessing HC loss 

(an anatomical indicator of cochlear injury).  Both of these data sets were analyzed as a 

function of animals’ tinnitus status.   
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In all sound exposed animals we observed severe noise-induced hearing loss for all 

frequencies >8 kHz relative to baseline, which replicated previous findings for this specific 

sound exposure in Long-Evans rats (Kennon-McGill, 2014).  We also observed a new a 

trend toward greater threshold shifts for tinnitus (++) animals relative to tinnitus (-) animals, 

however, the only significant difference in post-exposure threshold shifts between these two 

groups was observed at 16 kHz. 

In all animals, we observed IHC and OHC loss throughout the cochlea; IHC and 

OHC were similarly affected.  These findings replicated our previously published data on 

HC loss in this specific rat model of sound-exposure (Neal et al., 2015).  However, in these 

studies we had the ability to explore differences in HC loss between animals that only 

developed noise-induced hearing loss (tinnitus (-)) and animals that presented both noise-

induced hearing loss and tinnitus (tinnitus (+) and (++)), as a result of sound exposure.  

Tinnitus (++) animals demonstrated several high frequency regions of significant OHC loss 

relative to both controls and sound-exposed, tinnitus (-) animals.  These additional regions of 

more severe HC less may partially explain the trend we observed in ABR data.  When ABR 

and HC count findings are considered together, we feel these data indicate more severe 

peripheral damage in tinnitus (+) and (++) animals relative to sound exposed tinnitus (-) 

animals.  

 

6.4 Central Remodeling (DCN) as a Function of Tinnitus Status 

  Tinnitus specific differences in peripheral damage strongly suggested that 

differences in central remodeling could exist for excitatory and/or inhibitory markers in the 

dorsal cochlear nucleus.  Our experimental design allowed us to attribute changes in 
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inhibitory and excitatory markers to specific sources of inhibition and excitation within the 

DCN local circuitry.   

 In tinnitus (+) and (++) animals we observed a dramatic increase in co-localized 

markers of inhibitory synapses (VGat and Gephyrin) in the molecular and fusiform layers of 

the DCN, especially in the mid frequency region, relative to controls and tinnitus (-) animals. 

These increases are tinnitus specific changes not observed in animals with exclusively noise-

induced hearing loss (tinnitus (-)).  Furthermore, these changes occurred predominantly in 

regions of the DCN that house non-auditory components of the local circuit (granule 

cells/parallel fibers, unipolar brush cells, and cartwheel cells).  This finding suggests a 

possible increase in inhibition, which contradicts the common suggestion that tinnitus 

related hyperactivity in the DCN is, in part, due to disinhibition of the local circuitry that 

allows for somatosensory activity to drive the firing of fusiform cells.    

Tinnitus (+) and (++) changes in excitatory markers also occurred predominantly in 

the non-auditory elements of the DCN local-circuitry.  Increases in both markers for 

unipolar brush cells were observed in tinnitus (+) and (++) animals relative to controls and 

tinnitus (-) animals.  Unipolar brush cells are local excitatory interneurons involved in feed- 

forward excitation of somatosensory input from mossy fibers.  They make synaptic contacts 

with other UBCs and granule cells.  Therefore, increased markers for unipolar brush cells 

suggest a method through which excitation in the DCN could be increased.  

This suggestion becomes more plausible on the basis of observations made regarding 

the parallel fiber network of granule cells, which relays input from unipolar brush cells to 

fusiform cells and cartwheel inhibitory interneurons.  The synapses of parallel fibers onto 

their post-synaptic targets appear to be highly resistant to acoustically mediated damage, and 

no decreases in co-localization of synaptic markers were observed.  Furthermore, we 
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observed increases in orphaned pre-synaptic markers of parallel fiber synapses (VGlut1, 

molecular layer), which we believe could be suggestive of increased axonal branching.  

Lastly, tinnitus (++) animals frequently exhibited a greater magnitude of change in 

the density of both excitatory and inhibitory markers relative to tinnitus (+) and tinnitus (-) 

animals.  Although this trend is not observed across every marker we examined, it is, 

nevertheless, highly similar to the trend toward more severe damage observed in both ABR 

and HC count data. 

 

6.5 Limitations 

 The experiments presented in this dissertation are subject to limiting factors. Gap 

detection is a behavioral assay we utilized to determine tinnitus status, since the rats could 

not positively confirm perception of tinnitus.  As with any behavioral test, results are subject 

to researcher interpretation, and we may be quantifying some aspect of auditory function 

that is not tinnitus.  We have strong reason to believe this is not the case, however, based on 

the previously discussed validation of this technique.   

We employed immunohistochemical labeling of pre- and post-synaptic proteins to 

anatomically identify synapses.  Specifically, we use co-localization of vesicular transporters 

(VGlut1, VGlut2, and VGat) with post-synaptic markers (PSD95 and Gephyrin) to suggest 

appropriate apposition of pre-and post-synaptic membranes.  We did not label specific post-

synaptic receptors or additional synaptic proteins.  It is plausible that other synaptic elements 

required for function were lacking, and simple labeling of protein components does not 

indicate if any of these synapses were functional.  Additionally, tissue fixation can result in 

epitope masking (post-synaptic proteins are particularly vulnerable), and require antigen 

retrieval prior to labeling.  We did employ a pepsin digest as a method of antigen retrieval, 
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but this does introduce another potential source of variability.  Lastly, our categorization of 

input types, as a function of pre-synaptic labeling, does have confounds in some categories 

(i.e., deep layer VGlut1 labeling can include both auditory nerve synapses and unipolar brush 

cell synapses).   

 In spite of these limiting factors, we feel these experiments still make a valuable 

contribution to tinnitus research.  These initial findings, if somewhat non-specific due to 

confounds in labeling, valuably inform further studies that could identify more precise 

sources of the changes observed.  The ability to compare excitatory and inhibitory changes 

that occur within a single animal via adjacent tissue sections, in combination with GD, ABR, 

and HC counts is also valuable, since sound-exposures and tinnitus development are highly 

variable. 

6.6 Future Directions  

Two specific follow-up experiments would immediately aid in the interpretation of 

the data presented in this dissertation.   Labeling for a marker of synaptic plasticity expressed 

by unipolar brush cells, such as doublecortin, could indicate if these cells are involved in 

plastic changes that take place in the DCN of tinnitus (+) and (++) animals.  We have strong 

reason to suspect this is occurring, since significant increases in doublecortin have been 

observed in the DCN of tinnitus (+) animals that were exposed to a 114 dB SPL, 16 kHz 

pure-tone for 1 hour (Andrea Freemyer, personal communication).  We have tissue sections 

from immediately adjacent areas to the sections we labeled for excitatory and inhibitory 

markers, which could be used for this purpose.  This would be ideal since we already have 

gap detection, ABR, and hair cell count data, in addition to information regarding changes in 

the distribution of various excitatory and inhibitory synapses in the DCN, from these same 

animals. 
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A second follow-up experiment would involve more detailed ABR analysis.  Labeling 

the peaks and troughs of ABR waves (I-V) would allow us to assess the latency and 

amplitude of these waves.  This analysis could reveal any subtle “hidden hearing loss” that a 

simple threshold assessment would be unable to detect and, possibly, further explain the 

trend we observed toward more severe threshold shifts in tinnitus (++) animals (Kujawa et 

al., 2009; Schaette et al., 2011).  Additionally, changes in amplitude of the ABR waves could 

yield insight into the balance of excitation and inhibition in central auditory nuclei.  We 

suspect these changes would be quantifiable, especially for the DCN, since the cochlear 

nucleus contributes heavily to wave II of the rat ABR waveform—and Wave II is the 

singularly most pronounced wave.    

 There are also two diverging avenues of future experimental work that would be 

logical extensions of the data presented here.  The first would involve the identification and 

labeling of specific post-synaptic receptors, in combination with the same pre-synaptic 

markers. Such a labeling design would allow for more precise identification of the various 

sources of synapses within the DCN, and could allow for thorough separation of unipolar 

brush cell synapses from auditory nerve synapses.  If such a study were to be conducted, it 

would also be of interest to label the cochlea using pre- and post-synaptic markers for 

auditory nerve synapses, thereby allowing for synapse quantification on the central and 

peripheral  processes of the spiral ganglion.  We have already observed differences in gross 

HC number as a function of tinnitus status and we might be able to quantify even more 

nuanced change, both within and adjacent to areas of overt HC loss.    

An alternative route of research would be to perform similar excitatory and 

inhibitory labeling within the inferior colliculus, which is the primary target of the DCN 

projection neurons.  We have extensive physiological recordings from the IC of anesthetized 
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and unanesthetized animals (Kennon-McGill, 2014) that detail frequency specific changes in 

spontaneous activity of the IC.  Detailed ABR analysis, as described above, would also 

complement these analyses, since the IC is a contributor to wave V.   
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