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ABSTRACT 

Subjective tinnitus, the perception of ringing or buzzing without an external sound 

source, and hyperacusis, an intolerance to loud sounds, can be severely debilitating disorders, 

and unfortunately, there remains no cure. Both tinnitus and hyperacusis are thought to emerge 

from aberrant neuronal hyperactivity within the central auditory system. Logically, tinnitus and 

hyperacusis treatment research has therefore aimed at suppressing neural activity within the 

central auditory system. There has been only limited success with pharmaceutical 

interventions; however, leveraging the auditory systems innate neuroplastic ability to alter its 

neural representation of sound following prolonged changes in acoustic environments has 

shown favorable outcomes in suppressing central hyperactivity. 

The studies discussed herein investigated changes that occur in both the peripheral and 

central auditory systems following potential tinnitus and hyperacusis relieving agents such as 

potassium channel modulating drugs, and prolonged exposure to low-levels of noise. To 

complete these studies, detailed physiological measures representing cochlear or auditory 

midbrain activity were obtained following administration of potassium channel modulators or 

prolonged exposure to low-levels of noise with differing parameters. Our result corroborated 

with others that low-level noise is in fact able to alter the auditory systems central gain 

mechanism. Furthermore, we build on previous knowledge by characterizing the magnitude 

and direction of central gain changes that low-level noise is capable of inducing. Multiple 

factors appear to play a role in these changes, including the temporal schedule of noise 

exposure, and parameters of the noise such as its spectral and intensity characteristics. 
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1 INTRODUCTION 

Subjective tinnitus, the phantom sound perception present without an objective acoustic 

source, can be severely debilitating (Meikle, Vernon, & Johnson, 1984). As much as 10-15% of 

the general adult population perceive continuous tinnitus, and approximately 4-5% are disabled 

by the intrusive perception (Axelsson & Ringdahl, 1989; Heller, 2003). Tinnitus is often 

accompanied by hyperacusis (Baguley, 2003; Schecklmann, Landgrebe, Langguth, & Group, 

2014), a condition in which moderately intense sounds are perceived as abnormally loud. For 

decades research has aimed to understand the underlying neurological mechanisms 

responsible for tinnitus and hyperacusis (Bartels, Staal, & Albers, 2007; De Ridder et al., 2006; 

Eggermont, 2005; Eggermont & Roberts, 2004; Henry, Roberts, Caspary, Theodoroff, & Salvi, 

2014; Jastreboff, 1990; Jastreboff & Sasaki, 1994; Mahlke & Wallhausser-Franke, 2004; 

Wallhausser-Franke et al., 2003), and searched for effective drug treatments for these 

conditions (Aazh, El Refaie, & Humphriss, 2011; Azevedo & Figueiredo, 2007; Bauer & Brozoski, 

2006; T. Brozoski, Odintsov, & Bauer, 2012; T. J. Brozoski, Spires, & Bauer, 2007; Han et al., 

2012; Szczepaniak & Moller, 1996). Unfortunately, there remains no conclusive cure for tinnitus 

or hyperacusis. However, significant progress has been made towards understanding the 

neurophysiological mechanisms that generate tinnitus and hyperacusis, and in developing 

management options for patients with these disorders. This dissertation largely focuses on 

characterizing the neural basis of tinnitus and hyperacusis, and the electrophysiological changes 

that occur in the cochlea and central auditory system following different treatments that can 

either induce or ameliorate tinnitus and hyperacusis. In this first chapter, I will provide 
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background knowledge on tinnitus, current treatment efforts, and introduce the focus of each 

subsequent chapter. 

1.1 BACKGROUND 

Enhanced Central Gain: While still not fully understood, most researchers now assume that 

tinnitus and hyperacusis are caused in part by enhanced neural activity within the central 

auditory pathway (Auerbach, Rodrigues, & Salvi, 2014; A. J. Norena, 2011; Salvi, Wang, & Ding, 

2000). This was developed from observations of neural activity throughout the auditory 

pathway following reliable tinnitus inducing agents such as traumatic noise exposures or 

ototoxic drugs. These agents typically result in some degree of hearing loss, which in most cases 

reduces spontaneous and sound-evoked firing rates in the auditory nerve (Liberman & Kiang, 

1978; Muller, Klinke, Arnold, & Oestreicher, 2003; Stypulkowski, 1990). This reduced neural 

output from the cochlea often causes a paradoxical enhancement of spontaneous and evoked 

firing rates throughout the ascending auditory pathway (T. J. Brozoski, Bauer, & Caspary, 2002; 

Chang, Chen, Kaltenbach, Zhang, & Godfrey, 2002; Chen & Jastreboff, 1995; Eggermont & 

Kenmochi, 1998; Kaltenbach et al., 1998; Kaltenbach et al., 2002; Kaltenbach, Zhang, & Afman, 

2000; A. Sheppard, Hayes, Chen, Ralli, & Salvi, 2014; Sun et al., 2009). Figure 1.1 illustrates the 

gradual enhancement of evoked neural response throughout the ascending auditory pathway 

commonly seen following a traumatic noise exposure. This central hyperactivity observed after 

cochlear damage is thought to be a primary neural substrate for tinnitus and/or hyperacusis, 

and is commonly referred to as Enhanced Central Gain. 

Enriched Auditory Environments: Since enhanced central gain is believed to play a 

significant role in tinnitus and hyperacusis generation, many therapeutic approaches are 
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logically aimed at diminishing the presence of central gain. A number of pharmaceuticals which 

are inhibitory in nature have been employed to treat tinnitus such as Gabapentin (Aazh et al., 

2011; Bauer & Brozoski, 2006), Acamprosate (Azevedo & Figueiredo, 2007), Vigabatrin (T. J. 

Brozoski et al., 2007), Clonazapam (Han et al., 2012; Szczepaniak & Moller, 1996), Diazapam, 

and Bacolofen (Szczepaniak & Moller, 1996), but these approaches have had only limited 

success with relieving tinnitus and hyperacusis. An alternative approach is to use acoustic 

stimulation to induce neuroplastic changes within the central auditory system in order to 

ameliorate tinnitus percepts or its emotional consequences (Moucha & Kilgard, 2006). In fact, 

acoustic stimulation in the form of either hearing aid amplification or customized noise 

presentation, has led to improvements in tinnitus and its accompanying symptoms in many 

cases (Del Bo & Ambrosetti, 2007; Hanley & Davis, 2008; Henry et al., 2006; Hoare, Searchfield, 

El Refaie, & Henry, 2014; A. Norena, Micheyl, Chery-Croze, & Collet, 2002). Indeed, in animal 

studies similar sound stimulation paradigms have resulted in the normalization of aberrant 

neurological substrates thought to generate tinnitus (A. J. Norena & Eggermont, 2005, 2006; 

Pienkowski & Eggermont, 2010; Pienkowski, Munguia, & Eggermont, 2013). In later sections, 

this dissertation will illustrate how prolonged, low-level noise exposures can induce 

neuroplastic changes in both the peripheral and central auditory system, which may lead to 

perceptual improvements for tinnitus and hyperacusis. 

1.2 CHAPTER 2: SALICYLATE-INDUCED HEARING LOSS, NEUROTOXICITY, 
TINNITUS, AND NEUROPATHOPHYSIOLOGY 
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Chapter 2 of this dissertation will review current knowledge regarding the biological and 

neurophysiological basis of salicylate-induced tinnitus and hearing loss. The chapter will also 

review human based assessments of aspirin overdose and its impact on auditory perception. All 

text and figures were originally published in Sheppard et al. (2014). 

Salicylate, the active ingredient in Aspirin, is one of the most widely used antipyretic, 

analgesic, and anti-inflammatory drugs. However, when administered in high doses, it reliably 

induces temporary hearing loss and tinnitus (Cazals, 2000; Day et al., 1989; McFadden, 

Plattsmier, & Pasanen, 1984). For this reason, salicylate has been widely used to investigate the 

perceptual, anatomical, and neurophysiological mechanisms responsible for tinnitus generation 

(Cazals, 2000; Chen, Radziwon, Kashanian, Manohar, & Salvi, 2014; A. Sheppard et al., 2014; 

Stolzberg, Chen, Allman, & Salvi, 2011). As a result, these studies have provided the framework 

for many neurophysiological theories of tinnitus generation and the development of behavioral 

models of tinnitus. 

When administered in high doses, salicylate can alter the neurological response to 

sound in both the peripheral and central nervous systems. Peripherally, salicylate induces a 

sensory hearing loss by impairing the function of outer hair cells (OHCs) and spiral ganglion 

neurons (SGNs). Salicylate competitively binds to anion binding sites, displacing chloride, and 

impairing the function of prestin, the OHCs electromotile protein (Liberman et al., 2002). This 

impairs the cochlear amplifier, resulting in hearing loss. Furthermore, prolonged exposure to 

high doses of salicylate in vitro can result in the destruction of SGNs (Deng, Ding, Su, Manohar, 

& Salvi, 2013), which are responsible for relaying auditory signals to centrally located auditory 

nuclei for further sound decoding (Wei, Ding, & Salvi, 2010). 
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Centrally, salicylate impairs GABAergic neurotransmission; the reduction in inhibition 

results in hyperactive neural responses to acoustic stimuli, and impaired lateral inhibition which 

presumably impacts the columnar tonotopic organization in the auditory cortex (Bauer, 

Brozoski, Holder, & Caspary, 2000; H. T. Wang, Luo, Huang, Zhou, & Chen, 2008; J. Wang, 

Caspary, & Salvi, 2000). These central effects are thought to reflect the summed effect of 

salicylate-induced changes in the cochlea combined with centrally mediated changes in neural 

function (Stolzberg et al., 2011). These observations have given rise to two hypotheses 

regarding the neurophysiological basis of tinnitus, namely (1) a compensatory gain 

enhancement throughout the central auditory system and (2) tonotopic reorganization of the 

neural maps within the central auditory pathway. 

1.3 CHAPTER 3: POTASSIUM ION CHANNEL OPENERS, MAXIPOST AND 
RETIGABINE, PROTECT AGAIST PERIPHERAL SALICYLATE OTOTOXICITY 

Chapter 3 of this dissertation explores interactions between salicylate and potassium 

channel modulating drugs within the peripheral auditory system. The results of this study 

provide some neurophysiological explanation for previous reports of salicylate- and noise-

induced tinnitus relief following the administration of potassium channel modulating drug (Li, 

Choi, & Tzounopoulos, 2013; Lobarinas et al., 2011). All text and figures were originally 

published in Sheppard et al. (2015). 

Potassium ion channels play an important role in regulating neuronal activity (Brown & 

Passmore, 2009). Functional impairment of potassium channels can lead to disorders 

characterized by central hyperactivity, such as cardiac arrhythmia and epilepsy (Maljevic, 
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Wuttke, Seebohm, & Lerche, 2010). Since tinnitus perception is also thought to result from 

central hyperactivity, researchers have tested the possibility that pharmaceuticals developed 

for epilepsy or stroke might be effective in relieving tinnitus (Li et al., 2013; Lobarinas et al., 

2011). Animal models using either salicylate or traumatic noise-induced models of tinnitus have 

shown promising results with the use of potassium modulators (Li et al., 2013; Lobarinas et al., 

2011), however where and how these drugs altered auditory perception remained poorly 

understood. 

Maxipost and Retigabine, the two potassium channel-modulating drugs which 

previously demonstrated promising behavioral relief of tinnitus, primarily influence BK and 

Kv7.4 potassium channels respectively (Gribkoff, Starrett, & Dworetzky, 2001; Rostock et al., 

1996). Both of these ion channels are heavily expressed in cochlear sensory cells in a tonotopic 

specific fashion (Beisel, Nelson, Delimont, & Fritzsch, 2000; Hafidi, Beurg, & Dulon, 2005; 

Kharkovets et al., 2000; Wersinger, McLean, Fuchs, & Pyott, 2010). Salicylate also blocks these 

potassium channels on cochlear sensory cells (Housley & Ashmore, 1992; Kimitsuki et al., 2011; 

Kros & Crawford, 1990). Therefore, we explored the possibility that salicylates blockade of 

Kv7.4 and BK potassium channels may impair the neural output of the cochlea, increasing the 

possibility for the development of enhanced central gain and tinnitus perception, and that 

Maxipost or Retigabine may protect against this blockade ultimately preventing the 

development of downstream central hyperactivity. 

We found that both Maxipost and Retigabine prevented peripheral salicylate induced 

ototoxicity in a frequency specific manner; their effects were correlated with the tonotopic 

location of the affected potassium channels (A. M. Sheppard, Chen, & Salvi, 2015). We 
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therefore proposed that prevention of salicylate-blocked potassium channels could prevent the 

activation of the compensatory central gain mechanism (Auerbach et al., 2014; Salvi et al., 

2000), and therefore prevent the development of tinnitus, consistent with previously published 

behavioral reports (Li et al., 2013; Lobarinas et al., 2011). 

1.4 CHAPTER 4: PROLONGED LOW-LEVEL NOISE-INDUCED PLASTICITY IN THE 
PERIPHERAL AND CENTRAL AUDITORY SYSTEM OF RATS 

Chapter 4 of this dissertation explores the mechanisms involved with low-level noise 

plasticity and how it may lead to reduced tinnitus perception. Continuous low-level noise 

exposure initially impaired peripheral auditory function and enhances central gain, but 

following a one-week recovery period, peripheral function improved beyond control levels and 

central activity began to recover to normal levels. All text and figures in this chapter were 

originally published in Sheppard et al (2017). 

The exact biological mechanism responsible for tinnitus and hyperacusis remains 

elusive. However, the general consensus is that tinnitus and hyperacusis likely involve central 

hyperactivity (Auerbach et al., 2014; Eggermont, 2005; Eggermont & Roberts, 2004; Henry et 

al., 2014; A. J. Norena, 2011; Salvi et al., 2000). One of the most common clinical methods used 

to treat tinnitus and hyperacusis is fitting hearing aids with low-level amplification or that 

produce low-level noise. Some animal studies show that these methods reduce the neural 

correlates of tinnitus (A. J. Norena & Chery-Croze, 2007; A. J. Norena & Eggermont, 2005, 2006; 

Pienkowski & Eggermont, 2009, 2010; Pienkowski, Munguia, & Eggermont, 2011). Moreover, 

tinnitus and hyperacusis patients show improvement in tinnitus and/or hyperacusis following 
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treatment with various sound therapies (Formby, Sherlock, & Gold, 2003; Henry et al., 2006). 

However, the exact location within the auditory pathway and the neurobiological mechanisms 

underlying these improvements remain poorly understood. 

Our results show that prolonged low-level noise exposure can both enhance and 

suppress sound-evoked activity in central auditory nuclei. We propose that these changes may 

stem from homeostatic plasticity which is driven by peripheral activity, i.e., sound induced 

suppression of cochlear responses leads to the enhancement of central responses in a 

homeostatic fashion, and vice versa (A. M. Sheppard et al., 2017). Furthermore, the duration 

and noise parameters used can influence central gain profiles differentially; suggesting special 

care is needed when choosing low-level noise to treat tinnitus and/or hyperacusis in individual 

patients. 

1.5 CHAPTER 5: CIRCADIAN-DEPENDANT EXPOSURE TO LOW-LEVEL NOISE 
AND AUDITORY GAIN CONTROL 

More recent reports have indicated that the auditory system expresses clock genes which 

are sensitive to circadian rhythms. These circadian gene expressions can change the auditory 

systems susceptibility to damage, accruing more damage from traumatic noise exposure during 

nighttime hours in nocturnal mice (Basinou, Park, Cederroth, & Canlon, 2017; Meltser et al., 

2014). Central auditory nuclei also express clock genes in a circadian fashion (Park et al., 2016), 

suggesting that the central auditory system may have time-sensitive states for sound-induced 

plasticity. Some clinical research studies have also proposed that employing the use of low-level 

noise therapy during nighttime hours could result in greater tinnitus relief. Therefore, we 
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investigated if exposure to low-level noise, paired with light or dark environments, during either 

daytime or nighttime hours, respectively, could further reduce neural activity at the level of the 

auditory midbrain. Chapter 5 of this dissertation explored the role of intermittent low-level 

noise delivered during the circadian light or dark cycle to determine how intermittency or 

stimulation time affected the neural output of the cochlea and central auditory system. Results 

show that intermittent low-level noise delivered during the light or dark cycle produced similar 

amounts of depression in the cochlea and central auditory pathway. These observations 

suggest that circadian clock genes had little or no effect on the magnitude or direction of 

central gain changes. However, low-level noise with a 50% on time during the dark or the light 

cycle produced different results than our previous study with continuous noise. Our 12-hour 

exposures depressed activity in the central auditory pathway whereas our previous continuous 

noise enhanced sound evoked activity. These findings further implicate the importance of noise 

parameters used for tinnitus sound management, highlighting especially the importance of an 

acoustic rest period.  
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FIGURE 1.1: Schematic of enhanced central gain throughout the ascending auditory pathway. 

Following a traumatic noise exposure, early in the pathway response amplitudes at the level of 

the Auditory Nerve (AN) and Cochlear Nucleus (CN) are suppressed at all stimulation intensity 

levels. However, at the level of the Inferior Colliculus (IC), Medial Geniculate Body (MGB), and 

Auditory Cortex (AC), responses to high-intensity stimulation are greater than control when 

stimulation occurs with high intensity sounds. This paradoxical enhancement in neural activity 

is thought to generate, at least in part, the perception of tinnitus and hyperacusis. 

11 



 
 

  

         
 

 
         

   
 

       
 

 
       

  
 

  
 

       
 

 
     

   
 

     
  

 
     

       
 

  
      

     
 

  
 

 
      

        
      
  

 
     

    
 

1.7 REFERENCES 

Aazh, H., El Refaie, A., & Humphriss, R. (2011). Gabapentin for tinnitus: a systematic review. Am 
J Audiol, 20(2), 151-158. doi:10.1044/1059-0889(2011/10-0041) 

Auerbach, B. D., Rodrigues, P. V., & Salvi, R. J. (2014). Central gain control in tinnitus and 
hyperacusis. Front Neurol, 5, 206. doi:10.3389/fneur.2014.00206 

Axelsson, A., & Ringdahl, A. (1989). Tinnitus--a study of its prevalence and characteristics. Br J 
Audiol, 23(1), 53-62. doi:10.3109/03005368909077819 

Azevedo, A. A., & Figueiredo, R. R. (2007). Treatment of tinnitus with acamprosate. Prog Brain 
Res, 166, 273-277. doi:10.1016/S0079-6123(07)66025-7 

Baguley, D. M. (2003). Hyperacusis. J R Soc Med, 96(12), 582-585. 

Bartels, H., Staal, M. J., & Albers, F. W. (2007). Tinnitus and neural plasticity of the brain. Otol 
Neurotol, 28(2), 178-184. 

Basinou, V., Park, J. S., Cederroth, C. R., & Canlon, B. (2017). Circadian regulation of auditory 
function. Hear Res, 347, 47-55. doi:10.1016/j.heares.2016.08.018 

Bauer, C. A., & Brozoski, T. J. (2006). Effect of gabapentin on the sensation and impact of 
tinnitus. Laryngoscope, 116(5), 675-681. doi:10.1097/01.MLG.0000216812.65206.CD 

Bauer, C. A., Brozoski, T. J., Holder, T. M., & Caspary, D. M. (2000). Effects of chronic salicylate 
on GABAergic activity in rat inferior colliculus. Hear Res, 147(1-2), 175-182. 

Beisel, K. W., Nelson, N. C., Delimont, D. C., & Fritzsch, B. (2000). Longitudinal gradients of 
KCNQ4 expression in spiral ganglion and cochlear hair cells correlate with progressive 
hearing loss in DFNA2. Brain Res Mol Brain Res, 82(1-2), 137-149. 

Brown, D. A., & Passmore, G. M. (2009). Neural KCNQ (Kv7) channels. Br J Pharmacol, 156(8), 
1185-1195. doi:10.1111/j.1476-5381.2009.00111.x 

Brozoski, T., Odintsov, B., & Bauer, C. (2012). Gamma-aminobutyric acid and glutamic acid 
levels in the auditory pathway of rats with chronic tinnitus: a direct determination using 
high resolution point-resolved proton magnetic resonance spectroscopy (H-MRS). Front 
Syst Neurosci, 6, 9. doi:10.3389/fnsys.2012.00009 

Brozoski, T. J., Bauer, C. A., & Caspary, D. M. (2002). Elevated fusiform cell activity in the dorsal 
cochlear nucleus of chinchillas with psychophysical evidence of tinnitus. J Neurosci, 
22(6), 2383-2390. 

12 

https://doi:10.1097/01.MLG.0000216812.65206.CD


 
 

 
        

 
 

    
 

 
     

      
 

       
    

 
       

      
  

 
      

   
  

 
   

     
 

 
         

 
 

      
  

 
 

  
 

 
    

    
 

 
  

 
 

Brozoski, T. J., Spires, T. J., & Bauer, C. A. (2007). Vigabatrin, a GABA transaminase inhibitor, 
reversibly eliminates tinnitus in an animal model. J Assoc Res Otolaryngol, 8(1), 105-118. 
doi:10.1007/s10162-006-0067-2 

Cazals, Y. (2000). Auditory sensori-neural alterations induced by salicylate. Prog Neurobiol, 
62(6), 583-631. 

Chang, H., Chen, K., Kaltenbach, J. A., Zhang, J., & Godfrey, D. A. (2002). Effects of acoustic 
trauma on dorsal cochlear nucleus neuron activity in slices. Hear Res, 164(1-2), 59-68. 

Chen, G. D., & Jastreboff, P. J. (1995). Salicylate-induced abnormal activity in the inferior 
colliculus of rats. Hear Res, 82(2), 158-178. 

Chen, G. D., Radziwon, K. E., Kashanian, N., Manohar, S., & Salvi, R. (2014). Salicylate-induced 
auditory perceptual disorders and plastic changes in nonclassical auditory centers in 
rats. Neural Plast, 2014, 658741. doi:10.1155/2014/658741 

Day, R. O., Graham, G. G., Bieri, D., Brown, M., Cairns, D., Harris, G., . . . et al. (1989). 
Concentration-response relationships for salicylate-induced ototoxicity in normal 
volunteers. Br J Clin Pharmacol, 28(6), 695-702. 

De Ridder, D., Fransen, H., Francois, O., Sunaert, S., Kovacs, S., & Van De Heyning, P. (2006). 
Amygdalohippocampal involvement in tinnitus and auditory memory. Acta Otolaryngol 
Suppl(556), 50-53. doi:10.1080/03655230600895580 

Del Bo, L., & Ambrosetti, U. (2007). Hearing aids for the treatment of tinnitus. Prog Brain Res, 
166, 341-345. doi:10.1016/S0079-6123(07)66032-4 

Deng, L., Ding, D., Su, J., Manohar, S., & Salvi, R. (2013). Salicylate Selectively Kills Cochlear 
Spiral Ganglion Neurons by Paradoxically Up-regulating Superoxide. Neurotox Res. 
doi:10.1007/s12640-013-9384-5 

Eggermont, J. J. (2005). Tinnitus: neurobiological substrates. Drug Discov Today, 10(19), 1283-
1290. doi:10.1016/S1359-6446(05)03542-7 

Eggermont, J. J., & Kenmochi, M. (1998). Salicylate and quinine selectively increase 
spontaneous firing rates in secondary auditory cortex. Hear Res, 117(1-2), 149-160. 
doi:Doi 10.1016/S0378-5955(98)00008-2 

Eggermont, J. J., & Roberts, L. E. (2004). The neuroscience of tinnitus. Trends Neurosci, 27(11), 
676-682. doi:10.1016/j.tins.2004.08.010 

13 



 
 

   
          

 
 

   
     

 
 

     
   

 
 

      
  

   
 

      
     

 
 

      
 

 
    

     
  

 
    

  
    

 
      

    
 

 
     

   
 

     
 

 
       

 

Formby, C., Sherlock, L. P., & Gold, S. L. (2003). Adaptive plasticity of loudness induced by 
chronic attenuation and enhancement of the acoustic background. J Acoust Soc Am, 
114(1), 55-58. 

Gribkoff, V. K., Starrett, J. E., Jr., & Dworetzky, S. I. (2001). Maxi-K potassium channels: form, 
function, and modulation of a class of endogenous regulators of intracellular calcium. 
Neuroscientist, 7(2), 166-177. 

Hafidi, A., Beurg, M., & Dulon, D. (2005). Localization and developmental expression of BK 
channels in mammalian cochlear hair cells. Neuroscience, 130(2), 475-484. 
doi:10.1016/j.neuroscience.2004.09.038 

Han, S. S., Nam, E. C., Won, J. Y., Lee, K. U., Chun, W., Choi, H. K., & Levine, R. A. (2012). 
Clonazepam quiets tinnitus: a randomised crossover study with Ginkgo biloba. J Neurol 
Neurosurg Psychiatry, 83(8), 821-827. doi:10.1136/jnnp-2012-302273 

Hanley, P. J., & Davis, P. B. (2008). Treatment of tinnitus with a customized, dynamic acoustic 
neural stimulus: underlying principles and clinical efficacy. Trends Amplif, 12(3), 210-
222. doi:10.1177/1084713808319942 

Heller, A. J. (2003). Classification and epidemiology of tinnitus. Otolaryngol Clin North Am, 
36(2), 239-248. 

Henry, J. A., Roberts, L. E., Caspary, D. M., Theodoroff, S. M., & Salvi, R. J. (2014). Underlying 
mechanisms of tinnitus: review and clinical implications. J Am Acad Audiol, 25(1), 5-22; 
quiz 126. doi:10.3766/jaaa.25.1.2 

Henry, J. A., Schechter, M. A., Zaugg, T. L., Griest, S., Jastreboff, P. J., Vernon, J. A., . . . Stewart, 
B. J. (2006). Outcomes of clinical trial: tinnitus masking versus tinnitus retraining 
therapy. J Am Acad Audiol, 17(2), 104-132. 

Hoare, D. J., Searchfield, G. D., El Refaie, A., & Henry, J. A. (2014). Sound therapy for tinnitus 
management: practicable options. J Am Acad Audiol, 25(1), 62-75. 
doi:10.3766/jaaa.25.1.5 

Housley, G. D., & Ashmore, J. F. (1992). Ionic currents of outer hair cells isolated from the 
guinea-pig cochlea. J Physiol, 448, 73-98. 

Jastreboff, P. J. (1990). Phantom auditory perception (tinnitus): mechanisms of generation and 
perception. Neurosci Res, 8(4), 221-254. 

Jastreboff, P. J., & Sasaki, C. T. (1994). An animal model of tinnitus: a decade of development. 
Am J Otol, 15(1), 19-27. 

14 



 
 

   
     

       
 

  
      

   
 

     
    

 
   

       
        

 
 

      
         

  
 

        
   

 
      

        
 

 
    

     
 

 
     

   
 

  
        

    
 

 
     

      
  

 

Kaltenbach, J. A., Godfrey, D. A., Neumann, J. B., McCaslin, D. L., Afman, C. E., & Zhang, J. 
(1998). Changes in spontaneous neural activity in the dorsal cochlear nucleus following 
exposure to intense sound: relation to threshold shift. Hear Res, 124(1-2), 78-84. 

Kaltenbach, J. A., Rachel, J. D., Mathog, T. A., Zhang, J., Falzarano, P. R., & Lewandowski, M. 
(2002). Cisplatin-induced hyperactivity in the dorsal cochlear nucleus and its relation to 
outer hair cell loss: relevance to tinnitus. J Neurophysiol, 88(2), 699-714. 

Kaltenbach, J. A., Zhang, J., & Afman, C. E. (2000). Plasticity of spontaneous neural activity in the 
dorsal cochlear nucleus after intense sound exposure. Hear Res, 147(1-2), 282-292. 

Kharkovets, T., Hardelin, J. P., Safieddine, S., Schweizer, M., El-Amraoui, A., Petit, C., & Jentsch, 
T. J. (2000). KCNQ4, a K+ channel mutated in a form of dominant deafness, is expressed 
in the inner ear and the central auditory pathway. Proc Natl Acad Sci U S A, 97(8), 4333-
4338. 

Kimitsuki, T., Ohashi, M., Umeno, Y., Yoshida, T., Komune, N., Noda, T., & Komune, S. (2011). 
Effect of salicylate on potassium currents in inner hair cells isolated from guinea-pig 
cochlea. Neurosci Lett, 504(1), 28-31. doi:10.1016/j.neulet.2011.08.050 

Kros, C. J., & Crawford, A. C. (1990). Potassium currents in inner hair cells isolated from the 
guinea-pig cochlea. J Physiol, 421, 263-291. 

Li, S., Choi, V., & Tzounopoulos, T. (2013). Pathogenic plasticity of Kv7.2/3 channel activity is 
essential for the induction of tinnitus. Proc Natl Acad Sci U S A. 
doi:10.1073/pnas.1302770110 

Liberman, M. C., Gao, J., He, D. Z., Wu, X., Jia, S., & Zuo, J. (2002). Prestin is required for 
electromotility of the outer hair cell and for the cochlear amplifier. Nature, 419(6904), 
300-304. doi:10.1038/nature01059 

Liberman, M. C., & Kiang, N. Y. (1978). Acoustic trauma in cats. Cochlear pathology and 
auditory-nerve activity. Acta Otolaryngol Suppl, 358, 1-63. 

Lobarinas, E., Dalby-Brown, W., Stolzberg, D., Mirza, N. R., Allman, B. L., & Salvi, R. (2011). 
Effects of the potassium ion channel modulators BMS-204352 Maxipost and its R-
enantiomer on salicylate-induced tinnitus in rats. Physiol Behav, 104(5), 873-879. 
doi:10.1016/j.physbeh.2011.05.022 

Mahlke, C., & Wallhausser-Franke, E. (2004). Evidence for tinnitus-related plasticity in the 
auditory and limbic system, demonstrated by arg3.1 and c-fos immunocytochemistry. 
Hear Res, 195(1-2), 17-34. doi:10.1016/j.heares.2004.03.005 

15 



 
 

  
 

 
     

   
 

        
      

  
 

      
     

   
 

   
 

 
      

  
 

      
      

 
 

       
  

 
 

     
  

 
      

     
 

 
 

      
      

 
    

     
  

Maljevic, S., Wuttke, T. V., Seebohm, G., & Lerche, H. (2010). KV7 channelopathies. Pflugers 
Arch, 460(2), 277-288. doi:10.1007/s00424-010-0831-3 

McFadden, D., Plattsmier, H. S., & Pasanen, E. G. (1984). Aspirin-induced hearing loss as a 
model of sensorineural hearing loss. Hear Res, 16(3), 251-260. 

Meikle, M. B., Vernon, J., & Johnson, R. M. (1984). The perceived severity of tinnitus. Some 
observations concerning a large population of tinnitus clinic patients. Otolaryngol Head 
Neck Surg, 92(6), 689-696. doi:10.1177/019459988409200617 

Meltser, I., Cederroth, C. R., Basinou, V., Savelyev, S., Lundkvist, G. S., & Canlon, B. (2014). TrkB-
mediated protection against circadian sensitivity to noise trauma in the murine cochlea. 
Curr Biol, 24(6), 658-663. doi:10.1016/j.cub.2014.01.047 

Moucha, R., & Kilgard, M. P. (2006). Cortical plasticity and rehabilitation. Prog Brain Res, 157, 
111-122. 

Muller, M., Klinke, R., Arnold, W., & Oestreicher, E. (2003). Auditory nerve fibre responses to 
salicylate revisited. Hear Res, 183(1-2), 37-43. 

Norena, A., Micheyl, C., Chery-Croze, S., & Collet, L. (2002). Psychoacoustic characterization of 
the tinnitus spectrum: implications for the underlying mechanisms of tinnitus. Audiol 
Neurootol, 7(6), 358-369. doi:10.1159/000066156 

Norena, A. J. (2011). An integrative model of tinnitus based on a central gain controlling neural 
sensitivity. Neurosci Biobehav Rev, 35(5), 1089-1109. 
doi:10.1016/j.neubiorev.2010.11.003 

Norena, A. J., & Chery-Croze, S. (2007). Enriched acoustic environment rescales auditory 
sensitivity. Neuroreport, 18(12), 1251-1255. doi:10.1097/WNR.0b013e3282202c35 

Norena, A. J., & Eggermont, J. J. (2005). Enriched acoustic environment after noise trauma 
reduces hearing loss and prevents cortical map reorganization. J Neurosci, 25(3), 699-
705. doi:25/3/699 [pii] 

10.1523/JNEUROSCI.2226-04.2005 

Norena, A. J., & Eggermont, J. J. (2006). Enriched acoustic environment after noise trauma 
abolishes neural signs of tinnitus. Neuroreport, 17(6), 559-563. 

Park, J. S., Cederroth, C. R., Basinou, V., Meltser, I., Lundkvist, G., & Canlon, B. (2016). 
Identification of a Circadian Clock in the Inferior Colliculus and Its Dysregulation by 
Noise Exposure. J Neurosci, 36(20), 5509-5519. doi:10.1523/JNEUROSCI.3616-15.2016 

16 



 
 

  
        

   
 

 
   

       
  

 
     

        
   

 
    

    
    

 
    

       
     

 
     

  
 

    
  

 
 

        
   

 
 

    
     

  
 

    
     

 
 

      
    

 
 

Pienkowski, M., & Eggermont, J. J. (2009). Long-term, partially-reversible reorganization of 
frequency tuning in mature cat primary auditory cortex can be induced by passive 
exposure to moderate-level sounds. Hear Res, 257(1-2), 24-40. 
doi:10.1016/j.heares.2009.07.011 

Pienkowski, M., & Eggermont, J. J. (2010). Passive exposure of adult cats to moderate-level tone 
pip ensembles differentially decreases AI and AII responsiveness in the exposure 
frequency range. Hear Res, 268(1-2), 151-162. doi:10.1016/j.heares.2010.05.016 

Pienkowski, M., Munguia, R., & Eggermont, J. J. (2011). Passive exposure of adult cats to 
bandlimited tone pip ensembles or noise leads to long-term response suppression in 
auditory cortex. Hear Res, 277(1-2), 117-126. doi:10.1016/j.heares.2011.02.002 

Pienkowski, M., Munguia, R., & Eggermont, J. J. (2013). Effects of passive, moderate-level sound 
exposure on the mature auditory cortex: spectral edges, spectrotemporal density, and 
real-world noise. Hear Res, 296, 121-130. doi:10.1016/j.heares.2012.11.006 

Rostock, A., Tober, C., Rundfeldt, C., Bartsch, R., Engel, J., Polymeropoulos, E. E., . . . Wolf, H. H. 
(1996). D-23129: a new anticonvulsant with a broad spectrum activity in animal models 
of epileptic seizures. Epilepsy Res, 23(3), 211-223. 

Salvi, R. J., Wang, J., & Ding, D. (2000). Auditory plasticity and hyperactivity following cochlear 
damage. Hear Res, 147(1-2), 261-274. 

Schecklmann, M., Landgrebe, M., Langguth, B., & Group, T. R. I. D. S. (2014). Phenotypic 
characteristics of hyperacusis in tinnitus. Plos One, 9(1), e86944. 
doi:10.1371/journal.pone.0086944 

Sheppard, A., Hayes, S. H., Chen, G. D., Ralli, M., & Salvi, R. (2014). Review of salicylate-induced 
hearing loss, neurotoxicity, tinnitus and neuropathophysiology. Acta Otorhinolaryngol 
Ital, 34(2), 79-93. 

Sheppard, A. M., Chen, G. D., Manohar, S., Ding, D., Hu, B. H., Sun, W., . . . Salvi, R. (2017). 
Prolonged low-level noise-induced plasticity in the peripheral and central auditory 
system of rats. Neuroscience, 359, 159-171. doi:10.1016/j.neuroscience.2017.07.005 

Sheppard, A. M., Chen, G. D., & Salvi, R. (2015). Potassium ion channel openers, Maxipost and 
Retigabine, protect against peripheral salicylate ototoxicity in rats. Hear Res, 327, 1-8. 
doi:10.1016/j.heares.2015.04.007 

Stolzberg, D., Chen, G. D., Allman, B. L., & Salvi, R. J. (2011). Salicylate-induced peripheral 
auditory changes and tonotopic reorganization of auditory cortex. Neuroscience, 180, 
157-164. doi:10.1016/j.neuroscience.2011.02.005 

17 



 
 

     
 

      
   

 
 

      
        

      
    

 
    

         
    

 
 

   
     

      
 

 
      

   
 

       
 

 
 

     
    

 

 

  

Stypulkowski, P. H. (1990). Mechanisms of salicylate ototoxicity. Hear Res, 46(1-2), 113-145. 

Sun, W., Lu, J., Stolzberg, D., Gray, L., Deng, A., Lobarinas, E., & Salvi, R. J. (2009). Salicylate 
increases the gain of the central auditory system. Neuroscience, 159(1), 325-334. 
doi:10.1016/j.neuroscience.2008.12.024 

Szczepaniak, W. S., & Moller, A. R. (1996). Effects of (-)-baclofen, clonazepam, and diazepam on 
tone exposure-induced hyperexcitability of the inferior colliculus in the rat: possible 
therapeutic implications for pharmacological management of tinnitus and hyperacusis. 
Hear Res, 97(1-2), 46-53. 

Wallhausser-Franke, E., Mahlke, C., Oliva, R., Braun, S., Wenz, G., & Langner, G. (2003). 
Expression of c-fos in auditory and non-auditory brain regions of the gerbil after 
manipulations that induce tinnitus. Exp Brain Res, 153(4), 649-654. doi:10.1007/s00221-
003-1614-2 

Wang, H. T., Luo, B., Huang, Y. N., Zhou, K. Q., & Chen, L. (2008). Sodium salicylate suppresses 
serotonin-induced enhancement of GABAergic spontaneous inhibitory postsynaptic 
currents in rat inferior colliculus in vitro. Hear Res, 236(1-2), 42-51. 
doi:10.1016/j.heares.2007.11.015 

Wang, J., Caspary, D., & Salvi, R. J. (2000). GABA-A antagonist causes dramatic expansion of 
tuning in primary auditory cortex. Neuroreport, 11(5), 1137-1140. 

Wei, L., Ding, D., & Salvi, R. (2010). Salicylate-induced degeneration of cochlea spiral ganglion 
neurons-apoptosis signaling. Neuroscience, 168(1), 288-299. 
doi:10.1016/j.neuroscience.2010.03.015 

Wersinger, E., McLean, W. J., Fuchs, P. A., & Pyott, S. J. (2010). BK channels mediate cholinergic 
inhibition of high frequency cochlear hair cells. Plos One, 5(11), e13836. 
doi:10.1371/journal.pone.0013836 

18 



 
 

 

  

       

 

  

        

        

      

         

       

    

          

          

    

     

      

      

        

    

      

       

      

2 REVIEW OF SALICYLATE-INDUCED HEARING LOSS, NEUROTOXICITY, 

TINNITUS, AND NEUROPATHOPHYSIOLOGY 

Adam Sheppard, Sarah Hayes, Guang-Di Chen, Maximo Ralli, Richard Salvi 

2.1 ABSTRACT 

Salicylate’s ototoxic properties have been well established, inducing tinnitus and a 

sensory hearing loss when administered in high doses. Peripherally, acute dosing of salicylate 

causes a frequency dependent reductions in DPOAEs and CAP amplitudes in low (<10 kHz) and 

high (>20 kHz) frequencies more than mid frequencies (10-20 kHz) which interestingly 

corresponds to the pitch of behaviorally-matched salicylate-induced tinnitus. Chronic salicylate 

dosing affects the peripheral system by causing a compensatory temporary enhancement in 

DPOAE amplitudes and an up-regulation of prestin mRNA and protein expression. Despite 

salicylates antioxidant properties, cultured cochlea studies indicate it also impairs spiral 

ganglion neurons (SGNs) by paradoxically causing an upsurge of superoxide radicals leading to 

apoptosis. Centrally, salicylate alters γ-aminobutyric-acid (GABA) and serotonin mediated 

neurotransmission in the central nervous system (CNS), which results in classical and non-

classical auditory regions showing hyperactivity after salicylate administration. In the auditory 

cortex (AC) and lateral amygdala (LA) neuron characteristic frequencies (CF) shift upward and 

downward to mid frequencies (10-20 kHz) altering tonotopy following salicylate administration. 

Additionally, current source density (CSD) analysis showed enhanced current flow into the 

supergranular layer of the auditory cortex after a high systemic dose of salicylate. In humans, 

auditory perception changes following salicylate or Aspirin, including decreased word 
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discrimination and temporal integration ability. The results of previous studies have partially 

identified the mechanisms that are involved in salicylate-induced tinnitus and hearing loss, 

however to date, some interactions remain convoluted. This review article discusses the 

current knowledge of salicylate ototoxicity and interactions. 

2.2 INTRODUCTION 

The active ingredient in Aspirin, salicylate, is a commonly used antipyretic, analgesic, 

and anti-inflammatory drug. However, consumption in large doses (6-8 grams /day) (Myers & 

Bernstein, 1965) is widely known to induce hearing loss and tinnitus (Cazals, 2000; Cianfrone, 

Pace, Turchetta, Cianfrone, & Altissimi, 2005; Lobarinas, Sun, Cushing, & Salvi, 2004). Originally, 

the influence of salicylate on the auditory system was thought to be temporary, but more 

recent discoveries show that prolonged, high doses of sodium salicylate (SS) can cause 

sustained damage within the inner ear, suppressing the neural output of the peripheral system 

(Chen et al., 2010). In addition, despite salicylate’s antioxidant properties, high doses in vitro 

cause a paradoxical up-regulation of the superoxide radical, leading to apoptosis in spiral 

ganglion neurons (SGN) (Deng, Ding, Su, Manohar, & Salvi, 2013). Unbound salicylate 

concentrations in plasma have a high correlation with the severity of induced hearing loss 

(Cazals, 2000; Day et al., 1989), which saturates at ~40 dB; however, the level of salicylate in 

serum is somewhat less predicative (McFadden, Plattsmier, & Pasanen, 1984a; Mongan, Kelly, 

Nies, Porter, & Paulus, 1973). Since high doses of salicylate can reliably induce hearing loss and 

tinnitus, it is commonly used to study its behavioral, anatomical, physiological, and perceptual 

effects on the auditory system (Cazals, 2000; Jastreboff, Brennan, & Sasaki, 1988; Wallhausser-

Franke et al., 2003). Peripherally, salicylate influences hearing sensitivity in low (<10 kHz) and 
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high (>20 kHz) frequencies more than mid frequencies (10-20 kHz) (Chen et al., 2010). After a 

high dose of salicylate, neuron’s in the central auditory system tuned to low characteristic 

frequencies (CF) in the auditory cortex (AC) shift upward and neuron’s tuned to very high 

frequencies shift downward resulting in an over representation at the mid frequencies 

(Stolzberg, Chen, Allman, & Salvi, 2011). In contrast to the suppressed neuronal output 

peripherally following systemic administration of SS, the AC becomes hyperactive at high levels 

of auditory stimulation (Lu et al., 2011; Stolzberg, Salvi, & Allman, 2012; Sun et al., 2009). 

Alterations to the AC may be due to salicylate’s influence on γ-aminobutyric-acid (GABA) and 

serotonin mediated neurotransmission in the central nervous system (CNS) (Bauer, Brozoski, 

Holder, & Caspary, 2000; Liu et al., 2003; Lu et al., 2011; H. T. Wang, Luo, Huang, Zhou, & Chen, 

2008). Since salicylate is known to alter neurotransmitters located throughout the CNS, non-

classical auditory structures that also respond to sound, like the amygdala, have also shown 

neuronal hyperactivity and CF tuning shifts following systemic administration of salicylate 

(Chen, Manohar, & Salvi, 2012). 

Despite reliable salicylate-induced threshold shifts and tinnitus generation in animal 

models, objective and subjective perceptual alterations in humans appear to be more variable. 

(Cazals, 2000; Hicks & Bacon, 1999; Pedersen, 1974; Young & Wilson, 1982). Over the past 

several years knowledge about the effects that salicylate imposes on the peripheral and central 

auditory system has increased significantly. In this review, we will highlight several of the 

important changes we have identified in the cochlea and central nervous system after 

administering high doses of salicylate sufficient to induce tinnitus and hearing loss. In addition, 
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we will review some in vitro and in vivo data from our lab that highlights the neurotoxic effects 

of salicylate. 

2.3 PERIPHERAL EFFECTS 

2.3.1 Acute Distortion Product Otoacoustic Emissions (DPOAE) 

DPOAE is a measurement used to assess the function of the outer hair cells (OHC) in the 

cochlea. The distortion product is generated by a combination of the electromotile response of 

OHCs mediated by the motor protein prestin and the +80 mV endocochlear potential (Liberman 

et al., 2002; Schmiedt, Lang, Okamura, & Schulte, 2002). The motor protein prestin is part of a 

family of antiporters that transfer anionic molecules across cell membranes (Mount & Romero, 

2004). Prestin, which lines the lateral wall of the OHC, changes shape in response to 

fluctuations in the voltage across the OHC membrane. OHC depolarization causes an axial 

shortening of the OHC whereas hyperpolarization causes OHCs to elongate (Dallos, 2008). 

Sound waves lead to motion of the basilar membrane, depolarization and hyperpolarization 

causes axial motion of the OHCs which results in a frequency-dependent amplification of the 

basilar membrane in response to the incoming sound (Dallos, 2008). Salicylate affects the OHC 

electromotility response by displacing chloride and binding to the anion–binding sites on 

prestin, suppressing the amplification properties of the cochlea (Liberman et al., 2002). Sodium 

salicylate (SS) causes a frequency-dependent reduction in DPOAE (Stolzberg et al., 2011). Figure 

2.1 shows the mean DPOAE input/output (I/O) response of 6 Sprague-Dawley rats under 

ketamine/xylazine (50/6 mg/kg) anesthesia. Prior to SS treatment all six frequencies (2f1-f2= 4, 

5.3, 8, 11, 16, 20 kHz) showed robust responses. However, 2 hours post injection (300 mg/kg, 

i.p.), DPOAEs decreased significantly in the low frequencies (2f1-f2 <11 kHz) and high 
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frequencies (2f1-f2 >16 kHz) but had less influence on the mid frequencies (2f1-f2 11 -20 kHz) 

(Stolzberg et al., 2011). While salicylate caused a significant reduction in DPOAEs indicating a 

sensory hearing loss, animal behavioral models have also indicated that this dose reliably 

induces tinnitus (Bauer, Brozoski, Rojas, Boley, & Wyder, 1999; Jastreboff & Sasaki, 1994; 

Lobarinas et al., 2011; Lobarinas et al., 2004). The significant reduction in low and high 

frequency responses could lead to mid-frequency expansion of the tonotopic map of the AC. 

Interestingly, animal models have indicated that salicylate induced a mid-frequency perception 

of tinnitus (Yang et al., 2007), consistent with the frequency-dependent reduction in DPOAE 

(Stolzberg et al., 2011). 

2.3.2 Chronic Distortion Product Otoacoustic Emissions (DPOAE) 

Chronic salicylate treatment also influences the motor protein prestin. Chronic 

treatment with SS enhanced DPOAE amplitudes and caused an up-regulation in prestin mRNA 

and protein expression (Chen et al., 2010; Yu et al., 2008). Rats were chronically treated over 

two time periods consisting of four days, with a two day rebound period in-between. During 

each period the animals were treated with a systemic injection (300 mg/kg/day) of SS and 

DPOAEs were measured 2-hours post administration. Changes in DPOAE amplitudes were 

normalized to pre-treatment amplitudes. During both treatment periods, DPOAE amplitudes 

were significantly reduced. However, each treatment period was followed by a significant 

rebound enhancement of DPOAE amplitudes compared to pre-treatment amplitudes (Chen et 

al., 2010). There was no change in DPOAE amplitudes after a long duration treatment with 

salicylate at moderate levels (200 mg/kg/day, five days a week, for three weeks) (Chen et al., 

2010). 
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Interestingly, chronic salicylate treatment increases prestin mRNA expression. Adult 

guinea pigs received a systemic injection of SS (200-250mg/kg) twice a day for 2 weeks. Prestin 

mRNA expression progressively increased following daily administrations. Western blots 

indicated an increase in the prestin protein (Yu et al., 2008). Four weeks after cessation of SS 

treatment prestin mRNA levels returned to normal (Yu et al., 2008). These results indicate that 

as a result of chronic high doses of salicylate, the electromotile function of the OHCs is 

enhanced, leading to greater cochlear amplification. Some have hypothesized that tinnitus may 

be generated as a result of an imbalance between IHC and OHC activity (Jastreboff, 1990). The 

up-regulation in prestin seen in the OHCs as a result of chronic high dosing of salicylate may 

cause such an imbalance and contribute to the perception of tinnitus. Indeed, chronic low 

therapeutic doses of aspirin can cause tinnitus alone without hearing loss (Cazals, 2000; 

Eggermont, 2005). However, currently, there are no studies that have indicated an up-

regulation of prestin protein as a result of a chronic, low dose, of salicylate. Taken together, 

these results indicate that chronic high doses of salicylate administration can have long lasting 

effects on cochlear sensory cells, contributing to sensory hearing loss, tinnitus, and possibly 

plastic changes to the central auditory system. 

2.3.3 Acute Compound Action Potential (CAP) 

The first negative peak (N1) of the electrical response from the round window of the 

cochlea in response to a click or tone burst is the compound action potential (CAP), which 

reflects the synchronous onset response of type I auditory nerve fibers that directly connect to 

inner hair cells (IHC) (Fig. 2.2). Salicylate is known to depress the cochlear CAP (Chen et al., 

2010; Stolzberg et al., 2011). Figure 2.3 shows changes that occur in the CAP I/O function to 
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tone bursts (4, 12, 16, & 30 kHz) in rats under ketamine/xylazine anesthesia (50/6 mg/kg, i.p.). 

Sprague-Dawley rats were treated with SS (300 mg/kg, i.p.) or the equivalent dose of saline, and 

two hours later the CAP was measured by placing a silver electrode on the round window. The 

amplification produced by the OHCs results in a non-linear CAP I/O function prior to salicylate 

treatment (compare to dashed lines in Fig. 2.3 which represent a linear relationship). The 

influence of salicylate on the electromotility of OHCs induced a significant threshold shift (I/O 

functions shifted to the right 20-30 dB), reduced the CAP amplitude and creates a more linear 

I/O function. The non-linear relationship was affected most at low (4 kHz) and high frequencies 

(30 kHz) and least at mid frequencies, indicating that cochlear amplification was still largely 

functional at the mid-frequencies (Chen et al., 2010). These results are consistent with DPOAE 

data indicating a frequency-dependent reduction in cochlear amplification. Importantly, CAP 

amplitudes are reduced at high stimulation levels, particularly at 4 and 30 kHz (e.g., amplitude 

decreased from ~90 µV to ~20 µV at 80 dB SPL), where little cochlear amplification is necessary. 

This indicates that salicylate also imposes an acute effect on the IHC and/or SGN (Deng et al., 

2013; Wei, Ding, & Salvi, 2010). 

2.3.4 Chronic Compound Action Potential (CAP) 

High doses of aspirin and SS have long been thought to exert only temporary effects on 

the auditory system; however, recent studies suggest that high doses may induce permanent 

changes. Most in vitro and in vivo studies indicate that prolonged treatment with high doses of 

SS does not damage sensory hair cells in vitro or in vivo; however, it can affect SGNs (Deng et 

al., 2013; Wei et al., 2010; Zheng & Gao, 1996). To determine the effect of chronic salicylate 

treatment on the CAP, 6 rats were administered 200 mg/kg (i.p.) of SS 5 days a week for 3 
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consecutive weeks and a control group was given saline (Chen et al., 2010). CAP I/O functions 

were measured four weeks after cessation of treatment. The SS-treated group showed a slight, 

but significant reduction in CAP amplitudes compared to the control group. CAP I/O functions 

were still non-linear in both groups indicating normal OHC function. However, when amplitudes 

were compared as a function of frequency, low and high frequencies were reduced more than 

mid-frequencies, consistent with the acute effects of SS on OHC functions (Chen et al., 2010). 

Since the CAP was reduced in the chronic treatment group, but sensory cells appeared normal, 

these results imply that SS induced functional or structural damage to SGN. These results are 

consistent with auditory brainstem response (ABR) data showing a reduction of ABR amplitudes 

predominantly at low and high frequencies at high stimulation levels after chronic treatment 

with high doses of SS (Chen et al., 2010). 

2.3.5 Cochlear Microphonic (CM) and Summating Potential (SP) 

The effects of high doses of SS on the CM and SP have also been studied after systemic 

or local application of SS. The CM, generated predominantly by the OHCs in cooperation with 

+80 mV endocochlear potential, largely reflects the flow of potassium ions through the 

stereocilia on the apical pole of the OHCs in response to acoustic stimulation (Raslear, 1974). 

The SP, a sustained DC potential evoked by sound stimulation, is predominantly generated by 

IHCs along with a smaller contribution from OHCs (Durrant, 1998). The effects of salicylate on 

the CM and SP in the guinea pig cochlea have been investigated by cochlear perfusions with 

salicylate followed by recording neural responses to tones (Puel, Bobbin, & Fallon, 1990). The 

CM in response to a 10 kHz tone burst was largely unaffected by cochlear perfusion of salicylate 

(Puel et al., 1990); however, others have found an increase in the CM response to a 1 kHz tone 
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(Fitzgerald, Robertson, & Johnstone, 1993). No significant change in the SP was seen following 

cochlear perfusion in the guinea pig. This functional data suggest that intracochlear perfusion of 

SS has little effect on hair cells. 

2.3.6 Spiral Ganglion Neuron (SGN) 

Recent research has demonstrated that high doses of SS can damage the SGN without 

concurrent damage to cochlear sensory cells (Wei et al., 2010; Zheng & Gao, 1996). In order to 

evaluate the effects of salicylate on the SGN, postnatal day 3 organotypic cultures were treated 

with SS for 48 hours. Hair cells were labeled with Alexa-488 conjugated phalloidin and auditory 

nerve fibers were immunolabeled with a monoclonal antibody targeting class III β-tubulin. SS 

treatment did not induce hair cell loss even at the highest dose of 10 mM; however, the 

peripheral fibers projecting out from the SGN to the sensory cells were decreased in number 

and showed many blebs and breaks which were positively correlated with increases in the dose 

of SS (Wei et al., 2010). Figure 2.4-A shows the peripheral fibers from SGNs cultured under 

normal conditions (Figure 2.4-A1) and after being exposed for 96 h to 3 mM (Figure 2.4-A2), 5 

mM (Figure 2.4-A3) and 10 mM (Figure 2.4-A4) SS. Nerve fibers exposed to SS showed 

fragmentation, blebs, and breaks that increased with the concentration of SS. The mean 

cochleograms in Figure 2.4-B shows the percentages of missing OHC and IHC in control cultures 

and cultures treated with 3, 5 or 10 mM SS. These results indicate that even the highest dose of 

SS does not destroy hair cells (Deng et al., 2013). In addition, recent in vivo studies indicate that 

high doses of SS can lead to SGN degeneration through caspase-mediated apoptosis (Feng et 

al., 2010). Paradoxically, salicylate is a potent antioxidant with neuro- and oto-protective 

properties (Coleman, Huang, Liu, Kopke, & Jackson, 2010; Li et al., 2002). However, high doses 
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of salicylate cause an upsurge of the highly toxic superoxide radical in SGNs but not neighboring 

sensory and supporting cells (Deng et al., 2013). Little or no dihydroethidium (DHE) staining, 

which labels the superoxide radical, was observed in control cultures. In cochlear cultures 

treated with 10 mM SS for 48 hours, a significant amount of DHE staining was observed in 

SGNs, but not in neighboring sensory or support cells (Deng et al., 2013). When cultures were 

treated with 10 mM SS plus 100 µM PyP, a cell permeable superoxide scavenger, they showed 

significantly less SGN damage than those treated with SS alone (Deng et al., 2013). Thus, for 

reasons yet unknown, high doses of SS exert their toxic effects on SGN by selectively increasing 

the production of the superoxide radical in SGN, but not other cells in the inner ear. 

2.3.7 Auditory Nerve (AN) 

Auditory nerve fiber recordings following high doses of SS treatment have yielded 

variable results, which may be a result of the dosage, route of administration or species 

differences. In cats, a significant increase in spontaneous auditory nerve firing was observed 

following an extremely high dose of SS (400mg/kg , i.v.) (Evans & Borerwe, 1982). In contrast, in 

gerbils, a slight but significant reduction in auditory nerve firing rate following a moderate dose 

of SS (200 mg/kg i.p.) was observed in fibers with low characteristic frequencies (CFs), but not 

in fibers with high CFs (Muller, Klinke, Arnold, & Oestreicher, 2003). However, cross 

comparisons between these species is unreliable due to the cats inability to effectively 

metabolize salicylate (Boothe, 1990; Wilcke, 1984). The effects of chronic treatment of 

salicylate on spontaneous auditory nerve activity has also been evaluated (Cazals, Horner, & 

Huang, 1998). The average spectrum of electrophysiological cochleoneural activity (ASECA), a 

measurement of auditory nerve activity, was recorded from the round window in guinea pigs 
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over several weeks of salicylate administration (200mg/kg/day, i.m.). Initially, the ASECA 

decreased in the followings hours after salicylate administration; however, after several days 

this suppression was alleviated and returned to normal levels. Over the following weeks the 

ASECA progressively increased; furthermore, after the cessation of treatment the ASECA 

reversed and progressively decreased to the values measured initially (Cazals et al., 1998). The 

increase in auditory nerve spontaneous activity seen in these studies was suggested as the 

neural correlate of tinnitus (Cazals et al., 1998; Ruel et al., 2008); however, the decrease seen in 

other reports raises questions about this model 

Taken together, the results indicate that salicylate’s effect on the peripheral auditory 

system results primarily in a reduction of auditory sensitivity (threshold shift) caused by the 

frequency-dependent suppression of OHC electromotility. Salicylate’s influence on hearing 

sensitivity was previously thought to be temporary; however, recent data suggest that 

prolonged treatment with high doses of salicylate may lead to sustained OHC dysfunction 

(Chen et al., 2010) and degeneration of SGNs (Deng et al., 2013; Wei et al., 2010). While some 

studies have reported an increase in spontaneous activity in the auditory nerve after SS 

treatment others have reported a decrease or no change (Muller et al., 2003) Thus, it remains 

an open question as to what role auditory nerve spontaneous rates play in tinnitus perception, 

particularly since severe cochlear damage largely abolishes spontaneous activity (Kiang, 

Liberman, & Levine, 1976). 
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2.4 CENTRAL EFFECTS 

2.4.1 Inferior Colliculus (IC) 

The IC was one of the earliest auditory brain regions used to investigate salicylate’s 

effects on the central nervous system (CNS). The main inhibitory neurotransmitter in the CNS, 

γ-aminobutyric-acid (GABA), plays an important role in IC function. GABA-mediated inhibition 

plays a major role in shaping frequency tuning, binaural processing, and intensity coding in the 

IC (Bauer et al., 2000; Faingold, Gehlbach, & Caspary, 1989; Fuzessery & Hall, 1996; 

Sivaramakrishnan et al., 2004). Moreover, SS appears to modulate GABAergic activity indirectly 

by imposing suppressive effects on serotonergic-influenced GABAergic synaptic transmission 

(H. T. Wang et al., 2008). 

Electrophysiological responses in the IC do not show sound-evoked hyperactivity 

following salicylate administration unlike higher levels in the central auditory system (Fig. 2.6-

A)(Sun et al., 2009). However, because the IC response amplitudes are nearly normal at 

suprathreshold levels whereas the CAP responses are reduced, these results imply that some 

compensatory increase in gain occurs after the auditory nerve to restore the IC amplitudes to 

their normal levels. Furthermore, electrophysiological recordings have indicated an increase in 

spontaneous activity in the external nucleus of the IC (eIC) following salicylate administration in 

guinea pigs (Chen & Jastreboff, 1995). In contrast, when recording from the central nucleus of 

the IC (ICc) in anesthetized mice, acute salicylate administration reduced spontaneous activity 

in low frequency neurons (Ma, Hidaka, & May, 2006) similar to what has been reported in gerbil 

auditory nerve (Muller et al., 2003). Thus, different subdivisions of the IC appear to respond 

differently to high doses of SS. 
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2.4.2 Medial Geniculate Body (MGB) 

The MGB of the thalamus is thought to play an essential role in sensory gating of 

auditory stimuli, and therefore has been considered a possible contributor to tinnitus 

perception (Llinas, Ribary, Jeanmonod, Kronberg, & Mitra, 1999). Extracellular recordings in 

vitro have indicated that salicylate can drastically alter the spontaneous firing rate of neurons in 

the MGB, although the direction of change is complex. Approximately 52.4% of neurons 

increased their firing rate after SS treatment while firing rates decreased in approximately 

47.6% of neurons (Basta, Goetze, & Ernst, 2008). Salicylate also induces a slight increase in c-fos 

expression, an activity related protein, in the MGB (Wallhausser-Franke et al., 2003). In order to 

further evaluate the effects of salicylate in the MGB we measured the local field potentials (LFP) 

pre- and post-salicylate (300mg/kg, i.p.). Figure 2.6-B shows the LFP I/O function to tone-bursts 

pre- and 2 hours post-salicylate. Salicylate induced a threshold shift of approximately 20 dB SPL, 

consistent with CAP threshold shifts. The LFP amplitudes were also decreased at low stimulus 

levels but rapidly increased at high intensities. Preliminary recordings from multiunit clusters in 

the MGB also showed an overall increase in discharge rate post-SS treatment. Since the MGB 

provides excitatory inputs to the primary auditory cortex (A1), changes in the MGB are likely to 

significantly impact activity in A1. 

2.4.3 Auditory Cortex (AC) 

The preceding results have demonstrated that not only does salicylate suppress the 

neural output of the peripheral auditory system (Chen et al., 2010), but also alters activity in 

the CNS (Lu et al., 2011; Stolzberg et al., 2011; Sun et al., 2009; Wallhausser-Franke et al., 

2003). The cortex is highly plastic and shows remarkably robust changes in response to systemic 
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salicylate as illustrated by the upsurge in c-fos immunolabeling, a marker of neural activity 

(Wallhausser-Franke et al., 2003). However, electrophysiological studies have found mixed 

results. In some cases, spontaneous firing rates in A1 and the anterior auditory field (AAF) 

decreased slightly post-salicylate (Lu et al., 2011; Yang et al., 2007) whereas secondary auditory 

cortex (A2) showed an increase (Eggermont & Kenmochi, 1998). The A1 neurons mainly receive 

afferent inputs from the lemniscal pathway and A2 neurons receive afferent information from 

the extralemniscal pathway (Huang & Winer, 2000). The reduction in A1 spontaneous firing rate 

following SS treatment may therefore be primarily due to the suppression of neural output 

from the cochlea and classical auditory pathway whereas the enhanced spontaneous firing seen 

in A2 may reflect the changes occurring at both auditory and non-auditory loci in the CNS. LFPs, 

which mainly reflect the pre-synaptic inputs, and spike discharges from multiunit clusters, 

which mainly reflect the outputs from AC, have been evaluated after systemic SS treatment 

(300 mg/kg i.p.) in anesthetized rats. SS enhanced both the sound evoked LFP and multiunit 

spike discharges in the AC following systemic SS treatment (Lobarinas et al., 2006; Sun et al., 

2009; Yang et al., 2007). Figure 2.6-D shows the sound-evoked LFP in AC as a function of 

stimulus intensity. At low stimulation levels the LFP is decreased and the threshold of the I/O 

function is elevated (shifted to the right) approximately 20 dB, which is consistent with 

salicylate’s suppressive effects on the cochlea. In contrast to the reduced amplitudes seen in 

the cochlea, at high stimulation levels the amplitude of the AC LFP is enhanced compared to 

control amplitudes. One factor that may contribute to the enhanced AC amplitudes at 

suprathreshold levels is loss of GABA mediated inhibition. Evidence supporting this view comes 

from studies showing that systemic administration of baclofen, which increases GABAB – 
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mediated inhibition, isoflurane anesthesia which increases GABAA –mediated inhibition, or 

Vigabatrin, which increases the GABA neurotransmitter concentration, can each suppress 

salicylate-induced hyperactivity in the AC (Lu et al., 2011). These results support the hypothesis 

that the salicylate-induced hyperactivity seen in the AC and MGB may be due to a reduction in 

GABA-mediated inhibition (Bauer et al., 2000; H. T. Wang et al., 2008). 

Under normal circumstances, GABAergic circuits help to sharpen the frequency tuning 

of neurons in the AC. However, when GABA-mediated activity is pharmacologically suppressed 

frequency receptive fields (FRFs) may shift or expand. When bicuculline (BIC), a GABA-A 

antagonist, was iontophoretically applied to the AC of chinchillas, it resulted in an expansion of 

neuronal frequency tuning (Wang et al., 2000). The FRFs in the AC are also altered by high 

doses of salicylate, consistent with salicylate’s effects on GABA (Bauer et al., 2000; H. T. Wang 

et al., 2008). Approximately 2.5 hours following systemic SS treatment, there was a frequency-

dependent shift in CF and a widening of AC tuning curves (Stolzberg et al., 2011)This resulted in 

an overrepresentation of mid frequencies (10-20 kHz), which has previously been reported as a 

possible perceptive frequency for salicylate induced tinnitus (Yang et al., 2007). Figure 2.7-A 

shows the CF (x-axis) and CF threshold (y-axis) of each AC neuron pre-salicylate and Figure 2.7-B 

shows the CF and CF-threshold 2 hours post-salicylate (300 mg/kg, i.p.). Many low-CF neurons 

up-shifted their CF to 10-20 kHz whereas many very high CF units down-shifted their high CF 

toward 10-20 kHz. The dramatic shift in FRFs in A1 could be a result of two factors. First, DPOAE 

and CAP data show a frequency-selective reduction in cochlear amplification that was greatest 

at very high and very low frequencies and least at mid-frequencies (Chen et al., 2010) which 

may alter the FRF within A1. Second, the salicylate-induced reduction of cortical inhibition may 
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contribute to the broadening and CF shifts of AC neurons (H. T. Wang et al., 2008; J. Wang, 

Caspary, & Salvi, 2000). 

Similar to other regions of the neocortex, the auditory cortex is comprised of 

approximately six interconnected layers with a multitude of neuron types (Prieto, Peterson, & 

Winer, 1994). An in vitro assessment revealed significant differences in the response of 

different types of neurons in the AC after perfusion with 1.4 mM salicylate. The threshold 

current needed to evoke an action potential was significantly increased and current-evoked 

firing rates in fast-spiking interneurons were greatly depressed, however pyramidal neurons 

appeared unaffected (Su, Luo, Wang, & Chen, 2009). These results indicate that salicylate 

preferentially impairs the function of fast-spiking GABAergic, inhibitory interneurons in specific 

cortical layers (Su et al., 2009). Current source density (CSD) analysis has also been used to 

study the effect of salicylate on stimulus-evoked LFP emanating from different layers of the AC 

in vivo. CSD analysis improves the spatial localization of current sources (hyperpolarization) and 

sinks (depolarization) in different layers of the AC by taking into account the LFPs recorded 

from neighboring electrodes. CSD analysis of sound-driven LFPs from the A1 region of the AC 

showed that systemic salicylate had much greater effects on some layers of the auditory cortex 

than others (Stolzberg, Chrostowski, Salvi, & Allman, 2012). Under normal circumstances, CSD 

maps indicate a large, short latency, monosynaptic, and thalamically-driven sink in the granular 

layer (gSK) and a smaller, longer latency, polysynaptic, intracortically-driven sink in the 

supragranular layers (sSK) (Stolzberg, Chrostowski, et al., 2012). However, after systemic 

administration of salicylate, the sink amplitudes in both gSK and sSK are enhanced significantly 

(Stolzberg, Chrostowski, et al., 2012). Additionally, the peak latency of sSK was reduced 
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indicating more rapid processing in the supragranular layer of A1. The CSD results indicated that 

systemic salicylate significantly altered the intracortical microcircuits in the primary AC 

(Stolzberg, Chrostowski, et al., 2012). 

2.4.4 Local Applications of SS 

To identify the central effects of salicylate independent of peripheral changes, SS was 

locally applied to the AC or the cochlea. Figure 2.8 shows the sound-driven LFP I/O functions in 

the AC before and after local application of SS to the cochlear round window or to the AC. 

When salicylate was locally applied to the round window both the CAP and AC sound-driven 

responses were significantly reduced and the threshold was increased approximately 25 dB 

(Sun et al., 2009) (Figure 2.8-B, C). However, when salicylate was applied locally to the auditory 

cortex (Figure 2.8-A) there was a significant enhancement of the sound driven-response in the 

AC, but no change in threshold (Sun et al., 2009). Figure 2.6-D shows the sound-driven response 

from the AC when salicylate was systemically administered; the threshold shift in AC observed 

with systemic treatment largely originates in the cochlea whereas the hyperactivity in the AC 

originates in the CNS. 

2.4.5 Lateral Amygdala 

Interestingly, nuclei outside of the classical auditory pathway respond to acoustic 

stimuli, and therefore may contribute to auditory functions involved with hearing sensitivity 

and tinnitus perception. The amygdala, part of the limbic system, plays a role in emotional 

regulation and attribution of emotional significance to sensory stimuli (Davis, 1992; Fanselow & 

LeDoux, 1999). Since tinnitus severity is often correlated with an individual’s tolerance, 
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annoyance, stress or depression (Dobie, 2003), the amygdala may play a role in tinnitus. Many 

neurons in the LA produce robust responses to acoustic stimuli and have good neuron 

frequency tuning; however, its tonotopic organization is more complex than that of the AC 

(Chen et al., 2012; Goosens, Hobin, & Maren, 2003; Quirk, Repa, & LeDoux, 1995). Similar to 

what occurs in the AC, systemic administration of SS enhances suprathreshold, sound-driven 

LFPs and alters the tuning and tonotopy of FRFs (Chen et al., 2012). Figure 2.6-C shows the I/O 

response of the LA before and after systemic salicylate treatment. At high intensity levels, the 

sound-driven response of the LA is hyperactive; however, at low intensities, the response is 

suppressed and threshold is elevated (Chen et al., 2012). The threshold shift and suppression of 

low intensity sounds is a reflection of salicylate impairment of OHC amplification (Chen et al., 

2010). Interestingly, local application of salicylate to the LA enhanced suprathreshold, sound-

driven activity in the AC, but did not alter threshold or responses to low intensity sounds in the 

AC (Chen et al., 2012). These findings are consistent with morphological assessments showing 

that A1 has numerous sub-cortical pathways to areas in non-classical auditory regions such as 

the LA and striatum (CPu) (Budinger, Laszcz, Lison, Scheich, & Ohl, 2008). Injection of 

bidirectional fluorescent axonal tracers into A1of the gerbil indicated that 76% of neural 

pathways extend to subcortical structures while only 24% extend to cortical structures 

(Budinger et al., 2008). Taken together, these findings indicate that salicylate not only affects 

the cochlea, but also exert pronounced, widespread and bidirectional effects between the 

central auditory pathway and other regions of the CNS. Thus, the induction of salicylate-

induced tinnitus may involve aberrant neural activity within as well as outside the classical 

auditory pathway. 
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2.5 HUMAN PERCEPTUAL DEFICITS RESULTING FROM SALICYLATE 

Hearing sensitivity, tinnitus and supra-threshold measures of hearing are the three main 

perceptual alterations noticed when humans ingest large amounts of aspirin. Information 

obtained on the effect of large doses of aspirin in human subjects has mainly been obtained 

from suicide attempts, rheumatoid arthritis patients and some psychoacoustic studies 

(McFadden et al., 1984a). 

2.5.1 Hearing Sensitivity 

Some human studies have indicated a moderate dose of aspirin can induce a hearing 

loss of up to ~40 dB in subjects that received 4 g of aspirin/ day for 3-4 days (Pedersen, 1974). 

However, other studies providing similar dosage and time periods (3.9g for 3-4 days) have 

found that the subjects only incurred an average hearing loss of ~15 dB (Cianfrone et al., 2005; 

Mcfadden & Champlin, 1990; McFadden & Plattsmier, 1983; McFadden et al., 1984a). Aspirin 

appeared to influence hearing sensitivity across the human auditory frequency spectrum; 

however, most studies have neglected to evaluate hearing above 8 kHz (Brown, Williams, & 

Gaskill, 1993; Carlyon & Butt, 1993; McFadden et al., 1984a); and some have indicated a greater 

threshold shift in the high frequencies (Janssen, Boege, Oestreicher, & Arnold, 2000; Mccabe & 

Dey, 1965). Spontaneous otoacoustic emissions in subjects that received three 325 mg tablets 

every six hours for 3.75 days were completely abolished (McFadden & Plattsmier, 1984). 

Plasma salicylate levels seem to have a good correlation with the degree of hearing loss for 

serum salicylate concentrations in the range of ~60-300 mg/l (McFadden & Plattsmier, 1983; 

Pedersen, 1974). 
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The effects of extreme doses of aspirin have been evaluated in some cases of attempted 

suicide. In one case, 10 g of ingested aspirin resulted in severe hearing loss and a strong tinnitus 

perception within 22 hours (Janssen et al., 2000). DPOAEs were found to be present during 

aspirin intoxication; however, the responses were linearized, indicating reduced OHC function. 

After recovery, DPOAEs were within normal limits and showed a non-linear response pattern 

indicating that OHC function had been restored (Janssen et al., 2000). The perceptual and 

electrophysiological effects of extreme doses of aspirin (100 aspirin tablets) observed in a 

young adult male included bilateral tinnitus and hearing difficulty. Serum salicylate levels were 

606 mg/L and pure tone audiometry showed a 30 dB HL bilateral hearing loss that was slightly 

worse in the high frequencies (Ramsden, Latif, & O'Malley, 1985). EcochG recordings made 

from electrodes on the promontory of the middle ear and reference electrodes on the forehead 

and mastoid process showed a recruiting, biphasic waveform, indicative of cochlear damage 

and a 50 dB threshold. One day post-ingestion, the patient reported a subjective decrease in 

tinnitus and an improvement in hearing sensitivity. The pure tone audiogram reverted back to 

normal and EcochG recordings showed a normal waveform with a threshold of 20 dB (Ramsden 

et al., 1985). The previous cases suggest that aspirin can reliably impair hearing thresholds at 

extreme doses but at moderate doses the effect on hearing sensitivity is more variable. 

2.5.2 Supra-threshold Effects 

It is apparent that aspirin and/or salicylate cause a sensory hearing loss. It is well known 

that sensory hearing loss can reduce one’s ability to accurately perceive speech in noise even 

when the signal is presented at an individual’s most comfortable level (MCL). Young & Wilson et 

al. (1982) investigated the effects of acetylsalicylic acid on speech discrimination ability in quiet 
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and in the presence of filtered speech spectrum background noise. Measurements were 

obtained at three signal-to-noise ratios (SNRs 0, -4, and -8 dB HL) before and after high doses of 

aspirin. The average results from five subjects demonstrated a significant reduction in speech 

reception ability at the -8 SNR condition (Figure 2.9-A). However, when the subject scores were 

examined individually it was clearly apparent there was large individual variability (Fig. 2.9-B) 

(Young & Wilson, 1982). As shown in Figure 2.9-B, subjects 1 and 2 both showed more difficulty 

discriminating speech in noise following high doses of aspirin even though they showed no 

significant reduction in pure tone threshold or speech discrimination in quiet following aspirin 

ingestion (Young & Wilson, 1982). This study illustrates the variability that salicylate can have 

on auditory perception of supra-threshold stimuli. 

Aside from speech discrimination aspirin can also affect temporal integration. Monaural 

thresholds were measured at 500, 1000, 4000, and 8000 Hz using tone durations between 1 

and 1000 ms. Fourteen subjects given 4 g/day of acetylsalicylate for 3-4 days were evaluated 

before, during and after salicylate treatment (Pedersen, 1974). Figure 2.10 shows the threshold 

difference between long and short duration tones plotted as a function of time. Under normal 

conditions, the threshold of a 500 ms tone is generally 15-20 dB lower than 10 ms tones (Figure 

2.10-B). The improvement of threshold with increasing duration is referred to as temporal 

summation or temporal integration. The neural mechanism for integrating acoustic energy 

over time is thought to arise in a neural integration process located in the central auditory 

system (Zwislocki, 1960) . Treatment with a high dose of salicylate induces a threshold 

elevation, but the threshold shift is greater for long duration tones than short duration tones. 

Consequently the difference in threshold between a 10 ms tone and 500 ms is generally 10 dB 
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or less (Figure 2.10-A) (Pedersen, 1974). The slopes of the threshold-duration functions after 

salicylate treatment are shallower than normal. The threshold elevation is thought to be due to 

cochlear pathology while the decrease in temporal summation is thought to be due to a change 

in integration processes located in the central auditory system. 

Salicylate has an effect on temporal resolution or the ability to detect rapid changes in 

an acoustic signal. One simple measure of auditory temporal resolution is the ability to detect a 

short duration silent interval, or gap, in an ongoing noise. In normal hearing individuals gap 

detection thresholds become shorter (better temporal acuity) with increase in sound intensity 

reaching a minimum gap value around 60 dB SPL. To determine if salicylate would impair 

temporal resolution, five patients were given 3.9g of aspirin (salicylate) a day for a period of five 

consecutive days. The individuals were tested on their ability to accurately identify silent gaps 

in a narrowband background noise centered near 0.5 kHz or 3.5 kHz. Measurements were 

obtained before and during aspirin administration. After salicylate, gap thresholds became 

longer in four of five patients, that is, aspirin-induced hearing loss resulted in poorer (longer 

gap thresholds) temporal resolution (McFadden, Plattsmier, & Pasanen, 1984b). These results 

are consistent with other studies showing presbycusis and noise-induced hearing loss result in 

poor temporal resolution.  

2.6 DISCUSSION 

High doses of aspirin and SS have provided researchers with a powerful tool for inducing 

hearing loss and tinnitus. With short-term administration, the effects appear to be completely 

reversible whereas long-term administration appears to induce a unique form of damage to 
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SGN. While salicylate and aspirin were originally believed to only affect the cochlea, more 

recent studies suggest that it can also have profound effects on the CNS, which should come as 

no surprise given that aspirin is used for relief of pain, headaches and fever. Studies of salicylate 

and aspirin induced ototoxicity have substantially enhanced our knowledge of auditory 

perception and function over the past decades and continues to be a valuable tool for 

investigating hearing loss and tinnitus. However, the mechanisms by which salicylate induces 

tinnitus, cochlear hearing loss and changes the gain of the central auditory pathway is still not 

fully understood. 

2.6.1 Peripheral Frequency Dependency 

Peripherally, salicylate suppresses the electromotile response of the OHC (Chen et al., 

2010) by binding to anion binding sites on the motor protein prestin (Liberman et al., 2002). 

This impairs hearing sensitivity in animals and humans. Salicylate’s effects on OHC amplification 

has frequency-dependent characteristics on DPOAE and CAP measurements in rats with the 

greatest suppressive effects in the low and high frequencies and the least at the mid-

frequencies(Stolzberg et al., 2011) (Chen et al., 2010). However, measurements in humans have 

shown the greatest threshold shift at high frequencies (Janssen et al., 2000; Mccabe & Dey, 

1965). During supra-threshold testing in humans, such as speech recognition in noise, the 

effects of salicylate vary across individuals; some subjects show compromised speech 

recognition at all SNR while others show almost no effect (Young & Wilson, 1982). The 

spectrum of speech is such that consonants contain primarily high frequency sounds, while 

vowels contain primarily low frequencies. If high frequency hearing is compromised due to 

salicylate ototoxicity, then it would also compromise an individual’s ability to effectively 
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discriminate the consonant speech sounds. Surprisingly, there was no apparent correlation 

between the severity of salicylate-induced hearing loss at high frequencies and speech 

recognition scores. In addition, in humans there does not appear to be a frequency-dependent 

effect on temporal integration abilities measured with brief tone audiometry. However, aspirin 

tended to have a greater effect on low-frequency gap-detection threshold than high frequency 

gap threshold. 

2.6.2 Central Hyperactivity and Re-tuning 

Salicylate’s effects on the CNS seem paradoxical in light of the changes seen in the 

cochlea. While salicylate suppressed the neural output of the cochlea at all intensities, it 

enhanced LFPs and sound-driven firing rates at high intensities in the central nervous system. 

CSD analysis indicated that the amplified neural signal in the auditory cortex stems from 

changes in the intra-cortical circuits within A1 (Stolzberg, Chrostowski, et al., 2012). The 

amplitude enhancements seen at high intensities have been well established in the AC 

(Stolzberg et al., 2011; Stolzberg, Chrostowski, et al., 2012; Sun et al., 2009) and recently in 

non-classical auditory structures such as the amygdala (Chen et al., 2012). While systemic 

salicylate did not lead to an amplitude enhancement in the IC, the IC responses were depressed 

much less than those in the cochlea. One interpretation of these results is that some signal 

amplification occurring between the cochlea and the midbrain partially compensates for the 

diminished cochlear output. Since GABAergic inhibition is present in the IC and even lower 

levels of the auditory pathway, any salicylate-induced reduction in GABA-mediated inhibition in 

the brainstem would tend to enhance the incoming signal from the brainstem (Moore & 

Moore, 1987; Sun et al., 2009; Yang et al., 2007). Systemic SS treatment also induced significant 
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CF shifts in the AC as well as the LA, which results in an overrepresentation of mid frequencies 

(Chen et al., 2012; Stolzberg et al., 2011). High and low frequency neurons shift their best 

frequencies downward and upward respectively resulting in an over representation of the mid-

frequencies. The mechanisms that are responsible for the salicylate-induced CF shift are not 

fully understood; however, it is most likely due to two factors. One is salicylate’s frequency-

dependent influence in the periphery which affects mid frequencies less than high and low 

frequencies (Chen et al., 2010). This means that the neural signal being transmitted to central 

auditory structures has the lowest thresholds and largest responses in the mid frequencies. 

Another factor is salicylate’s influence on GABAergic activity. GABA plays a major role in 

maintaining sharp frequency tuning, (J. Wang et al., 2000) and salicylate has been shown to 

suppress serotonin-mediated GABA inhibition (H. T. Wang et al., 2008). These results suggest 

that the salicylate-induced CF shifts seen in the AC and LA may be the result of frequency-

dependent peripheral effects and loss of centrally mediated inhibition that creates a permissive 

environment for retuning the neural circuits in the cortex. 
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FIGURE 2.1: Schematic of mean DPOAE amplitudes plotted as a function of L1 intensity pre-

salicylate treatment, 1 h post-salicylate treatment, and 2 h post salicylate treatment (300 mg/kg 

i.p.). Frequencies (4, 5.3, 8, 11, 16, & 20 kHz) indicated above each panel represent 2f1-f2. 

Acute systemic salicylate administration significantly reduced DPOAE amplitudes in low (4, 5.3, 

8, and 11 kHz) and high (20 kHz) frequencies but not at mid (16 kHz) frequencies. (** P=0.01, 

*** P=0.001, ns=not significant) 
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FIGURE 2.2: High-pass filtered (>11 kHz) CAP response to a 12 kHz tone burst. Bars represent 

N1; response amplitude represents activity stemming from type 1 auditory nerve fibers. N1 is 

measured to represent CAP amplitudes. 
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FIGURE 2.3: CAP I/O function pre- (dotted) and 2 hours post-SS (solid) treatment. Dotted grey 

lines represent linear relationships to the CAP I/O function; the distance between the linear 

lines and CAP I/O functions represents the amount of residual amplification from the OHCs 

(demonstrated in 30 kHz I/O panel). At low (4 kHz) and high (40 kHz) frequencies the CAP I/O 

function becomes more linear than mid frequencies (12 & 16 kHz). The threshold shift is greater 

in the low and high frequencies (~ 30 dB SPL) compared to the mid frequencies (~20 dB SPL). 

CAP I/O functions demonstrate salicylate-induced hearing loss affects the OHC amplification 

properties in a frequency dependent manner, which is consistent with previous findings in 

DPOAE I/O functions. CAP amplitudes at high stimulation levels are reduced even though little 

amplification is needed. This is indicative that salicylate may also affect SGNs. 

49 



 
 

 

 

 

 

 

 

 

 

  

A 

B "' C: en 
"' :E 
,F. 

"' 

48 h Control 
100 

- OHC 
--· IHC 80 ····--·-·--····--·--·-····--·--·--·-········-··········--·-

60 

40 

20 ........................................................ .. 

0 ......._ 

0 
- --= 

50 

% Distance from Apex 

48 h SmM SS 

100 

100..-------------,0H=,,C,,-, 

80 ................................................. .IHC. 

c: 60 en 
~ 
"'- 40 

20 ....................... , .................................. . 

~ 0+--~---.==-~-.;_,.__;_,_~~-1 
0 50 100 

% Distance from Apex 

"' 

48 h 3 mM SS 
100~-------------0H- C~ 

80 ............................................ --· _ _I HC . 

c: 60 en 
~ 

"' 

40 

20 

50 

% Distance from Apex 

48 h 10 mM SS 

100 

100..-------------,0H=,,C,,-, 

80 ............................................ IHC. 

c: 60 en 
~ 
"'- 40 

20 ................................. , ........................ . 

0 ~ 
0 50 100 

% Distance from Apex 

50 



 
 

 

 

 

 

 

 

         

       

               

    

          

    

      

           

     

     

 

 

 

  

FIGURE 2.4: (A) SGN fibers from the middle turn of the cochlea immunolabeled with primary 

antibody against β-tubulin and secondary antibody conjugated to Alexa Fluor 488 in control 

cultures and in 3, 5, and 10 mM SS for 96 hours. In control cultures, nerve fibers demonstrate 

thick healthy fascicles. With increasing concentrations of SS the nerve fibers show increasingly 

more fragmentations and blebs (white arrows), and ultimately nerve fiber disappearance in a 

dose dependent manner. Image obtained from Deng 2013, with permission. (B) Cochleogram 

representing the percentage of sensory cell loss in control cultures and cultures treated with 3, 

5, and 10 mM SS for 48 hours. SGN fibers are degenerated when exposed to SS in a dose 

dependent manner’ however, sensory cell appear structurally unaffected. Republished from 

(Deng et al., 2013) with permission. 
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FIGURE 2.5: The amount of DHE-positive staining in SGNs in control cultures, cultures treated 

with 100 µM PyP alone, 100 µM PyP plus 10 mM SS, and 10 mM SS alone. There was no 

significant difference between the control cultures and cultures treated with PyP alone. The 

percentage of DHE-positive staining in cultures treated with 100 µM PyP plus 10 mM SS was 

significantly larger then than the control or PyP alone cultures ( P<0.05). Cultures treated with 

10 mM SS alone showed significantly more DHE-positive staining than control, PyP alone, and 

PyP plus SS cultures. This demonstrates that cochlear cultures that were exposed to 10 mM SS 

alone for 48 hours showed a significant upsurge in superoxide radical. When 100 µM PyP was 

combined with 10 mM SS there was significantly less superoxide present in the cochlea 

cultures. This indicates that PyP can protect against SS-induced upsurges in superoxide radicals 

that can lead to SGN apoptosis. 
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FIGURE 2.6: The effects of systemic salicylate on the LFP of the IC, MGB, LA, and AC. (A) LFP in 

the IC pre- and 2 hours post- systemic administration of SS (250 mg/kg i.p.). Salicylate did not 

change the amplitudes recorded from the IC; however, an approximately 20 dB SPL threshold 

shift occurred. The threshold shift is most likely due to salicylates suppressive effects on OHC 

electromotive amplification. (B) LFP in the MGB pre- and 2 hour post- systemic administration 

of SS (300 mg/kg i.p.). There was an approximately 20 dB SPL threshold shift. At low stimulation 

levels LFP amplitudes were reduced. This could most likely be attributed to SS suppressive 

effects in the peripheral system. At high stimulation levels LFP amplitudes were enhanced. This 

can most likely be attributed to salicylates inhibitory effects on GABAergic activity. (C) LFP in the 

lateral amygdala pre- and 2 hour post- systemic administration of SS (300 mg/kg i.p.). Results 

were similar to that seen in the MGB, approximately 20 dB SPL threshold shift, reduced LFP 

amplitudes at low stimulation levels, and enhanced LFP amplitudes with high stimulation. (D) 

LFP in the auditory cortex pre- and 2 hour post- systemic administration of SS (300 mg/kg i.p.). 

Again, the results are similar to those seen in the MGB and LA. 
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FIGURE 2.7: (A) Characteristic frequency thresholds obtained from the auditory cortex prior to 

systemic administration of SS. (B) Characteristic frequency thresholds obtained from the same 

location as those displayed in panel A 2.5 hours post systemic administration of SS (300 mg/kg 

i.p.). After the injection, neurons shifted their frequency tuning upward and downward to the 

10-20 kHz frequencies region, causing an over representation in the mid frequencies around 16 

kHz. This pitch has also been identified as a possible pitch for salicylate-induced tinnitus. 
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FIFURE 2.8: Comparison of the effect of salicylate on auditory cortex LFP pre- and post-

salicylate treatment with different administration routes. (A) The effect of salicylate when 

locally administered to the AC surface. Local administration to the AC hyper-activates the 

cortex with no shift in threshold or suppressed LFPs at low stimulation levels. (B) The effect of 

salicylate on the AC LFP when locally administered to the round window of the cochlea. Local 

application to the round window results in decreased LFP amplitudes and significant threshold 

shift in the AC. (C) The effect on CAP when salicylate is locally applied to the round window of 

the cochlea. The results are similar to those seen on the LFP in AC when salicylate is applied 

locally to the round window. This suggests that the threshold shift and suppressed LFP 

amplitudes seen at low stimulation levels after systemic administration of salicylate are caused 

by the effects of salicylate on the cochlea and the enhanced LFP amplitudes seen at high 

stimulation level are a result of salicylates influence on GABAergic neurotransmission in the 

CNS (i.e. LFP of AC when SS is applied locally) 
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FIGURE 2.9: (A) Mean percent correct WRS in noise as a function of SNR. After a high dose of 

Aspirin there was a significant reduction in word discrimination ability at a SNR of -8 dB HL. (B) 

Individual WRS in noise as a function of SNR. When averaged together Aspirin appears to have a 

significant reduction in word discrimination ability in noise; however, when observed 

individually it appears that Aspirin’s effect on word discrimination has large variability. 
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FIGURE 2.10: Schematic of temporal summation alterations following chronic dosing (4g/day 

for 3-4 days) of acetylsalicylate. Temporal summation was tested at 500, 1000, 4000, and 8000 

Hz. (A) Temporal summation ability during salicylate treatment (B) temporal summation 

abilities after cessation of salicylate treatment. After cessation of treatment with 

acetylsalicylate the slope becomes steeper indicating a better threshold for long duration 

tones. The effects of salicylate on temporal summation is most likely directly related to its 

alteration in peripheral hearing sensitivity as these results are similar to those seen in 

presbycusis and acoustic trauma individuals. 
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3 POTASSIUM ION CHANNEL OPENERS, MAXIPOST AND RETIGABINE, 

PROTECT AGAINST PERIPHERAL SALICYLATE OTOTOXICITY IN RATS 

Adam Sheppard, Guang-Di Chen, Richard Salvi 

3.1 ABSTRACT 

Sodium Salicylate (SS) reliably induces a sensorineural hearing loss and tinnitus when 

administered in high doses. Recent animal modeled studies indicate that potassium channel 

openers such as Maxipost and Retigabine (RTG) can block SS- or noise-induced tinnitus 

respectively; however, the origins and mechanisms are poorly understood. Since SS blocks the 

same potassium channels that Maxipost and RTG open, we postulated that these drugs might 

influence peripheral auditory function. To test this hypothesis Maxipost or RTG were 

administered alone or in combination with SS in rats. When administered alone, Maxipost and 

RTG had no effect on distortion product otoacoustic emissions (DPOAE) or compound action 

potentials (CAPs). However when Maxipost or RTG were administered with SS, Maxipost 

prevented the SS-reduced CAP amplitudes at high frequencies (> 20 kHz) and RTG prevented 

SS-reduced CAP amplitudes at low frequencies (≤ 8 kHz). These results suggest that Maxipost 

and RTG can protect against peripheral damage and therefore reduce the incidence of tinnitus. 

3.2 INTRODUCTION 

High-dose sodium salicylate (SS), the active ingredient in aspirin, reliably induces temporary 

sensorineural hearing loss, tinnitus (Jastreboff et al., 1988, Bauer et al., 1999, Lobarinas et al., 

2004, Yang et al., 2007) and hyperacusis (Chen et al., 2014). Consequently, SS is frequently used 

to investigate peripheral and central mechanisms of hearing loss, tinnitus and hyperacusis in 
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animal models. However, despite being used in auditory research for more than 50 years SS’s 

mechanisms of action are still not fully understood. 

SS has a profound influence on the cochlea, including a reduction in OHC electromotility and 

potassium currents. A significant reduction in distortion product otoacoustic emissions 

(DPOAEs) accompanies a high-dose SS injection in rats (Chen et al., 2010, Stolzberg et al., 2011, 

Sheppard et al., 2014). This reduction has been reported as frequency-specific (Stolzberg et al., 

2011). DPOAEs arise from prestin-mediated outer hair cell (OHC) electromotility, supported in 

part by the +80 mV endocochlear potential and high potassium concentration in endolymph 

(Liberman et al., 2002, Schmiedt et al., 2002). SS competitively suppresses the binding of 

chloride to anion binding sites on the motor protein prestin (Oliver et al., 2001, Rybalchenko 

and Santos-Sacchi, 2003), thereby reducing the electromotility of OHCs. SS also blocks 

potassium (K+) currents on cochlear sensory cells. Within inner hair cells (IHCs), SS blocks the 

outward K+ current (I k,f), but does not affect the inward potassium current (Ik,n) in guinea-pigs 

(Kimitsuki et al., 2011). Based on its sensitivity to iberiotoxin and charybdotoxin (BK blockers), 

the K+ current Ik.f represents the large conductance Ca2+- and voltage-activated BK channels 

(Kros and Crawford, 1990, Kros et al., 1998). Within OHCs, SS blocks the K+ channel KCNQ4 

(Kv7.4) in guinea-pig, which has been suggested as the molecular correlate of the potassium 

current Ik.n (Housley and Ashmore, 1992, Wu et al., 2010). K+ channels have different expression 

levels along the tonotopic gradient of the mouse and rat cochlea (Beisel et al., 2000, Kharkovets 

et al., 2000, Hafidi et al., 2005, Engel et al., 2006, Wersinger et al., 2010). Therefore, SS 

blockage of BK or Kv7.4 could contribute to a frequency-dependent reduction in compound 

action potentials (CAPs) or DPOAEs. 
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The K+ ion channel openers BMS-204352 (Maxipost) and Retigabine (RTG) were 

originally developed for stroke (Gribkoff et al., 2001b) and epilepsy (Rostock et al., 1996), 

respectively. However, they also have anxiolytic (Korsgaard et al., 2005), anti-nociceptive 

(Blackburn-Munro and Jensen, 2003, Nodera et al., 2011), and neuroprotective properties 

(Rundfeldt, 1997, Jensen, 2002), resulting from Kv7 and BK K+ channel activation. These 

potassium channels are present in the CNS (Brenner et al., 2005, Korsgaard et al., 2005, Hansen 

et al., 2006, Sausbier et al., 2006) and on cochlear hair cells of mice and rats with varying 

expression along the tonotopic gradient (Beisel et al., 2000, Hafidi et al., 2005, Kharkovets et 

al., 2006). Mutations in four of five known Kv7 potassium channel subunits cause human-

inherited diseases, some of which are characterized by central hyperactivity and peripheral 

deafness (Maljevic et al., 2010). Since tinnitus has been hypothesized as a central hyperactivity 

disorder, potassium channel openers have been evaluated for their efficacy in suppressing SS-

and noise-induced tinnitus in both mice and rats (Lobarinas et al., 2011, Li et al., 2013). 

Maxipost eliminates SS-induced tinnitus in rats (Lobarinas et al., 2011), while RTG prevents 

noise-induced tinnitus in mice (Li et al., 2013).However, these mechanisms are not well 

understood. 

In the present study, we characterize the influence that Maxipost and RTG have on the 

peripheral auditory system alone and in combination with SS using a rat animal model. Since 

Kv7 and BK channels are abundantly expressed in the peripheral system of murine species, and 

are blocked by SS, we hypothesized that Maxipost and/or RTG would enhance the gross 

cochlear potentials alone or in combination with SS. Alterations occurring in the periphery as a 
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result of these drugs can elucidate the role of potassium channels in cochlear function and SS-

induced ototoxicity. 

3.3 MATERIALS AND METHODS 

3.3.1 Subjects 

Seventy-seven male Sprague-Dawley rats (250-500g, Charles River) between the ages of 2-5 

months were used in this study. Animals were housed two per cage, provided free access to 

food and water, and kept on a 12/12 h light-dark cycle. For CAP measurements (n=48), animals 

were randomly assigned into eight groups: Control (n=6), vehicles (Saline n=6, or dimethyl 

sulfoxide (DMSO, n=6), SS (n=6), Maxipost (n=6), RTG (n=6), Maxipost + SS (n=6), and RTG + SS 

(n=6). For DPOAE measurements (n=29), animals were randomly assigned to seven groups: 

vehicles (Saline n=4, or DMSO n=6), SS (n=3), Maxipost (n=4), RTG (n=4), Maxipost + SS (n=4), 

and RTG +SS (n=4). 

3.3.2 Compound Action Potentials 

Rats were anesthetized with a ketamine (60 mg/kg) and xylazine (6mg/kg) injection 

intraperitoneally (i.p.). Body temperature was maintained at 37 ºC using a homoeothermic 

blanket (Harvard Apparatus, Holliston, MA). The animal was placed in a custom head-holder, 

the right bulla was exposed and a small fistula made to access the cochlear round window. A 

Teflon-coated gold wire (76.2 µm in diameter, Cat#75810, A-M System Inc.) ring-electrode was 

placed on the round window and a silver chloride reference electrode was inserted into the 

neck muscles. The tone bursts (2, 4, 6, 8, 12, 16, 20, 24, 30, 35, & 40 kHz) were generated using 

a Tucker Davis Technologies (TDT) real-time processor (RP2.1, System 3, TDT; Alachua, FL). The 
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signal (duration: 20ms; rise/fall time: 1ms) was presented via a high frequency transducer 

crafted from an ACO ½” microphone. Stimulation intensities decreased in 10 dB steps from 80 

dB SPL using a TDT PA5 programmable attenuator. The cochlear response within a 20 ms time 

window was amplified (1000x) with a Grass AC preamplifier (Model P15; West Warwick, RI, 

USA) and filtered online (0.1–50 kHz) using a custom MATLAB program. The CAP component 

was isolated off-line by low-pass filtering 1 kHz below the stimulation frequency. The vertical 

distance between N1 and P1 was measured and used to represent the CAP amplitude. Data 

were plotted and analyzed with GraphPad software. CAP threshold was defined as the stimulus 

intensity that elicited a 4 µV N1 response. Responses were discarded if a reduction in 

stimulation level did not result in reduced amplitude measurement and demonstrated poor 

waveform morphology suggestive of electrical noise. Changes in CAP amplitude I/O functions 

following treatment were tested for significance using two-way ANOVA, and changes in CAP 

thresholds were tested for significance using one-way ANOVA (Prism GraphPad v5). 

3.3.3 Distortion Product Otoacoustic Emissions 

Rats were anesthetized with a ketamine (60 mg/kg) and xylazine (6 mg/kg) injection (i.p.). 

Using a commercial instrument (Intelligent Hearing Systems; Miami, FL), DPOAEs were obtained 

with two primary tones (f1 and f2) presented at an f2/f1 ratio of 1.2. The intensity of f1 (L1) was 

presented 10 dB higher than the intensity of f2 (L2). I/O functions for distortion products 2f1-f2 

were plotted for f2 frequencies of 4, 6, 8.6, 13.2, 16, 24, 30 and 35 kHz using L1 intensities of 

25-80 dB SPL (5 dB steps). I/O functions were analyzed for significance using two-way ANOVA 

(Prism GraphPad v5). 
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3.3.4 Experimental Conditions 

3.3.4.1 Experiment 1: Vehicles (DMSO & Saline) 

Saline was used to dissolve SS and DMSO (Sigma-Aldrich, St. Louis, MO) was used to 

dissolve Maxipost and RTG. One vehicle group was treated with saline alone and the other 

vehicle group was treated with DMSO alone. CAPs and DPOAEs were acquired three hours 

later. 

3.3.4.2 Experiment 2: SS 

SS (Sigma-Aldrich) was dissolved in saline (50 mg/ml), and administered via i.p injection 

(200 mg/kg).This dose reliably induces tinnitus and hearing loss (Lobarinas et al., 2004, 

Stolzberg et al., 2011, Chen et al., 2013, Sheppard et al., 2014). For DPOAEs, a within-subject 

experiment, measurements were made at baseline and three hours post SS. For CAPs, a 

between-group experiment, recordings were performed three hours post SS. 

3.3.4.3 Experiment 3: Maxipost or RTG Alone 

Maxipost (Axon Medchem, 9713 GZ Groningen, The Netherlands) was dissolved in DMSO 

(25 mg/ml) and administered via i.p. injection (10 mg/kg). Previous reports indicate this dose 

eliminated behavioral evidence of SS-induced tinnitus in rats (Lobarinas et al., 2011). RTG 

(Alomone Labs, Har Hotzvim Hi-Tech Park, P.O.Box 4287 Jerusalem 9104201, Israel) was 

dissolved in DMSO (50 mg/ml) and administered via i.p. injection (10 mg/kg). Previous reports 

indicate this dose prevents noise-induced tinnitus in mice (Li et al., 2013). DPOAEs were 

obtained at baseline and again 2 hours post Maxipost or RTG. CAPs were obtained 

approximately three hours post drug administration. 
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3.3.4.4 Experiment 4: Maxipost or RTG +SS 

Maxipost or RTG (10 mg/kg i.p.) was administered ten minutes prior to SS (200 mg/kg i.p.). 

DPOAEs or CAPs were obtained three hours later. 

3.3.5 Compliance 

The research project was performed in accordance with regulations approved by the 

Institutional Animal Care and Use Committee (IACUC, HER05080Y)) at the University of Buffalo 

and was carried out in accordance with National Institute of Health guidelines. 

3.4 RESULTS 

3.4.1 Vehicles 

Figure 3.1A illustrates CAP amplitudes as a function of tone bursts presented at 80 dB SPL 

for control, saline, and DMSO groups. Figure 3.1B illustrates DPOAEs as function of f2 

frequencies with L1 intensity set at 70 dB SPL for control, saline, and DMSO groups. There is no 

significant difference between control and vehicle (saline and DMSO) treated animals. This 

indicates that the vehicles used had no significant impact on peripheral hearing. 

3.4.2 SS 

It is well-established that SS is ototoxic (Chen et al., 2010, Stolzberg et al., 2012, Chen et al., 

2013). Figure 3.2A illustrates that mean (+/-SEM) CAP thresholds were significantly higher than 

saline vehicles by approximately 30 dB SPL across the tested frequency range (two-way ANOVA, 

p=0.0001, F1,10=205). Figure 3.2B illustrates mean (+/-SEM) CAP I/O functions at 6, 20 and 35 

kHz. The average CAP amplitudes decreased significantly at all frequencies three hours post SS 

(two-way ANOVA, 4 kHz p<0.001, F1,2=13.17; 6-40 kHz p<0.0001, F1,4=13-37 ). Figure 3.2C 
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illustrates mean (+/- SEM) DPOAE I/O functions 3 hours post SS. DPOAEs were significantly 

reduced at all tested frequencies (two-way ANOVA, 4-24 kHz p<0.0001, F1,11=18-40; 30 kHz 

p<0.02, F1,7=5.948; 35 kHz p<0.04, F1,11=4.212). These results indicate that SS induced a mild-to-

moderate CAP threshold shift, moderately decreased CAP amplitudes, and mildly reduced 

DPOAEs, indicative of OHC dysfunction.  

3.4.3 Maxipost and RTG Alone 

Figure 3.3A illustrates CAPs at 80 dB SPL as a function of tone bursts and figure 3.3B 

illustrates DPOAEs at L1=70 dB SPL as a function of f2 frequencies for rats treated with 

Maxipost, RTG, or the DMSO vehicle. CAPs and DPOAEs for Maxipost or RTG alone were not 

significantly different from the DMSO vehicle. Similar results were obtained at all other 

measured intensities. These results indicate that Maxipost or RTG alone did not have a 

significant effect on peripheral hearing. 

3.4.4 Maxipost and SS 

Figure 3.5A illustrates mean (+/- SEM) CAP I/O functions at a low (6 kHz), mid (16 kHz), and 

high (35 kHz) frequency for Maxipost + SS and SS alone groups. For reference, data are shown 

for saline and DMSO vehicles. Compared to SS, Maxipost + SS group had significantly enhanced 

mean CAPs at high frequencies > 20 kHz (two-way ANOVA, 20 kHz: p=0.024, F1,4=5.408; 24 kHz: 

p=0.019, F1,5=5.870;. 30 kHz: p=0.0015, F1,2=12.15; 35 kHz: p=0.0001, F1,4=17.64; 40 kHz: 

p=0.025, F1,3=5.354), but not low or mid frequencies ≤16 kHz. Figure 3.4A illustrates CAP 

thresholds for Maxipost + SS and SS alone. Maxipost + SS was not significantly different from SS 

alone (one-way ANOVA, p>.05). Figure 3.5B illustrates mean DPOAE I/O functions for Maxipost 
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+ SS and SS alone. There was no significant difference between Maxipost + SS and SS alone 

(two-way ANOVA, p>.05). Since Maxipost reversed SS-reduced CAP amplitudes, but not 

DPOAEs, these data suggest that Maxipost inhibits SS-induced K+ channel blockage of IHCs in 

the basal high-frequency region of the cochlea. 

3.4.5 RTG + SS 

Figure 3.6A illustrates mean (+/- SEM) CAP I/O functions at a low (6 kHz), mid (16 kHz), and 

high (35 kHz) frequency for RTG + SS and SS alone groups. For reference, data are shown for 

saline and DMSO vehicles. Compared to SS alone, RTG + SS significantly enhanced mean CAPs in 

low frequencies ≤ 8 kHz (two-way ANOVA, 2 kHz: p<0.05, F1,1=6.215; 4 kHz: p<0.05, F1,2=4.84; 6 

kHz: p<0.0001,F1,4=18.92; 8 kHz: p<0.01, F1,3=9.796), but not in mid or high frequencies ≥12 kHz. 

Figure 3.4B illustrates that CAP thresholds in the low frequencies were significantly reduced in 

RTG + SS compared to SS alone (one-way ANOVA, 2 kHz: p<0.01, F3,4=8.899; 4 kHz: p<0.05, F3,4 

=5.462; 6 kHz: p<0.05, F3,4=10.42;8 kHz: p<0.01, F3,4=20.22). Additionally, CAP thresholds were 

not significantly different between saline and RTG + SS (two-way ANOVA, p>.05: 2 kHz, 4 kHz, 6 

kHz, & 8 kHz), indicating that RTG completely reversed the SS-induced threshold shift in low 

frequencies. Figure 3.6B illustrates mean DPOAE I/O functions for RTG + SS and SS alone. 

Results indicate no significant difference between RTG + SS and SS alone in all tested 

frequencies (two-way ANOVA, p>.05). Since RTG reversed SS-reduced CAP amplitudes, but not 

DPOAEs, these data suggest that RTG inhibits SS K+ channel blockage in the apical low-

frequency region of the cochlea. 
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3.5 DISCUSSION  

3.5.1 Salicylate Pathophysiology of Kv7.4 and BK K+ channels 

Previous research using knockout mouse models have determined that BK and Kv7.4 

channel function is essential for normal hearing (Ruttiger et al., 2004, Kharkovets et al., 2006), 

although their direct mechanisms are not well understood. It is speculated that Kv7.4 

modulates the resting potential, and therefore excitation of sensory cells through removal of 

intracellular K+ at the basal pole of OHCs (Kubisch et al., 1999). This theory is supported by the 

basal pole location of Kv7.4 on OHCs (Kharkovets et al., 2000). Salicylate blocks Kv7.4, reduces 

K+ conductance, and subsequently depolarizes guinea-pig OHCs (Wu et al., 2010). This 

depolarization could reduce the net driving force for K+ influx, and subsequently reduce 

electromotility of OHCs (Wu et al., 2010), resulting in increased thresholds. BK channel function 

in the mammalian cochlea is unclear but they may play a role in modulating neurotransmitter 

release (Skinner et al., 2003). This theory is supported by the observation that specific BK 

channel blockers, charybdotoxin (ChTX) and iberiotoxin (IbTX), significantly reduce sound-

evoked cochlear CAPs in guinea pigs (Skinner et al., 2003). Salicylate blocks the IHC BK sensitive 

K+ current IK,f (Kimitsuki et al., 2011), which plays a role in cellular high frequency transduction 

by accelerating membrane repolarization (Kros and Crawford, 1990). This suggests that 

salicylate-induced high-frequency hearing loss is due to blocking BK channels, causing impaired 

IHC repolarization and therefore reduced transmitter release. 

3.5.2 High Frequency Maxipost Protection at BK channels 

Our results suggest that Maxipost protection from SS results from an opening action on 

BK channels in the basal region of the cochlea. BK channels are likely the primary contributor 

80 



 
 

        

              

        

       

       

     

         

         

  

  

        

          

     

        

          

         

          

         

              

         

     

      

since they are blocked by salicylate (Kimitsuki et al., 2011), opened by Maxipost, but not RTG 

(Tatulian et al., 2001, Jensen, 2002, Korsgaard et al., 2005), and are primarily expressed in the 

high frequency region of the cochlea (Kimitsuki et al., 2003, Wersinger et al., 2010). Previous 

studies demonstrate BKα-/- mice develop a progressive high-frequency hearing loss (Ruttiger et 

al., 2004). SS-induced BK channel blockage could impose a similar hearing loss and be reversed 

by treatment with a BK channel opener, such as Maxipost. Figure 3.7A speculates the 

antagonistic influences that SS and Maxipost have on BK channels in the basal region of cochlea 

and illustrates mean CAP waveforms obtained from saline, SS alone, and Maxipost + SS to a 

high frequency stimuli (35 kHz). 

3.5.3 Low Frequency Retigabine Protection at Kv7.4 Channels 

Our results suggest that RTG protection from SS results from an opening action on Kv7.4 

channels in the apical region of the cochlea. Both Maxipost and RTG open Kv7.4 channels 

(Schroder et al., 2001); however, RTG has a higher affinity for Kv7.4 than Maxipost (Schroder et 

al., 2001, Jensen, 2002, Korsgaard et al., 2005). Salicylate blocks OHC Kv7.4 currents (Wu et al., 

2010), which are primarily expressed on OHCs in the apical region of the cochlea (Beisel et al., 

2000). Previous studies indicate that Kv7.4-/- mice develop hearing loss with elevated ABR 

thresholds and reduced DPOAEs (Kharkovets et al., 2006), suggestive of OHC dysfunction. 

Therefore, SS-induced Kv7.4 blockage could impose a similar hearing loss and be reversed by 

treatment with a Kv7.4 channel opener, such as RTG. In contradiction, in the present study, RTG 

failed to reverse SS-reduced DPOAEs, suggesting that RTG protection was not mediated at the 

level of OHCs. Additional studies using more sensitive measures such as whole-cell patch 

clamping are needed for further clarification. Figure 3.7C speculates the antagonistic influence 
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that SS and RTG have on Kv7.4 channels in the apical region of the cochlea and demonstrates 

mean CAP waveforms obtained from saline, SS alone, and RTG + SS to a low frequency stimuli 

(6 kHz). 

3.5.4 Tinnitus and potassium channel openers 

While chronic tinnitus is generated, at least partially, within the CNS (House and 

Brackmann, 1981), the peripheral auditory system plays a role in precipitating tinnitus onset 

(Salvi et al., 2000, Bartels et al., 2007). Therefore, considering the results of the current study, 

Maxipost or RTG might prevent tinnitus generation by reducing peripheral damage. RTG would 

suppress low-frequency tinnitus, while Maxipost, in contrast, would suppress high frequency 

tinnitus. Since SS is believed to induce a high pitched tinnitus (Jastreboff and Sasaki, 1994, 

Lobarinas et al., 2004, Yang et al., 2007), these results explain why Maxipost was effective at 

preventing SS-induced tinnitus (Lobarinas et al., 2011). 

Maxipost and RTG also influence the CNS (Gribkoff et al., 2001b, Brenner et al., 2005, Li 

et al., 2013). Maxipost has cortical neuroprotective properties (Gribkoff et al., 2001a, Jensen, 

2002) and regulates neurotransmitters important for excitation (Jensen, 2002). RTG suppresses 

noise-induced spontaneous hyperactivity in high frequency fusiform cells of the dorsal cochlear 

nucleus in vitro (Li et al., 2013). Therefore, more detailed research is needed to characterize 

the effects that Maxipost and RTG have on central auditory structures involved with tinnitus 

perception. 
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3.6 SUMMARY 

Consistent with previous studies, our results indicate that CAP amplitudes are suppressed 

and thresholds increased three hours after a high dose of SS (Sun et al., 2009, Chen et al., 2010, 

Stolzberg et al., 2011). Recent studies suggest that this observation results in part by SS 

blockage of BK and Kv7.4 K+ channels (Wu et al., 2010, Kimitsuki et al., 2011). Combined 

treatment of Maxipost or RTG with SS partially or completely reversed SS-reduced CAP 

amplitudes and thresholds. Maxipost protection was observed in the basal high frequency 

region (≥20 kHz), and RTG protection was observed in the apical low frequency region (≤8 kHz). 

These results are likely due to (1) the tonotopic dependent expression of K+ channels in the 

cochlea, and (2) the antagonistic influence of SS (blocking K+ channels) and Maxipost or RTG 

(opening K+ channels). 
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FIGURE 3.1 – Vehicles had no impact on peripheral hearing. (A) CAP amplitudes obtained with 

80 dB SPL tone bursts (6, 8, 12, 16, 20, 24, 30, 35, 40 kHz). (B) DPOAEs measured with L1=70 dB 

SPL (f2 = 5.3, 6, 12, 16, 20, 24, 30, 35 kHz). Presented data includes control animals (n=6), and 

vehicles animals, saline (n=6) or DMSO (n=6), (ns= not significant) 
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FIGURE 3.2 – SS significantly reduces peripheral hearing. (A) CAP thresholds (smallest 

detectable response above 4µV) three hours after saline and SS. CAP thresholds are 

significantly increased in the SS group across the frequency spectrum. (B) CAP amplitudes at a 

low- mid- and high- frequency. All amplitudes were significantly decreased in the SS group. (C) 

DPOAEs at a low- mid- and high-frequency. All DPOAEs were significantly decreased in the SS 

group. Circles represent saline group, X’s represent SS group, and dotted lines in DPOAEs (C) 

represent noise floors. (***=p<0.001, **p<0.01, *=p<0.05) 
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FIGURE 3.3 – Maxipost or RTG alone have no impact on CAPs or DPOAEs. (A) CAP amplitudes 

for DMSO vehicle, Maxipost, and RTG alone groups acquired at 80 dB SPL (6, 8, 12, 16, 20, 24, 

30, 35, 40 kHz). (B) DPOAEs obtained with L1= 70 dB SPL (f2 = 5.3, 6, 12, 16, 20, 24, 30, 35 kHz), 

(ns= not significant). 
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FIGURE 3.4- RTG but not Maxipost significantly reduces SS-enhanced thresholds. (A) Illustrates 

CAP threshold shift (DMSO thresholds = 0) for Maxipost + SS and SS. Maxipost did not 

significantly reduce SS enhanced thresholds. (B) Illustrates CAP threshold shift (DMSO 

thresholds = 0) for RTG + SS and SS. RTG + SS thresholds were significantly reduced in the low 

frequencies (2, 4, 6, 8 kHz) when compared to the SS group (one-way ANOVA, 2 kHz: p<.01, 4 

kHz: p<.05, 6 kHz: p<.05, 8 kHz: p<.01) and were not significantly different from vehicle CAP 

thresholds (two-way ANOVA, p>.05, 2 kHz, 6 kHz, and 8 kHz) 
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FIGURE 3.5- Maxipost protects against SS-induced high-frequency amplitude reductions in 

CAPs, but not DPOAEs. (A) CAP amplitudes of Maxipost + SS and SS at a low- mid- and high-

frequency. Maxipost + SS significantly protected against SS-reduced CAP amplitudes in high 

frequencies (two-way ANOVA, ***=p<0.001, ns=not significant). (B) DPOAE amplitudes from 

Maxipost + SS and SS at a low- mid- and high frequency. There was no significant difference in 

DPAOEs (two-way ANOVA, p>.05, ns=not significant). Dashed lines represent saline vehicle and 

dotted lines represent DMSO vehicle for reference. 
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FIGURE 3.6- RTG protects against SS-induced low-frequency amplitude reduction in CAPs, but 

not DPOAEs. (A) CAP amplitudes from RTG + SS and SS at a low- mid- and high-frequency. RTG + 

SS significantly protected against SS-reduced CAP amplitudes in low-frequencies (two-way 

ANOVA, ***=p<0.001, ns=not significant). (B) DPOAEs from RTG + SS and SS at a low- mid- and 

high-frequency. There was no significant difference in DPOAE amplitudes between RTG + SS and 

SS across the frequency spectrum (two-way ANOVA, p>.05, ns=not significant). Dashed lines 

represent saline vehicle and dotted lines represent DMSO vehicle for reference. 
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FIGURE 3.7- SS, Maxipost, and RTGs interaction on tonotopic specific K+ channels, and 

resulting normalized mean CAP waveforms demonstrating SS protection. (A) BK channels are 

primarily expressed in the basal high frequency region of IHCs, SS blocks BK channels, and 

Maxipost opens BK channels. (B) Saline (n=4), SS (n=4), and Maxipost + SS (n=4) normalized 

mean CAP waveforms (35 kHz, 60 dB SPL). SS alone reduces amplitudes while Maxipost + SS 

partially restore amplitudes. (C) Mild expression of BK and Kv7.4 channels in the mid frequency 

region of the cochlea. (D) Saline (n=4), SS (n=4), Maxipost + SS (n=4), and RTG + SS (n=4) 

normalized mean CAP waveforms (16 kHz, 60 dB SPL). SS reduced amplitudes, but Maxipost + 

SS nor RTG + SS restored amplitudes. (E) Kv7.4 channels are primarily expressed in the apical 

low frequency region of OHCs, SS blocks Kv7.4 channels, and RTG opens Kv7.4 channels. (F) 

Saline (n=4), SS (n=4), and RTG + SS (n=4) normalized mean CAP waveforms (6 kHz, 60 dB SPL). 

SS alone reduces amplitudes while RTG + SS fully restore amplitudes. Bar densities represent 

higher channel expression. Waveforms: Dashed black=saline, red=SS, blue=Maxipost + SS, 

green= RTG + SS. 
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4 PROLONGED LOW-LEVEL NOISE INDUCED PLASTICITY IN THE 

PERIPHERAL AND CENTRAL AUDITORY SYSTEM OF RATS 

Adam M. Sheppard, Guang-Di Chen, Senthilvelan Manohar, Dalian Ding, Bo-Hua Hu, 

Wei Sun, Jiwie Zhao, Richard Salvi 

4.1 ABSTRACT 

Prolonged low-level noise exposure alters loudness perception in humans, presumably 

by decreasing the gain of the central auditory system. Here we test the central gain hypothesis 

by measuring the acute and chronic physiologic changes at the level of the cochlea and inferior 

colliculus (IC) after a 75 dB SPL, 10-20 kHz noise exposure for 5 weeks. The compound action 

potential (CAP) and summating potential (SP) were used to assess the functional status of the 

cochlea and 16 channel electrodes were used to measure the local field potentials (LFP) and 

multi-unit spike discharge rates (SDR) from the IC immediately after and one-week post-

exposure. Measurements obtained immediately post-exposure demonstrated a significant 

reduction in supra-threshold CAP amplitudes. In contrast to the periphery, sound-evoked 

activity in the IC was enhanced in a frequency-dependent manner consistent with models of 

enhanced central gain. Surprisingly, one-week post-exposure supra-threshold responses from 

the cochlea had not only recovered, but were significantly larger than normal, and thresholds 

were significantly better than controls. Moreover, sound-evoked hyperactivity in the IC was 

sustained within the noise exposure frequency band but suppressed at higher frequencies. 

When response amplitudes representing the neural output of the cochlea and IC activity at one-

week post exposure were compared with control animal responses, a central attenuation 
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phenomenon becomes evident, which may play a key role in understanding why low-level noise 

can sometimes ameliorate tinnitus and hyperacusis percepts. 

4.2 INTRODUCTION 

The central auditory system is extremely plastic, capable of modifying neural responses 

in a homeostatic manner at multiple stages along the ascending central pathway. These plastic 

changes have been observed following cochlear damage (Salvi et al., 2000, Chen et al., 2007, 

Auerbach et al., 2014) as well as after chronic sound stimulation or deprivation (Formby et al., 

2003). While homeostatic gain control can be beneficial, dysregulated gain enhancement likely 

give rise to perceptual disorders such as subjective tinnitus and hyperacusis (Anari et al., 1999, 

Norena and Chery-Croze, 2007, Zeng, 2013, Auerbach et al., 2014, Schecklmann et al., 2014). 

Sound therapy incorporating low-level noise is often used to manage tinnitus and hyperacusis 

based on the assumption that noise can induce neuroplastic changes that decrease the gain of 

the central auditory system (Formby et al., 2003, Henry et al., 2006b, a, Brotherton et al., 2015, 

Henry et al., 2015). Functional measures indicate that sound therapy can have a positive effect 

on tinnitus and hyperacusis patients; however, the mechanism which drives these improved 

outcomes is still poorly understood. 

A number of studies have indicated that low-level sounds can alter the neural response 

properties of the auditory cortex (AC). A large portion of these studies have been performed in 

cats (Eggermont and Komiya, 2000, Pienkowski and Eggermont, 2009b, a, 2010a, b, Pienkowski 

et al., 2011, Pienkowski and Eggermont, 2012, Munguia et al., 2013, Pienkowski et al., 2013). 

Results from these studies indicate that sound-evoked local field potentials (LFPs), spike 

discharge rates (SDRs) and spontaneous firing rates in the primary auditory cortex (A1) become 
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hypoactive to sound stimulation within the exposure frequency band (tone-pip ensembles, 68-

72 dB SPL) and hyperactive to stimuli near the upper and lower edges of the exposure band 

(Pienkowski and Eggermont, 2010a, b, Munguia et al., 2013). Neurons also shifted their 

characteristic frequencies away from the exposure band frequencies, thereby distorting the AC 

tonotopic map (Pienkowski and Eggermont, 2010a). Likewise, in rats, continuous exposure for 

one month to a broadband noise (4-45 kHz, 60-70 dB SPL) results in disrupted cortical tonotopy 

(Zheng, 2012). In addition to altering neural response amplitudes and tonotopy, abnormal 

temporal processing has also been observed in the AC following a 2 month exposure to low-

level noise bursts (Zhou and Merzenich, 2012). Interestingly, these neuroplastic changes have 

all been reported in absence of peripheral hearing loss. Additional studies have indicated that 

similar neuroplasticity likely occurs at more peripheral auditory loci such as the medial 

geniculate body and inferior colliculus (IC) (Lau et al., 2015a, Lau et al., 2015b). 

At the level of the peripheral auditory system, low-level noise has been shown to alter 

auditory function. In mice that exhibit early onset high-frequency hearing loss, conditioning 

animals with a 70 dB SPL broad band noise (12 h/night) significantly slowed the elevation of 

auditory brainstem response (ABR) thresholds. (Turner and Willott, 1998, Willott and Turner, 

1999). Similarly, when normal-hearing guinea pigs were conditioned with a low-frequency, 

octave band noise (2-4 kHz) at 85 dB SPL for 6 h/day for 10 consecutive days, they 

demonstrated significantly enhanced distortion product otoacoustic emissions (DPOAEs) and 

compound action potential (CAP) amplitudes (Brown et al., 1998, Kujawa and Liberman, 1999). 

These results suggest that conditioning the auditory system with low- or moderate-level noise 

can improve peripheral auditory function. 
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The neuroplastic changes occurring in the auditory pathway after prolonged exposure to 

low-level noise can increase loudness tolerance, presumably by decreasing central auditory gain 

(Formby et al., 2003, Henry et al., 2006b, a, Norena and Chery-Croze, 2007, Munro and Blount, 

2009, Zheng, 2012, Auerbach et al., 2014). However, exactly where these functional changes 

occur along the auditory pathway, and what neural mechanisms are involved in the process 

remains poorly understood. To address this gap in knowledge, and further our understanding 

on the impact that low-level noise can have on the auditory system as a whole, we exposed rats 

for five weeks to 75 dB SPL octave band noise. Afterwards, we measured the 

neurophysiological changes at the level of the cochlea and IC immediately following exposure 

and at one week post-exposure to identify the acute and chronic changes respectively. 

4.3 EXPERIMENTAL PROCEDURES 

4.3.1 Subjects: 

Sixteen male Sprague-Dawley rats (3-4 months old, 300-400 g, Charles River) were used 

in the study. Animals were housed one per cage, provided free access to food and water, and 

kept on a 12/12 h light-dark cycle. The rats were randomly assigned to one of three groups: 

Control group (n=6), Low-Level Noise (LLN) group (n=6), and 1-Week Post-Exposure (1WPE) 

group (n=4). 

4.3.2 Noise Exposure: 

The exposure consisted of a 10-20 kHz octave band noise (OBN) presented at a total 

integrated intensity level of 75 dB SPL for 24 h/d for 5 weeks. The noise was generated with a 

TDT RP2 real time signal processor (Tucker-Davis Technologies) and sent to a power amplifier 
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(Amp 300 AudioSource Inc. or Crown XLS202) connected to a loudspeaker (Fostex FT17H) 

suspended approximately 7.6 cm above the center of the animal’s plastic cage (l = 45.7, w = 

25.4 x h = 20.3 cm) with acoustically transparent wire mesh cover. The noise in each cage was 

calibrated using a sound level meter (Larson Davis System 824) equipped with a free-field ½” 

microphone (model 2540, Larson Davis); the microphone was located at the center of the 

animal’s cage. 

4.3.3 IC Electrophysiology: 

Electrophysiological measurements were obtained from rats in the LLN group 2-8 h post-

exposure. Rats in the 1WPE group were removed from the noise and housed for 1 week in the 

same room as the control group prior to making electrophysiological measurements. The 

control group animals were age matched and housed for approximately the same time (5 

weeks) prior to making the electrophysiological measurements. Details of our 

electrophysiological techniques are described in previous publications (Stolzberg et al., 2011, 

Chen et al., 2012, Chen et al., 2013). Rats were anesthetized with ketamine (60 mg/kg, i.p.) and 

xylazine (6 mg/kg, i.p.) and secured in a stereotaxic apparatus with blunt ear bars. Body 

temperature was maintained at 37 ºC using a homoeothermic blanket (Harvard Apparatus, 

Holliston, MA). The dorsal surface of the skull was surgically exposed and a head bar firmly 

attached to the skull with a bone screw and dental cement. Then the right ear bar was removed 

to allow for sound stimulation to the right ear canal. Using stereotaxic coordinates (Watson and 

Paxinos, 2004), a craniotomy was performed on the dorsal surface of the skull contralateral to 

the right ear to gain access to the IC. The dura was removed, and a linear 16-channel silicon 

microelectrode (A-1x16-10 mm 100-177, NeuroNexus Technologies) was advanced into the 
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contralateral IC using a hydraulic microdrive (FHC Inc., Bowdoin, ME). Several electrode 

penetrations were performed in order to obtain neural responses across the entire tonotopic 

area of the IC. 

Tone bursts (50 ms duration, 1 ms rise/fall time, cosine2-gated) were generated (TDT 

RX6-2, ~100 kHz sampling rate) and presented at a rate of ~3/s through a loud speaker (FT28D, 

Fostex) located 10 cm in front of the right ear. Stimuli were calibrated using the electrical 

output from a sound level meter (Larson Davis, ¼” microphone, model 2520) delivered to a 

custom sound calibration program. Neural responses from tone bursts were acquired at 10 

frequencies (1.0, 1.5, 2.3, 3.5, 5.3, 8.0, 12.1, 18.3, 27.7, and 42.0 kHz) and 11 intensities (0-100 

dB SPL, 10 dB steps, 50 repetitions per frequency-intensity combination). 

LFPs and multi-unit SDRs were acquired simultaneously with a resolution of 40.96 µs 

using a TDT RA16PA preamplifier and RX5 base station (Tucker-Davis Technologies System-3, 

Alachua, FL) and custom MATLAB software (MATLAB R2007b, MathWorks). The LFP was 

extracted by low-pass filtering (2-300 Hz) and was down-sampled online at 610 Hz. LFPs were 

averaged 100 times over a 500 ms time window following stimulus onset, and the root mean 

square (RMS) was measured over a 50 ms time window. Neural discharges were high-pass 

filtered (300-3000 Hz) and spikes were detected by a manually set threshold. Multi-unit spike 

discharges were used to construct peristimulus time histograms (PSTH) in a time window of 200 

ms with a bin width of 1 ms. PSTHs obtained from multiple recording sites from multiple 

animals in the same treatment group were averaged together to obtain a global overview of 

the IC population response. 
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4.3.4 CAP and Summating Potential (SP): 

Immediately after acquiring the IC data, the CAP and SP were collected from the cochlea 

as described previously (Chen et al., 2013, Sheppard et al., 2015). The animal was placed in a 

customized head-holder, the right bulla was exposed and a small fistula made to access the 

cochlear round window. Body temperature was maintained at 37 ºC using a homoeothermic 

blanket (Harvard Apparatus, Holliston, MA). A Teflon-coated silver wire (76.2 µm in diameter, 

Cat#75810, A-M System Inc.) was used to make a ring-electrode which was placed on the 

cochlea’s round window and a silver chloride electrode was inserted into the neck muscles as a 

reference. Tone bursts (2, 4, 6, 8, 12, 16, 20, 24, 30, 35 and 40 kHz, 10 ms duration, 1 ms 

rise/fall time) were generated using a Tucker Davis Technologies (TDT) real-time processor 

(RP2.1, System 3) and presented via a ACO ½” microphone driven in reverse. Stimulus intensity 

was decreased in 10 dB steps from 80 to 0 dB SPL using a TDT PA5 programmable attenuator. 

The cochlear response within a 20 ms time window was amplified (1000x) with a WPI DAM50 

differential amplifier and filtered online (0.1 –10000 Hz) using a custom MATLAB program. The 

vertical distance between N1 and P1 was measured and used to compute CAP amplitude 

(Figure 4.1). The direct current shift from baseline to the positive quasi-steady state response 

was used to determine the SP amplitude (Figure 4.1). CAP threshold was defined as the 

stimulus intensity that elicited a 3 µV N1 amplitude. CAP and SP amplitude input/output (I/O) 

functions and CAP thresholds were tested for significance using the nonparametric Scheirer-

Ray-Hare test in R (Dytham, 2011). 
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4.3.5 IC Neuroanatomy: 

To verify the electrode recording site, electrode position was confirmed with a 

fluorescent dye (DiI, Cat no. 42364, Sigma-Aldrich) as described previously (Chen et al., 2012). 

DiI was applied to the surface of the electrode and allowed to dry prior to insertion into the IC. 

After completing the electrophysiological recordings, the anesthetized rat was decapitated, the 

brain was carefully removed from skull and stored in 10% buffered formalin for 5-7 days, 

immersed in 30% sucrose solution for two days and then immersed in 15% sucrose solution for 

another two days. The brain was cryosectioned (50 µm) in the coronal plane. Sections were 

blocked with normal horse serum and subsequently incubated in primary mouse anti-neuronal 

nuclei (NeuN) monoclonal antibody (1:1000, Chemicon, MAB377). Next, slices were washed 

three times with phosphate buffered saline (PBS) and incubated with a donkey anti-mouse 

secondary antibody conjugated with Alexa Flour 488 (1:1000; Invitrogen, A21202). Finally, 

sections were washed in PBS, mounted on Fisher Superfrost polarized slides and coverslipped 

with Prolong Antifade mounting medium (Invitrogen). Sections were photographed and 

processed with a Zeiss Axio Imager Z1 Microscope equipped with a digital camera, Zeiss 

AxioVision software. Figure 4.2A shows a representative example of the DiI electrode track in 

the inferior colliculus. 

4.3.6 Cochleograms: 

Immediately after decapitating the rat, the round and oval windows were opened and a 

small hole was made at the apex of the cochlea. The cochleae were perfused with succinate 

dehydrogenase (SDH) incubation solution (0.05 M sodium succinate, 0.05 M phosphate buffer 

and 0.05% tetranitroblue tetrazolium) and then immersed in SDH solution for 1 h (37 °C) with 
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additional perfusions occurring approximately once every 15 minutes. The cochlea was then 

fixed in 10% formalin for at least 2 days. Afterwards, the cochleae were decalcified in 7% 

ethylenediamine tetracetic acid (EDTA) solution for three days. Then the entire organ of Corti 

was carefully microdissected out as flat surface preparation. All hair cells with detectable SDH 

staining (Figure 4.2B) were counted from base to apex under a light microscope. Percent hair 

cell loss was obtained by comparing the hair cell counts from animals in the LLN group to 

counts in the control group. 

4.4 RESULTS 

4.4.1 CAP and SP Following LLN Exposure: 

To determine if our low-level noise exposure affected the summed neural output of the 

cochlea we measured the threshold and amplitude of the CAP. To test for changes in sensitivity, 

we compared the CAP thresholds in the control group with those in the LLN group. Mean (+/-

SEM, n=6) CAP thresholds in the control group were lowest (5-8 dB SPL) from 16-20 kHz and 

increased at higher and lower frequencies (Figure 4.3A). Mean (+/-SEM, n=6) CAP thresholds in 

the LLN group were nearly identical to those of the control group at most frequencies above 

and below the 10-20 kHz exposure band, whereas thresholds in the 8-20 kHz region were 

typically 5-11 dB higher than in the controls. Statistical analysis using a nonparametric Scheirer-

Ray-Hare test revealed no significant change in CAP thresholds between control and LLN groups 

(p=0.194). 

To assess peripheral response amplitudes at supra-thresholds levels we measured CAP 

amplitudes at varying frequencies and intensities. CAP amplitudes at supra-threshold levels 

were substantially reduced over a broad frequency range in the LLN group. The greatest 

111 



 
 

           

           

             

              

     

         

            

            

           

      

         

         

             

        

        

      

            

         

        

       

       

      

amplitude reductions occurred at frequencies within and above the 10-20 kHz exposure as 

illustrated by the 20 kHz input/output (I/O) function (Figure 4.3B). At 20 kHz, the CAP amplitude 

at 80 dB SPL was reduced from roughly 180 V in the control group to 75 V (~60% reduction) 

in the LLN group and at 60 dB the amplitude was reduced from 75 V to 43 V (~43% reduction, 

Figure 4.3B). To quantify the reductions across all tested frequencies, we plotted supra-

threshold CAP amplitudes measured at 80 dB SPL (Figure 4.3C). In the control group, CAP 

amplitudes ranged from ~70 V at 8 kHz to roughly 190 V at 20 and 40 kHz. CAP amplitudes in 

the LLN group ranged from ~70 V at low frequencies to ~95 V at high frequencies. CAP 

amplitudes in the LLN group were significantly lower than those in the control group 

(nonparametric Scheirer-Ray-Hare, p<0.0001). To aid visualization, the percent difference in 

CAP amplitude in the LLN group relative to controls was plotted as a function of frequency at 80 

dB SPL with 95% confidence intervals illustrated (Figure 4.3D). CAP amplitudes in the LLN group 

were normal at 2 kHz, but were reduced by ~50-60% at frequencies within and above the 

exposure frequency band. Nonparametric statistical analysis indicated that the percent 

difference in CAP amplitudes was significant for frequencies 12 kHz (p=0.0244), 16 kHz 

(p=0.0432), 20 kHz (p=0.0365), and 24 kHz (p=0.0485). 

To gain further insights related to peripheral changes, we measured the SP, which largely 

reflects the stimulus-evoked DC response of inner hair cells (IHC) (Zheng et al., 1997, Durrant et 

al., 1998). Figure 4.3E presents the mean (+/-SEM, n=6/group) SP amplitudes at 80 dB SPL as a 

function of frequency. At 6 kHz, below the exposure band, SP amplitudes in the LLN group were 

similar to the control group. However, SP amplitudes in the LLN group were significantly lower 

than in controls at frequencies within the 10-20 kHz exposure (nonparametric Scheirer-Ray-
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Hare, p<.01). To aid visualization, the mean percent difference between groups is plotted with 

95% confidence intervals as a function of frequency at 80 dB SPL (Figure 4.3F). The percent 

difference in SP ranged from 60-80% for frequencies within and above the noise exposure 

whereas the reduction was roughly 17% at frequencies below the exposure band. Percent 

differences were found to be significant using a nonparametric statistical analysis at 12 kHz 

(p=0.0428) and 20 kHz (p=0.0322); these changes largely parallel those for the CAP. 

4.4.2 Cochlear Hair Cells: 

To determine if the large CAP and SP amplitude reductions were due to hair cell loss, we 

counted the number of missing IHC and OHC in six rats in the LLN group and three rats in the 

control group. There was no evidence of hair cell loss in either the LLN group or the control 

group. 

4.4.3 IC LFPs following LLN Exposure: 

To obtain a global perspective on how the LLN affected neural responses in the IC, we 

recorded LFPs over a range of frequencies and intensities. At 40 dB SPL (Figure 4.4A), LFP 

amplitudes were consistently larger in the LLN group than controls from 12-27.7 kHz, and 

smaller than controls at 1-4 kHz. To aid in the comparison, LFP amplitudes in the LLN group 

were normalized to controls and plotted as percent difference with 95% confidence intervals 

(Figure 4.4B). LFP amplitudes in the LLN group were ~30-40% larger than control from 12-18.3 

kHz and ~5-30% smaller than controls from 1-4 kHz. These differences were significant when 

analyzed with non-parametric test at frequencies 12 kHz (p=0.047), and 18.3 kHz (p=0.0385) for 

enhancement, and at 1 kHz (p=0.0443) for attenuation. At 60 dB SPL, LFP amplitudes in the LLN 
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group were consistently larger than controls from 12-42 kHz, but smaller than controls from 1-4 

kHz (Figure 4.4C). LFP amplitudes in the LLN group were 30-40% larger than controls from 12-41 

kHz and roughly 5-20% smaller than controls at from 1-4 kHz (Figure 4.4D). A non-parametric 

analysis indicated significant enhancement of the LLN exposed group at 12 kHz (p=0.0434), and 

significant attenuation at 1 kHz (p=0.0446). At 80 dB SPL and at 100 dB SPL, LFP amplitudes in 

the LLN group and control group were nearly the same (Figure 4.4E, G) with no significant 

enhancement or attenuation as indicated with 95% confidence intervals (Fig. 4.4F, H). 

Collectively LFP amplitudes in the LLN group showed evidence of level- and frequency-

dependent hyperactivity in the 40-60 dB range and from 12-18 kHz and hypoactivity at low 

frequencies. 

4.4.4 IC Firing Patterns following LLN exposure: 

To further our global understanding of how LLN affected neural responses within the IC 

we measured multi-unit SDRs over a range of frequencies and intensities. Figure 4.5 illustrates 

the mean post-stimulus time histograms (PSTH) measured from the IC in control (448 multi-

units) and LLN exposed (464 multi-units) animals from moderate to high intensities (40-100 dB 

SPL) at a low, mid, and high frequency. SDRs measured with low-frequency stimulation (2.3 

kHz) were consistently enhanced at high intensity levels (80-100 dB SPL) but suppressed at 

moderate intensity levels (40-60 dB SPL) in LLN exposed rats (Fig. 4.5A). A two-way ANOVA of 

the first 60 ms of the PSTH revealed a significant enhancement of LLN SDRs at high intensity 

levels (100 dB p<.0001; 80 dB p<.0001) and a significant suppression of LLN SDRs at moderate 

intensity levels (60 dB p<.0001; 40 dB p<.0001). When stimulated with a mid-frequency tone 

(12.1 kHz), which was within the noise exposure frequency band (Figure 4.5B), or a high 
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frequency tone (27.7 kHz, Figure 4.7C) SDRs were consistently enhanced at all intensity levels 

(40-100 dB SPL) within 60 ms post-stimulation. Subjective observations of the PSTHs suggests 

that the enhancement is greater when stimulated with a frequency within the noise exposures 

frequency band (Figure 4.5B vs. Figure 4.5C) and greater at higher intensity levels (100 dB vs. 40 

dB). A two-way ANOVA performed on the first 60 ms of the PSTH revealed a significant 

enhancement of LLN SDRs for all intensities stimulated with a mid-frequency (100 dB p<.0001; 

80 dB p<.0001; 60 dB p<.0001; 40 dB p<.0001), and at high frequencies (100 dB p<.0001; 80 dB 

p<.0001, 60 dB p<.0001; 40 dB p<.0001). 

4.4.5 CAP and SP 1WPE: 

To determine if the changes associated with our LLN exposure were long lasting, CAP 

thresholds and amplitudes and SP amplitudes were measured in a group of animals allowed to 

recover from the LLN exposure for a period of one week. To test for changes in sensitivity, we 

compared the CAP thresholds in the control group with those in the 1WPE group (Figure 4.6A). 

Mean (+/-SEM, n=4) CAP thresholds in the 1WPE group were nearly identical to those of the 

control group (n=6) at very high frequencies (35-40 kHz), whereas thresholds in the 2-30 kHz 

region were consistently 5-10 dB lower (improved) than controls. A non-parametric analysis 

indicated that the 1WPE group had significantly better thresholds than controls (nonparametric 

Scheirer-Ray-Hare, p<.05). 

CAP amplitudes at supra-threshold levels were substantially enhanced over a broad 

frequency range in the 1WPE group. At 16 kHz, the CAP amplitude at 80 dB SPL increased from 

approximately 132 V in the control group to 235 V in the 1WPE group (~60% enhancement) 

and at 60 dB the amplitude increased from approximately 75 M to 115 V (~53% 
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enhancement) (Figure 4.6B). To quantify the enhancements across frequency, we plotted the 

supra-threshold CAP amplitudes at 80 dB SPL (Figure 4.6C). In the control group, CAP 

amplitudes ranged from ~70 V at 8 kHz to roughly 190 V at 20 and 40 kHz. CAP amplitudes in 

the 1WPE group ranged from ~150 V at low frequencies to ~250 V at mid frequencies and 

back down to ~200 V at high frequencies. These enhancements were statistically significant 

when compared to controls (nonparametric Scheirer-Ray-Hare, p<.01). To aid in the 

visualization of this effect, the percent difference in CAP amplitude in the 1WPE group relative 

to controls was plotted with 95% confidence intervals as a function of frequency (Figure 4.6D). 

CAP amplitudes in the 1WPE group were enhanced approximately 200% at very low frequencies 

and ~30-50% enhancement at frequencies within and above the noise exposure frequency. 

Enhancements were found to be significant at lower frequencies using a nonparametric analysis 

(2 kHz p=0.0048; 4 kHz p=0.0049; 6 kHz p=0.0338; 8 kHz p=0.017) 

To further understand how chronic LLN affects the cochlea we measured the SP response 

at 1WPE and compared the values to controls. At 1WPE SP amplitudes had recovered to control 

amplitude levels. Figure 4.6E presents mean (+/- SEM, n=4) SP amplitudes for the 1WPE and 

controls (n=6) at 80 dB SPL. Mean SP amplitudes from 1WPE group were consistently larger 

than controls at all measured frequencies. To aid in visualizing this effect we plotted the 

percent difference in amplitudes with 95% confidence intervals as a function of frequency 

(Figure 4.6F). Enhancement was found to be significant with a nonparametric test at 8 kHz 

(p<0.001) 
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4.4.6 IC LFPs 1WPE: 

To determine if changes in LFP response amplitudes were sustained or disappeared with 

time, we again measured LFPs at 1WPE over a range of frequencies and intensities. At 40 and 

60 dB SPL (Figure 4.7A, C), LFP amplitudes were consistently larger in the LLN group compared 

to controls from 3.5-18.3 kHz, and nearly identical at 80 and 100 dB (Figure 4.7E, G). To aid in 

this comparison, LFP amplitudes were normalized to control amplitudes and plotted as percent 

differences with 95% confidence intervals (Figure 4.7B, D, F & H). At 40 and 60 dB SPL LFPs were 

~15-30% larger than controls from 3.5-27.7 kHz (Figure 4.7B, D). At 80 dB SPL, LFPs were ~15-

30% larger from 1-3 kHz and ~20% larger from 12.1-18.3 kHz (Figure 4.7F), and nearly identical 

at 100 dB SPL. Despite the relatively large percent differences at low and moderate intensities, 

only one frequency at 60 dB was significantly different from controls (12.1k Hz, p=0.0476). 

4.4.7 IC Firing Patterns 1WPE: 

To determine if neural response in the IC had recovered, we again analyzed the multi-

unit SDRs over the same range of frequencies and intensities in the 1WPE group (320 multi-

units). Figure 4.8 illustrates the post-stimulus time histograms (PSTH) measured from the IC in 

controls and 1WPE animals from moderate to high intensities at a low-, mid-, and high-

frequency. SDRs measured with low-frequency stimulation (2.3 kHz) were significantly 

enhanced at all intensities (100 dB p<0.0001; 80 dB p<0.0001; 60 dB p<0.0001; 40 dB 

p<0.0001). When stimulated with a mid-frequency tone (12.1 kHz), the enhancement 

previously observed immediately after the LLN exposure was present for intensity levels 60-100 

dB SPL (Figure 4.8B). This enhancement, although smaller than the enhancement observed 

immediately after the LLN exposure (Figure 4.7B), still reached statistical significance with a 
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two-way ANOVA performed on the first 60 ms post-stimuli (100 dB p<0.0001; 80 dB p<0.0001; 

60 dB p<0.0001). When stimulated with a high frequency tone (27.7 kHz) SDRs were 

significantly hypoactive compared to controls at intensity levels of 60-100 dB (two-way ANOVA, 

100 dB p<0.0001; 80 dB p<0.0001; 60 dB p<0.0001). 

4.5 DISCUSSION 

The central auditory system is extremely plastic, capable of altering sound-evoked 

response amplitudes at multiple nuclei along the auditory pathway following changes in the 

peripheral system (Salvi et al., 2000, Chen et al., 2013, Auerbach et al., 2014, Sheppard et al., 

2014). This homeostatic gain control within the auditory system can be beneficial for listeners, 

allowing for ease of communication in a variety of listening environments such as with 

background noise. However, if such gain becomes dysregulated, it is likely to result in 

perceptual consequences such as tinnitus and hyperacusis (Anari et al., 1999, Norena, 2011, 

Schecklmann et al., 2014). Management for such disorders often incorporates LLN for sound 

therapy techniques under the assumption that LLN induces neuroplastic changes which reduce 

dysregulated hyperactivity within the central auditory system (Henry et al., 2006a, b, 

Brotherton et al., 2015). However, the neural mechanisms and location along the auditory 

pathway in which this occurs is poorly understood. To address these issues we exposed rats to a 

LLN for a period of five weeks and then collected sound-evoked physiological measures at the 

cochlea and IC immediately after the noise and at a one week post-exposure time point; these 

results were compared to control animal responses. Immediately after the LLN exposure, 

response from the cochlea were dramatically reduced in a frequency-dependent manner and IC 

LFPs and SDRs were enhanced at mid-high frequencies and reduced at lower frequencies in a 
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level-dependent manner. At 1WPE, cochlear responses not only recovered but were larger than 

those from control animals. In the IC, hyperactivity in LFP and SDRs was sustained within the 

noise exposure frequency band and appeared to spread to lower frequencies; reduced LFPs and 

SDRs recovered in low frequency regions, and enhanced LFPs and SDRs in high frequency 

regions were significantly reduced at 1WPE. 

4.5.1 Cochlear Responses and Hair Cells 

Detailed measures were obtained from the cochlea to determine the acute and chronic 

influences of LLN on the peripheral auditory system. Immediately after the LLN exposure, rats 

displayed a dramatic reduction in supra-threshold CAP amplitudes within and above the noise 

exposure frequency band. There was a slight increase in CAP thresholds, but this did not reach 

statistical significance. These observations indicate that there is a significant reduction in the 

neural output of the peripheral auditory system following the LLN exposure, but this did not 

have a significant influence on thresholds. Surprisingly, at 1WPE CAP amplitudes had not only 

recovered, but exceeded control levels. This resulted in a significant improvement in CAP 

thresholds, suggesting enhanced hearing acuity at 1WPE. To gain further insights into the 

mechanism contributing to this fluctuation in neural output, we assessed test for hair cell loss 

and analyzed the SP response from the cochlea, which primarily represents the stimulus-

evoked response from IHCs (Zheng et al., 1997, Durrant et al., 1998). There was no loss of IHCs 

or OHCs when compared to controls using a SDH stain. However, there was a significant 

reduction and enhancement in SP amplitudes which paralleled the CAP amplitude changes. 

These observations suggest that the changes in cochlear sensitivity does not stem from hair cell 

loss, but rather from changes in mechanisms that modulate the afferent signal strength. Some 
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plausible mechanisms that may contribute to these cochlear changes are 1) activity induced 

synaptic re-scaling at the level of IHCs and type I afferents (Chen et al., 2007), 2) modulation of 

the afferent signal via the lateral and medial olivocochlear efferent pathway (LOC, MOC 

respectively) (Groff and Liberman, 2003), or 3) changes in the amplification properties from 

OHCs (Eddins et al., 1999). 

Pre-synaptic ribbons and post-synaptic AMPA receptors are responsible for mediating 

the glutamatergic transmission between IHCs and type I afferents (Parks, 2000, Fuchs et al., 

2003). Post-synaptic AMPA receptors can be down-scaled following acoustic stimulation (Chen 

et al., 2007), and impaired signal efficiency at the synapse can reduce supra-threshold CAP 

amplitudes (Liberman et al., 2015). Therefore, down-scaling of the post synaptic receptor 

density may be partially responsible for the reduced CAP amplitudes immediately following LLN 

exposure. To our knowledge there have been no previous reports of post-synaptic up-scaling of 

AMPA receptors at the level of IHC and type I afferent synapse. However, previous studies have 

found significant up-scaling of AMPA receptors at the level of the cochlear nucleus following 

cochlear ablation (Rubio, 2006). If this phenomenon were to occur at the level of IHC and type I 

afferent synapse, it would provide an explanation for the enhanced CAP amplitudes observed 

at 1WPE. 

It is also possible for CAP amplitudes to be modulated through the cochlear efferent 

system (Groff and Liberman, 2003). MOC efferent fibers primarily synapse on contralateral 

OHCs and inhibit their electromotile response, thereby suppressing the sensitivity of the 

peripheral auditory system and reducing CAP amplitudes (Bruce et al., 2000, Groff and 

Liberman, 2003). Whereas LOC efferents primarily synapse on ipsilateral type I afferent fibers 
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below IHCs, and can either inhibit or enhance CAP amplitudes (Groff and Liberman, 2003). Both 

MOC and LOC efferents can be indirectly stimulated via the IC (Groff and Liberman, 2003). In 

our study, we demonstrate hyperactivity in the IC after LLN exposure; this hyperactivy may 

indirectly activate LOC or MOC efferents, thereby suppressing or enhancing CAP amplitudes. 

Lastly, fluctuations in OHC electromotive properties cannot be ruled out as a contributor 

to the suppressed or enhanced CAP amplitudes. DPOAE amplitudes can be reduced following 

exposure to LLN as low as 64 dB SPL in chinchillas (Eddins et al., 1999), but have also been 

reported as enhanced in guinea pigs following an intermittent (6 h/day) moderate intensity (85 

dB SPL, 2-4 kHz) noise exposure for 10 consecutive days. (Kujawa and Liberman, 1999). 

Enhanced DPOAEs were accompanied by enhanced CAP amplitudes, and DPOAEs showed the 

strongest enhancement in the low-frequency region (Kujawa and Liberman, 1999). It should be 

noted that the strongest CAP amplitude enhancements in our study were also in low-frequency 

regions, suggesting the possible contribution of stronger OHC responses. Future DPOAE 

measurements after LLN may help to elucidate the mechanisms responsible for cochlear 

amplitude reductions and enhancements. 

4.5.2 Adaptive Gain Control 

Central auditory structures, such as the IC, enhance their response to sound when there 

is reduced neural output from the peripheral auditory system (Chen and Jastreboff, 1995, Salvi 

et al., 2000, Munro and Blount, 2009, Sun et al., 2009, Chen et al., 2012, Sheppard et al., 2014, 

Chen et al., 2015, Chambers et al., 2016, Chen et al., 2016); this is commonly known as 

enhanced central gain. The central gain mechanism is thought to function as a compensatory 

mechanism for hearing loss (Chambers et al., 2016). However, if central gain becomes 
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dysregulated it could result in enhanced central gain, which likely gives rise to tinnitus and 

hyperacusis (Salvi et al., 2000, Norena, 2011, Auerbach et al., 2014). Therefore, suppressing 

hyperactivity within the central auditory system is believed to suppress tinnitus and/or 

hyperacusis. Clinically, patients who suffer from tinnitus and hyperacusis often report symptom 

relief with the use of sound therapy (Henry et al., 2006b, a, Norena and Chery-Croze, 2007), 

which typically incorporates some form of LLN or sound amplification. Indeed, cats exposed to 

LLN alone or immediately following a traumatic noise exposure exhibit reduced SDRs and LFPs 

at the level of the AC (Eggermont and Komiya, 2000, Pienkowski and Eggermont, 2009b, a, 

2010a, 2012, Lau et al., 2015b). Our data at the subcortical level of the IC demonstrate 

enhanced sound-evoked responses following prolonged exposure to LLN, which appear to 

conflict with previously published results. However, considering the complex interconnectivity 

and inhibitory capabilities of the cortex, it is theoretically possible to have varying levels of 

activity within sub-cortical auditory nuclei that do not coincide with cortical responses. For 

example, inhibitory neurons located within the AC can preferentially enhance bottom-up 

sensory information, without activating top -down feedback loops (Hamilton et al., 2013). It is 

possible that the enhanced activity we observed at IC could further enhance local cortical or 

thalamocortical inhibitory networks. This theoretical framework has been proposed previously 

(Pienkowski and Eggermont, 2012), but requires further investigation. 

An alternative way of interpreting gain is to view response amplitude changes in relation 

to control animal activity. We have plotted the CAP and IC LFP amplitudes in the LLN exposure 

and 1WPE groups as a percent difference of control animal response amplitudes in order to 

visualize the degree of neural gain occurring between the cochlea and IC (Figure 4.9). Here we 
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categorize the change in response amplitudes of the IC relative to the neural input provided by 

the CAP (i.e., reCAP). At low-frequencies (~2 kHz) there is little change in CAP or LPF amplitudes 

immediately after LLN at 60 and 80 dB SPL and a slight amount of gain present at 40 dB SPL 

(Figure 4.9A). At mid and high frequencies (12 & 40 kHz respectively), CAP amplitudes are 

drastically reduced ~50% whereas LFP are slightly enhanced, ~15% above control amplitudes 

immediately after LLN at all intensity levels (Figure 4.9B, C). These observations suggest the 

presence of enhanced central gain since amplitudes are normal or slightly enhanced at the level 

of the IC despite dramatically CAP amplitudes. At 1WPE, CAP amplitudes were enhanced 

approximately ~200% when evoked with 60-80 dB SPL low-frequency tones, but displayed no 

change in LFP response amplitudes at the level of the IC (Figure 4.9A). Low frequency 

stimulation at lower intensity levels (40 dB SPL) showed no gain change in CAP or IC LFPs 

compared to control levels. Mid and high frequency stimulation at 1WPE resulted in enhanced 

CAP amplitudes and either slightly enhanced, normal, or reduced IC LFP amplitudes when 

compared to control activity (Figure 4.9B,C). These observations are interpreted as central 

attenuation (reCAP) since peripheral responses were always greater than those observed at the 

level of the IC. 

The mechanisms responsible for changes in central gain or attenuation are unclear. One 

well accepted theory is homeostatic plasticity, which describes central gain as a neural 

compensatory mechanism for hearing loss (Auerbach et al., 2014). More recently, 

computational modeling has suggested that the central gain phenomena may result from 

stochastic resonance (Krauss et al., 2016), a phenomenon where signal intensity is enhanced 

with the introduction of noise to a system. This phenomenon has been shown to exist within 
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the auditory system of humans (Zeng et al., 2000), and may play a primary role in the response 

changes observed in the present study. 

4.5.3 Implications for Tinnitus and Hyperacusis Management 

Sound therapy is commonly used to manage both tinnitus and hyperacusis (Henry et al., 

2006a, b, Norena and Chery-Croze, 2007), and frequently incorporates low-level noise (Formby 

et al., 2003, Norena and Chery-Croze, 2007). The physiological correlates responsible for 

improved outcomes with sound therapy in tinnitus and hyperacusis is poorly understood, but is 

thought to occur as a result of alterations in a central gain control mechanism (Munro and 

Blount, 2009). Psychoacoustic studies suggest that the perception of loudness can be adaptively 

re-scaled following prolonged sound deprivation or stimulation (Formby et al., 2003, Norena 

and Chery-Croze, 2007), and others have suggested that adaptive neural gain in the central 

auditory system stems from a homeostatic reaction that initiates at levels more peripheral than 

the auditory cortex (Pienkowski and Eggermont, 2009b). With our system level approach in the 

current study, we are able to observe gross changes in response amplitudes in both the 

peripheral and central auditory system. These changes in response amplitudes suggest a 

peripherally driven homeostatic gain control system. When peripheral responses are reduced, 

IC responses were enhanced, and when peripheral responses were enhanced, IC LFPs were 

always smaller than the enhanced peripheral responses. Such a homeostatic gain control 

mechanism could explain earlier reports of psychoacoustic loudness rescaling (Formby et al., 

2003, Norena and Chery-Croze, 2007), and potentially provide an explanation for why noise 

therapy results in improved outcomes for hyperacusis and tinnitus patients (Henry et al., 

2006b). More detailed studies assessing a variety of noise exposure paradigms and at multiple 
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levels of the ascending auditory pathway is required to gain a full understanding of the neural 

gain mechanism, but could positively influence outcomes that noise therapy has with those 

who suffer from tinnitus and hyperacusis. 

4.6 CONCLUSION 

The auditory system has proven to be extremely plastic in both peripheral and central 

structures (Canlon and Fransson, 1995, Kujawa and Liberman, 1999, Salvi et al., 2000, Chen et 

al., 2007, Chen et al., 2010, Auerbach et al., 2014, Sheppard et al., 2014). However, 

dysregulated gain could lead to auditory perceptual disorders such as hyperacusis and tinnitus, 

(Salvi et al., 2000, Norena and Chery-Croze, 2007, Zeng, 2013, Auerbach et al., 2014, Chen et al., 

2015, Diehl and Schaette, 2015). Low-level sound therapy can be an effective treatment for 

these disorders (Formby et al., 2003, Henry et al., 2006b, a, Norena and Chery-Croze, 2007). 

However, the physiological changes associated with these improved clinical outcomes are 

poorly understood. Our results suggest that prolonged exposure to LLN enables the auditory 

system to re-scale its response amplitudes in a homeostatic fashion and may explain earlier 

reports of loudness re-scaling, and subjective improvements in patients suffering from tinnitus 

and hyperacusis after the use of low-level sound therapy. Further research is required to 

determine the biological mechanism responsible for the physiologic changes, and to assess the 

most effective management technique for patients suffering from tinnitus and hyperacusis. 
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FIGURE 4.1. CAP and SP analysis. Average CAP and SP responses to a 12 kHz tone 

burst with the low pass filter set at 11 kHz. Red lines illustrate measurements used to 

determine CAP and SP amplitude. 
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FIGURE 4.2. Electrode track in IC and SDH-labeled cochlear surface preparation. (A) 

Section from NeuN (green)-labeled IC showing the DiI labeling of electrode track (yellow, 

overlap of red/green). (B) SDH-labeled cochlear surface preparation from rat following 5-week 

exposure to 75 dB SPL, 10-20 kHz noise. Note strong SDH labeling in three rows of outer hair 

cells (OHC) and single row of inner hair cells (IHC). 
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FIGURE 4.3. Noise-induced changes in CAP and SP. (A) Mean (n=6, +/-SEM) CAP 

thresholds. (B) Mean (n=6, +/- SEM) 16 kHz CAP I/O function. (C) Mean (n=6, +/- SEM) CAP 

amplitudes as a function of frequency measured at 80 dB SPL. (D) Percent difference (95% CI) 

between control and LLN induced CAP amplitudes. (E) Mean SP amplitudes (n=6, +/- SEM) as a 

function of frequency measured at 80 dB SPL. (F) Percent difference (95% CI) in SP amplitudes 

between control and LLN induced SP amplitudes. The LLN exposure resulted in a frequency-

specific reduction in CAP and SP responses measured from the peripheral system. 
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FIGURE 4.4 Noise-induced changes in IC LFPs. (A) Mean LFPs obtained at 40 dB SPL 

plotted as a function of frequency. (B) Percentage difference (95% CI) in LFPs obtained at 40 dB 

SPL. (C) Mean LFPs obtained at 60 dB SPL plotted as a function of frequency. (D) Percentage 

difference (95% CI) in LFPs obtained at 60 dB SPL. (E) Mean LFPs obtained at 80 dB SPL plotted 

as a function of frequency. (F) Percentage difference (95% CI) in LFPs obtained at 80 dB SPL. (G) 

Mean LFPs obtained at 100 dB SPL plotted as a function of frequency. (H) Percentage difference 

(95% CI) in LFPs obtained at 100 dB SPL. IC LFPs showed frequency-specific enhanced response 

amplitudes at moderate intensities within the noise exposure frequency band and suppressed 

response amplitudes when stimulated with low-frequencies. 
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FIGURE 4.5 Noise-induced changes in IC multi-unit SDRs. (A) Mean post-stimulus time 

histograms obtained at a low-frequency (2.3 kHz) and at moderate to high intensities (40-100 

dB SPL) plotted as a function of time. SDRs were significantly enhanced at high intensity levels 

(80-100 dB SPL), but significantly reduced at moderate intensity levels (40-60 dB SPL) in the 

Low-Level Noise group (red arrows). (B) Mean post-stimulus time histograms obtained at a mid-

frequency (12.1 kHz) and moderate to high intensities (40-100 dB SPL) plotted as a function of 

time. The LLN group SDRs were significantly enhanced at all intensity levels at mid- frequencies 

(red arrows). (C) Mean post-stimulus time histograms obtained at a high-frequency (27.7 kHz) 

and moderate to high intensities (40-100 dB SPL) plotted as a function of time. The LLN group 

SDRs were significantly enhanced at all intensity levels at high-frequencies (red arrows). 

136 



 
 

 
 

A 
CAP Thresholds 

100 

....I 
a.. 80 
(/) 

p<.05 Noise 
.e, Control 
+ 1WPE 

!g 60 

-c 
o 40 
.c 
u, 

~ 20 .c 
I-

B 

~ 
a> 

"t:J 

Q, Q ,,,.\ , ! I 
\Qi!~ 2/ ~ 1.,..:::: I 
I "-i::::ck / ,__........-- f 

.. .... .... ......... ········' ··...,,,,,·i ·~ ····· ···· ·· ·· ···· ···· ········ ·· ·· ··· ·· ···· ·· ·· ····· 

10 20 30 40 
Frequency (kHz) 

1/0 CAP 16 kHz 

300 

,E 200 1f 
!AA 

a. 
E 
<( 

' 100 
a. 
<( 
u 

f '/ §_,..--2 
.--- g:::=o,....... 

= e::::: e---o• !lj[ I I I I 
0 ~ ~ ~ ~ 

Intensity (dB SPL) 
100 

C 

50 

D 

CAP 80 dB SPL 

i ::: t ~rtl~i"rI=i 
I 100 ft"§./ 2 ........._ / 
~ ' fa 

0 Noise 
0 

0 10 20 30 40 

Frequency (kHz) 

CAP 80 dB SPL 

400 + % Difference 

~"' ft I I I ::: Jtt=-i Jd~l~f-7.i 
Noise 

-100 
10 20 30 40 

Frequency (kHz) 

E 

>300 
-2: 
QI 
-c :5! 200 

-a 
i 100 
Q. 
Cl) 

0 
0 

F 

SP 80 dB SPL 

'/ Noise 0 

10 20 30 

Frequency (kHz) 

SP 80 dB SPL 

40 

600, * • % Difference 

~ 400 i . 
l ": __ ~f--l--t- I 

Noise 
-200 

10 20 30 40 
Frequency (kHz) 

1
3

7
 



 
 

 

 

 

 

 

 

            

            

         

             

          

            

           

            

      

 

 

 

 

  

FIGURE 4.6 Noise-induced changes in CAP and SP at one week post-exposure. (A) Mean 

CAP thresholds in control group (n=6, +/-SEM) and Mean 1WPE (n=4, +/-SEM). (B) Mean 16 kHz 

CAP input/output function in control group and 1WPE. (C) Mean CAP amplitudes as a function 

of frequency measured at 80 dB SPL in the control group and 1WPE. Mean amplitudes were 

significantly higher in the 1WPE group than the control group. (D) Percentage difference (95% 

CI) CAP amplitudes in 1WPE group plotted as a function of frequency. (E) Mean SP amplitudes 

as a function of frequency measured at 80 dB SPL. Mean amplitudes were significantly higher in 

the 1WPE group than the control group. (F) Percentage difference (95% CI) in SP amplitudes in 

1WPE group plotted as a function of frequency. 
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FIGURE 4.7 Changes in IC LFPs at 1WPE. (A) Mean LFPs obtained at 40 dB SPL plotted as a 

function of frequency. (B) Percentage difference (95% CI) in LFPs obtained at 40 dB SPL. (C) 

Mean LFPs obtained at 60 dB SPL plotted as a function of frequency. (D) Percentage difference 

(95% CI) in LFPs obtained at 60 dB SPL. (E) Mean LFPs obtained at 80 dB SPL plotted as a 

function of frequency. (F) Percentage difference (95% CI) in LFPs obtained at 80 dB SPL. (G) 

Mean LFPs obtained at 100 dB SPL plotted as a function of frequency. (H) Percentage difference 

(95% CI) in LFPs obtained at 100 dB SPL. 
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FIGURE 4.8 Changes in IC multi-unit SDRs at 1WPE. (A) Mean post-stimulus time 

histograms obtained at a low-frequency (2.3 kHz) and at moderate to high intensities (40-100 

dB SPL) plotted as a function of time. The 1WPE group SDRs were significantly enhanced from 

40-100 dB SPL (green arrows). (B) Mean post-stimulus time histograms obtained at a mid-

frequency (12.1 kHz) and moderate to high intensities (40-100 dB SPL) plotted as a function of 

time. The 1WPE group SDRs were significantly enhanced from 60-100 dB SPL, but not at 40 dB 

SPL (green arrows). (C) Mean post-stimulus time histograms obtained at a high-frequency (27.7 

kHz) and moderate to high intensities (40-100 dB SPL) plotted as a function of time. The 1WPE 

group SDRs were significantly enhanced from 60-100 dB SPL but not at 40 dB SPL (green 

arrows). 
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FIGURE 4.9 Central Gain/Attenuation Plots – Percent of control CAP and LFP amplitudes 

immediately after LLN exposure and at 1WPE compared to controls. (A) Central 

gain/attenuation changes at ~ 2 kHz. CAP and LFPs are essentially equal to controls at 60 and 80 

dB SPL and 40 dB SPL shows reduction in both CAP and LFPs immediately after LLN. At 1WPE 

CAP amplitudes are enhanced at 60 and 80 dB SPL while LFP are essentially equal to controls 

while at 40 dB SPL CAP amplitudes are normal while LFP are slightly enhanced. (B) Central 

gain/attenuation changes at ~12 kHz in CAP and LFPs. At all intensity levels CAP shows large 

reductions (~ 50%) and LFP show enhancement (~50%) immediately after LLN, suggestive of 

central gain. At 1WPE CAPs are largely enhanced (~70-150%) and LFPs are either enhanced 

(~50%) or normal, suggestive of central attenuation. (C) Central gain/attenuation changes at ~ 

40 kHz. At all intensity levels CAPs show large reductions (~50%) and LFP show enhancement 

(~50%) or normal responses, suggestive of central gain. At 1WPE CAPs show enhancement 

(~50-150%) and LFP are normal or slightly enhanced or suppressed, suggesting a central 

attenuation of the signal 
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5 CIRCADIAN-DEPENDENT EXPOSURE TO LOW-LEVEL NOISE AND 

AUDITORY GAIN CONTROL 

Adam Sheppard, Anaam Alkharabsheh, Guang-Di Chen, Xiaopeng Liu, and Richard Salvi 

5.1 ABSTRACT 

The auditory system has the remarkable ability to re-scale its neural representation of 

sound in a compensatory manner following cochlear pathology or prolonged changes in 

acoustic experience. However, this seemingly positive attribute could have detrimental effects 

leading to the perception of tinnitus and hyperacusis if central gain becomes unregulated. 

Other research suggests that changing acoustic experience with the incorporation of low-level 

noise can ostensible reverse the aberrant enhancement in neural activity, thereby reducing the 

perception of tinnitus or hyperacusis. Even more recently, it was discovered that the auditory 

system is more sensitive to noise-induced changes during active phases of circadian rhythms. 

To test weather low-level changes had the greater ability to reduce central gain during either 

light or dark cycles correlated with the changes in circadian rhythms, we exposed rats to a low-

level 75 dB SPL noise for 12 hours during the light and dark cycles. We found that the 12 h noise 

exposure caused significant reduction in the neural output of the cochlea and neural activity at 

the level of the IC in both a frequency- and intensity-specific manner when compared to 

controls. However, there was no major difference between the light and dark exposed groups. 

These results support the hypothesis that an intermittent low-level noise may be capable of 

reducing the presence of neural correlates thought to generate tinnitus and hyperacusis. 

However, the times of day at which these exposures occur are unlikely to result in different 

outcomes. 
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5.2 INTRODUCTION 

The central auditory system exhibits a remarkable ability to alter its neural activity in 

response to changes in acoustic environments or cochlear pathologies (Auerbach, Rodrigues, & 

Salvi, 2014; Salvi, Wang, & Ding, 2000). Growing evidence suggests these changes result from 

the presence of a neural gain control mechanism that can compensate for the reduced neural 

output from the cochlea resulting from mild to moderate hearing loss, thereby allowing for 

normal loudness perception at supra-threshold levels (Y. C. Chen et al., 2015; Jiang, Luo, 

Manohar, Chen, & Salvi, 2016). However, if central gain becomes dysregulated, it could lead to 

auditory perceptual disorders such as tinnitus, a subjective ringing or buzzing sensation, or 

hyperacusis, intolerance to moderate to loud sounds (Auerbach et al., 2014; Salvi et al., 2000). 

Currently, there is no conclusive cure for tinnitus or hyperacusis, but some patients have 

reported improved outcomes with the use of low-level noise generators (Hanley & Davis, 2008; 

Henry et al., 2006a; Hoare, Searchfield, El Refaie, & Henry, 2014). 

In recent years, a significant body of research has indicated that prolonged exposure too 

low or moderate level noise that ostensibly causes no cochlear hearing loss can suppress 

sound-evoked activity in the cat auditory cortex (Pienkowski & Eggermont, 2009, 2010a, 2010b, 

2012). These neurophysiological results could conceivably explain why the use of low-level 

noise generators suppress tinnitus and/or hyperacusis. Indeed, humans wearing low-level noise 

generators for two weeks demonstrate higher loudness discomfort levels (Formby, Sherlock, & 

Gold, 2003), indicative of greater loudness tolerance. These functional changes are interpreted 

as evidence of alterations in a central gain control mechanism (Auerbach et al., 2014; Munro & 

Blount, 2009; Munro & Merrett, 2013; Norena, 2011). The degree to which central gain can be 
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reduced is likely related to parameters of the noise exposure (Pienkowski & Eggermont, 2010a; 

Pienkowski, Munguia, & Eggermont, 2013). For example, tone-evoked response amplitudes 

from the auditory cortex were more suppressed following exposure to moderate level steep-

sloped noise band passed between 2-4 kHz than a 2-4 kHz shallow sloped noise (Pienkowski et 

al., 2013), and greater suppression occurred within the exposure band following 24-h 

continuous noise versus the 12-h/day exposure (Pienkowski & Eggermont, 2010a). While many 

studies have reported little or no hearing loss from prolonged exposure to low level noise, we 

have found that such exposures greatly reduced the neural responses from the cochlea at 

supra-threshold levels, but enhance neural responses in the inferior colliculus (IC) (Sheppard et 

al., 2017). The enhanced neural responses from the colliculus could conceivably enhance 

loudness and worsen hyperacusis. 

Many organisms physiological function are influenced by zietgebers, external cues that can 

entrain biological rhythms; one of which being the earth’s 24 h light/dark cycle, which largely 

contributes to mammals circadian rhythms. The circadian expression of clock genes within 

peripheral sensory cells, auditory neurons, and the inferior colliculus (IC) suggests the auditory 

system has time-specific sensitivity (Meltser et al., 2014; Park et al., 2016). Surprisingly, when 

nocturnal mice are exposed to a one hour traumatic noise (6-12 kHz at 100 dB SPL) during the 

night (active phase) they exhibit permanent hearing loss, whereas the identical exposure during 

the daytime (inactive phase) only results in temporary hearing loss (Meltser et al., 2014). This 

time-dependent sensitivity is likely related to the otoprotective brain-derived neurotrophic 

factor (BDNF) that is stronger during the daytime than nighttime (Meltser et al., 2014). While 

the IC also expresses BDNF, it fails to demonstrate similar rhythmic response properties to day 
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and night exposures (Park et al., 2016), making the relationship between clock gene expressions 

in the cochlea and IC unclear. Nevertheless, both the cochlea and IC express time-dependent 

clock genes capable of regulating neural activity and therefore maybe capable of modulating 

the susceptibility and gain of the peripheral and central auditory pathway in response to 

prolonged low-level noise exposure. 

To determine how prolonged low-level noise exposures delivered during the active dark 

cycle or quiescent light cycle would affect the peripheral and central auditory system, we 

exposed rats for 5-6 weeks to low-level, octave-band noise presented 12-h per day during the 

dark cycle (7 am-7 pm) or light cycle (7 pm-7 am). Afterwards, we recorded electrophysiological 

responses from the cochlea and inferior colliculus of dark-exposed, light-exposed rats and 

unexposed control rats. We found that prolonged exposure to intermittent (12/d) low-level 

octave band noise depressed the neural responses from the cochlea and inferior colliculus at 

frequencies within and above the octave band noise. Sound-evoked neural responses in the 

inferior colliculus were slightly enhanced at frequencies below the octave band noise at low 

and moderate intensities, but were depressed at high intensities. No major difference was 

observed for dark-exposed versus light-exposed rats. 

5.3 EXPERIMENTAL PROCEDURES 

5.3.1 Subjects: 

Fourteen male Sprague-Dawley rats (3-4 months old, 300-400 g, Charles River) were used 

in the study. Animals were housed one per cage, provided free access to food and water, and 

kept on a 12/12 h light-dark cycle. The rats were randomly assigned to one of three groups: 
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Control group (n=4), Daytime low-level noise (DLLN) group with lights on (n=5), and Nighttime 

low-level noise (NLLN) group (n=5) with lights off. 

5.3.2 Noise Exposure: 

The exposure consisted of a 10-20 kHz octave band noise (OBN) presented at a total 

within band intensity of 75 dB SPL, 12 h/d for 5 weeks. The 12/12 light-dark cycle started and 

ended at the same time animals were exposed to noise. In the DLLN group, the lights and noise 

were on from 7:00 am-7:00 pm whereas in the NLLN group, the lights were off and the noise 

was on from 7:00 pm-7:00 am (Figure 5.1). The octave band noise was generated using Adobe 

Audition version 1.5. The electrical signal from the computer sound card (16 bit D/A, 48 kHz 

sampling rate) was sent to a power amplifier (ART HeadAmp6 Pro) connected to a loudspeaker 

(Fostex FT17H) suspended approximately 7.6 cm above the center of the animal’s plastic cage (l 

= 45.7, w = 25.4 x h = 20.3 cm) that was covered by an acoustically transparent wire mesh 

cover. The noise in each cage was calibrated using a sound level meter (Larson Davis System 

824) equipped with a free-field ½” microphone (model 2540, Larson Davis); the microphone 

was located at the center of the cage during calibration measurements approximately 6 cm 

above the floor of the cage. 

5.3.3 IC Electrophysiology: 

Electrophysiological measurements were obtained from rats between 2-8 h post-

exposure. The control group animals were age matched and housed for approximately the 

same time (5 weeks) prior to making electrophysiological measurements. Details of our 

electrophysiological techniques are described in previous publications (G. D. Chen, Manohar, & 
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Salvi, 2012; G. D. Chen et al., 2013; Sheppard et al., 2017; Stolzberg, Chen, Allman, & Salvi, 

2011). Rats were anesthetized with ketamine (60 mg/kg, i.p.) and xylazine (6 mg/kg, i.p.) and 

secured in a stereotaxic apparatus with blunt ear bars. Body temperature was maintained at 37 

ºC using a homoeothermic blanket (Harvard Apparatus, Holliston, MA). The dorsal surface of 

the skull was surgically exposed and a head bar firmly attached to the skull with a bone screw 

and dental cement. Then the right ear bar was removed to allow for sound stimulation to the 

right ear canal. Using stereotaxic coordinates (Watson & Paxinos, 2004), a craniotomy was 

performed on the dorsal surface of the skull contralateral to the right ear to gain access to the 

left IC. The dura was removed, and a linear 16-channel silicon microelectrode (A-1x16-10 mm 

100-177, NeuroNexus Technologies) was advanced into the left IC using a hydraulic microdrive 

(FHC Inc., Bowdoin, ME). Several electrode penetrations were performed in order to obtain 

neural responses across the entire tonotopic area of the IC. 

Tone bursts (50 ms duration, 1 ms rise/fall time, cosine2-gated) were generated (TDT 

RX6-2, ~100 kHz sampling rate) and presented at a rate of ~3/s through a loud speaker (FT28D, 

Fostex) located 10 cm in front of the right ear. Stimuli were calibrated using the electrical 

output from a sound level meter (Larson Davis, ¼” microphone, model 2520) delivered to a 

custom sound calibration program. Neural responses from tone bursts were acquired at 20 

frequencies (1.0, 1.2, 1.5, 1.8, 2.2, 2.7, 3.3, 4.0, 4.8, 5.9, 7.2, 8.7, 10.6, 12.9, 15.7, 19.1, 23.3, 

28.3, 34.5, and 42 kHz) and 11 intensities (0-100 dB SPL, 10 dB steps, 50 repetitions per 

frequency-intensity combination). 

Local field potentials (LFPs) and multi-unit spike discharge rates (SDRs) were acquired 

simultaneously with a resolution of 40.96 µs using a TDT RA16PA preamplifier and RX5 base 
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station (Tucker-Davis Technologies System-3, Alachua, FL) and custom MATLAB software 

(MATLAB R2007b, MathWorks). The LFP was extracted by low-pass filtering (2-300 Hz) and was 

down-sampled online at 610 Hz. LFPs were averaged 100 times over a 500 ms window following 

stimulus onset, and the root mean square (RMS) was measured over a 50 ms time window. 

Neural discharges were high-pass filtered (300-3000 Hz) and spikes were detected by a 

manually set threshold. A two-way ANOVA was used to assess SDR and LFP population 

responses for statistical significance. 

5.3.4 Compound Action Potential (CAP) and Cochlear Microphonic (CM): 

Immediately after acquiring the IC data, the CAP and CM were collected from the cochlea 

as described previously (G. D. Chen et al., 2013; Sheppard et al., 2017; Sheppard, Chen, & Salvi, 

2015). The animal was placed in a customized head-holder, the right bulla was exposed and a 

small fistula made to access the cochlear round window. Body temperature was maintained at 

37 ºC using a homoeothermic blanket (Harvard Apparatus, Holliston, MA). A Teflon-coated 

silver wire (76.2 µm in diameter, Cat#75810, A-M System Inc.) was placed on the round window 

and a silver chloride electrode was inserted into the neck muscles as a reference. Tone bursts 

(2, 4, 6, 8, 12, 16, 20, 24, 30, 35, 40 and 45 kHz, 10 ms duration, 1 ms rise/fall time) were 

generated using a Tucker Davis Technologies (TDT) real-time processor (RP2.1, System 3) and 

presented via a ACO ½” microphone driven in reverse. Stimulus intensity was decreased in 5 dB 

steps from 80 to 0 dB SPL using a TDT PA5 programmable attenuator. The cochlear response 

within a 20 ms time window was amplified (1000x) with a WPI DAM50 differential amplifier and 

filtered online (0.1 –10000 Hz) using a custom MATLAB program. The voltage difference 

between N1 and P1 was measured and used to compute CAP amplitude. CAP threshold was 
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defined as the stimulus intensity that elicited at least a 3 µV N1 amplitude. The CM was 

extracted using a low-pass filter set at 1 kHz below the stimuli frequency; CM amplitudes were 

measured from base to peak of response. CAP and CM amplitude input/output (I/O) functions 

and CAP thresholds were tested for significance using the nonparametric one-way ANOVA. 

5.4 RESULTS 

5.4.1 Compound Action Potentials: 

To determine if either day or night exposure had a significant impact on the neural 

output of the cochlea, we measured CAP thresholds and input/output functions. There was no 

statistically significant difference in CAP thresholds across the DLLN, NLLN and Control groups 

when using a non-parametric one-way ANOVA (Figure5. 2A, p>.05). This suggests that hearing 

acuity remained unaffected by the intermittent 12-h low-level noise paradigm regardless of its 

presentation during either day or night hours. CAP amplitudes were compared at a moderate 

intensity, 40 dB SPL, and high intensity, 80 dB SPL. When CAP amplitudes were evoked with 

supra-threshold 40 dB SPL tones there was a significant reduction in CAP amplitudes in the 

NLLN group compared to Control group (p<.05), but not in the DLLN group versus the Control 

group (Figure 5.2B). However, there was no significant difference between the NLLN group and 

DLLN group (p>.05). CAP amplitudes in both the DLLN and NLLN groups were significantly lower 

than the Control group with 80 dB SPL tones (non-parametric one-way ANOVA test, DLLN 

p<.05, NLLN p<.05). However, there was no significant difference between the NLLN and DLLN 

groups, suggesting that a 12-h intermittent noise exposure can in fact reduce the neural output 

of the cochlea, but there was no difference if the noise exposure occurred during the dark or 

light cycle. 
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5.4.2 Cochlear Microphonic: 

To determine if the reduced CAP amplitudes resulted from impaired OHC function we 

compared CM input/output functions from the three groups. The CM predominantly reflects 

the response of OHC near the high-frequency region of the near the round window (Raslear, 

1974). Unlike CAP amplitudes, the CM input/output functions from the DLLN and NLLN were 

both similar to those of the Control group and there were no statistically significant difference 

in amplitudes among the three groups across a broad range of frequencies (2-45 kHz, Figure 

5.3A-C, p>.05). This observation is true for both the DLLN and NLLN groups. These results 

suggest that a 12-h low-level noise exposure, regardless of the time at which it was presented 

did not affect cochlear OHC activation consistent with lack of a significant difference in CAP 

thresholds. Because the CAP amplitudes were reduced at supra-threshold levels, but the CM 

amplitudes were unaffected, the reduction in supra-threshold CAP amplitude is unlikely due to 

dysfunction at the OHC level. 

5.4.3 Spike Discharge Rates: 

To understand how intermittent low-level noise exposure influenced the neural 

response properties of the IC we measured tone-evoked SDRs. We found that following the 

intermittent exposure, both the DLLN and NLLN groups were significantly different from the 

Control group; differences that were frequency- and intensity-dependent. When SDRs were 

evoked with low-intensity 40 dB SPL tones, both the DLLN and NLLN groups demonstrated 

significantly reduced SDRs compared to the Control group slightly below, within and above the 

10-20 kHz noise exposure band (Figure 5.4A, DLLN: 8.7 kHz p<.01, 12.9 kHz p<.05, 15.7 kHz 

p<.001, 19.1 kHz p<.001, 23.3 p<.001, 28.3 p<.01. 42 kHz p<.001; NLLN: 10.6 kHz p<.05, 15.7 
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kHz p<.05, 19.1 kHz p<.001, 23.3 kHz p<.001, 42 kHz p<.01). The DLLN and NLLN groups were 

not significantly different from one another. To visualize the magnitude of these frequency 

specific changes, Figure 5.3D plots the percent difference between the DLLN and NLLN groups 

compared to the control group. At frequencies below the noise exposure band, SDRs were 

larger by as much as 40%, however this increases was not statically significant. In contrast, SDRs 

near the lower edge, within, and above the noise exposure frequency band were reduced by 

approximately 20-30%. 

When SDRs were evoked with moderate-intensity 60 dB SPL tones, a similar effect was 

observed. Compared to the Control group, both the DLLN and NLLN groups demonstrated a 

frequency specific reduction in SDRs occurring near the lower edge, within, and above the 

exposure band (Figure 5.4B DLLN: 5.9 kHz p<.001, 7.2 kHz p<.01, 8.7 kHz p<.001, 10.6 kHz 

p<.001, 12.9 kHz p<.001, 15.7 kHz p<.001, 19.1 kHz p<.001, 23.3 kHz p<.001, 28.3 kHz p<.001, 

34.5 kHz p<.001, 42 kHz p<.001 ). The DLLN and NLLN groups were not significantly different 

from one another. Figure 5.3E illustrates the percent difference between the exposed groups 

and controls. Again, at frequencies below the exposure band, there appeared to be a slight 

enhancement of approximately 10-25%, however, this increase was not statically different from 

controls. Near the lower edge, within, and above the noise exposure frequency band, SDRs 

were reduced by as much as 50%. 

When SDRs were measured with 80 dB SPL tone bursts, SDRs were reduced across all 

frequencies tested. SDRs were significantly reduced from 2.2-42 kHz in the DLLN group, and 

across the entire tested frequency range (1-42 kHz) in the NLLN group (Figure 5.4C, DLLN: 2.2 

kHz p<.05, 2.7 kHz, p<.01, 3.3 kHz- 42 kHz p<.001). The DLLN and NLLN groups were not 
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significantly different from one another. Figure 5.3F illustrates the percent difference between 

the DLLN and NLLN compared to controls. Frequencies below the exposure band were reduced 

approximately 20-30%, within the noise exposure band approximately 40%, and at the highest 

frequency tested approximately 50%. 

Overall, there were no significant differences between the DLLN and NLLN groups at any 

frequency/intensity combinations. The time of day at which this exposure occurred did not 

significantly influence the changes observed. At the highest intensity, 80 dB SPL, SDRs were 

depressed across all frequencies whereas at low (40 dB SPL) and moderate intensities (60 dB 

SPL), SDR were only depressed slightly below, within and above the octave band noise. 

5.4.4 Local Field Potentials 

Overall, the patterns of change seen in LFPs closely replicated those of SDRs. When LFPs 

were evoked with 40 dB SPL tones, the LFPs from the DLLN and NLLN groups were similar to 

one another (Fig. 5.5A), but were significantly lower than those in the control group slightly 

below, within and above the octave band noise exposure. (Figure 5.5A DLLN: 4.8-28.3 kHz 

p<.001, 42 kHz p<.001, NLLN: 2.7 kHz p<.05, 3.3 kHz p<.01, 4.8-34.5 kHz p<.001). To illustrate 

the changes more clearly, figure 5.5D shows the percent difference in LFP amplitudes compared 

to controls. Lower frequencies below the exposure band showed very little change in LFP 

amplitudes, however, near the lower edge, within, and above the noise exposure frequency 

band both the DLLN and NLLN groups demonstrated LFP amplitudes 30-40% lower than those 

in the control.  

When LFPs were evoked with 60 dB SPL tones, again the LFP amplitudes in the DLLN and 

NLLN groups, were similar to one another, but were significantly reduced at frequencies slightly 
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below, within and slightly above the octave band noise exposure. (Figure 5.5B DLLN: 4-42 kHz 

p<.001, NLLN: 2.7 kHz p<.01, 3.3-42 kHz p<.001). Figure 5.5E illustrates the percent difference in 

LFP amplitudes compared to controls. At lower frequencies, there was essentially no difference 

in LFP amplitudes, but as frequency increased, LFP amplitudes in both the DLLN and NLLN 

groups were reduced 40-50%, the greatest reduction being present within the noise exposure 

frequency band. 

When LFPs are evoked with 80 dB SPL tones, there was a reduction across virtually all 

frequencies in the DLLN and NLLN groups. Significant reduction in the DLLN group were 

observed from 1.2-42 kHz and in the NLLN group, LFPs were reduced across the entire tested 

frequency region 1-42 kHz (Figure 5.5C, DLLN: 1.2-42 kHz p<.001, NLLN: 1-42 kHz p<.001). 

Figure 5.5F illustrates the percent difference between the 12-h noise exposed groups and 

control group. LFP reductions in the DLLN group were less (~25%) those in the NLLN group at 

lower frequencies and then increased to a 40% reduction within and above the noise exposure 

band. LFP reductions in the NLLN group were 30-40% across the tested frequency spectrum. 

The observed changed in IC LFPs largely mirror those observed in SDRs and demonstrate both a 

frequency- and intensity specific reduction in neural responsiveness in the IC, with the greatest 

reduction occurring within and above the noise exposures frequency band. 

5.5 DISCUSSION 

5.5.1 Cochlear Changes: 

Recent investigations indicate that the auditory system is more sensitive to prolonged 

exposure to low-level noise than previously thought (Eggermont & Komiya, 2000; Maison, 

Usubuchi, & Liberman, 2013; Sheppard et al., 2017). Other studies carried out with short 
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duration, high intensity exposures suggest that circadian rhythms and the time of day at which 

the exposure occurs can have a significant impact on the amount of noise-induced hearing loss 

and cochlear pathology (Basinou, Park, Cederroth, & Canlon, 2017; Meltser et al., 2014). To 

determine how prolonged exposure to low-level, intermittent noise presented during the dark 

or light cycle affected the neural output of the cochlea and inferior colliculus, we exposed rats 

for 12 h per day to a 10-20 kHz octave band noise either during the day or night cycle. Both the 

DLLN and NLLN intermittent exposures had little effect on CM input/output functions and CAP 

thresholds. These results suggest that the intermittent noise exposures had little or no effect on 

the OHC. However, both exposures significantly reduced CAP amplitudes at supra-threshold 

intensities by roughly 30-40% at frequencies within and above the octave band noise. There 

were no major differences between exposures occurring during the light or dark cycle. 

5.5.2 Central Effects: 

Overall, both the DLLN and NLLN induced frequency-specific reductions in both SDRs 

and LFPs. Reductions of approximately 30% occurred at the lowest intensity (40 dB SPL), but 

increased to a reduction of 40-50% at higher stimulus levels (60 and 80 dB SPL). There were no 

significant differences between the exposures that occurred during daytime or nighttime hours, 

contrasting to other results involving more intense noise exposures that cause significant 

hearing loss and hair cell loss (Basinou et al., 2017; Meltser et al., 2014). In contrast to the 

reductions in SDR and LFP induced by 12 h/d exposures, our previous study using the identical 

noise parameters, except that the noise was continuous, surprisingly resulted in enhanced SDRs 

and LFPs immediately after the 5 week noise exposure. The two factors most likely to 

contribute this major difference in IC SDRs and LFPs are (1) the 50% rest period and/or (2) 
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slightly greater CAP threshold shifts and slightly greater CAP amplitude reductions with the 

continuous noise. The continuous noise exposure apparently causes the IC to increase its gain 

to compensate for the persistent decrease in neural activity from the cochlea. In contrast, the 

CAP amplitude would begin to recover during the 12-h rest period; this recovery appears to be 

sufficient to prevent central gain from occurring in the IC. This raises the important 

experimental question of how long the sound has to be off to prevent central gain from 

occurring. 

5.5.3 Intensity-Dependent Central Compensation: 

Low-level sounds have been shown to reduce response amplitudes in the auditory 

cortex (Eggermont & Komiya, 2000; Lau, Pienkowski, Zhang, McPherson, & Wu, 2015; Lau, 

Zhang, McPherson, Pienkowski, & Wu, 2015; Munguia, Pienkowski, & Eggermont, 2013; 

Pienkowski & Eggermont, 2009, 2010a, 2010b, 2012; Pienkowski, Munguia, & Eggermont, 2011; 

Pienkowski et al., 2013). The amplitude reductions in the auditory cortex were found to occur 

at the exposure frequency (Pienkowski et al., 2013). In the present study using an intermittent 

noise exposure we observed similar central reduction at the level of the IC where the greatest 

reduction was observed within and above the noise exposures frequency band. However, we 

also observed an intensity specific pattern were the greatest reduction within the noise 

exposure frequency band occurred with moderate sound stimulation levels, whereas higher 

intensity stimulation resulted in a more global frequency reduction pattern. These observations 

suggest that the greatest reduction in response amplitudes is not only frequency-specific, but 

intensity-specific to the noise exposure parameters as well. 
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Peripherally, CAP amplitudes also demonstrate significant reduction in amplitudes in a 

frequency-specific manner. However, CAP measurements are not fully encompassing of the 

auditory systems dynamic range. Sound intensity is encoded by an auditory never fibers 

spontaneous firing rate (SR) driven by IHC glutamate release (Nouvian, Beutner, Parsons, & 

Moser, 2006). Mapping of the auditory nerve indicates that three distinct SR fibers are present 

to encode intensity (i.e., high SR> 18 spikes/s, medium SR .5-18 spikes/s, and low SR < .5 

spikes/s) (Liberman, 1978). More recently, it was discovered that low-SR fibers are unlikely to 

contribute to the CAP response (Bourien et al., 2014). Therefore, while intensity-specific 

reductions in CAP amplitudes were not observed in the present study, it may be the result of 

the CAP not fully representing high intensity sound encoding. 

5.5.4 Neural Gain Generation Site: 

The exact neural mechanisms responsible for the overall changes in gain presented in 

the current study are difficult to determine without more finely tuned measures. However we 

are able to make broad conclusions based on differing electrophysiology measures site of 

generation. The CM data presented in this study suggests that the intermittent low-level noise 

exposure did not affect OHC function since the CM response is largely representative of OHC 

activation (Raslear, 1974). Furthermore, our previous study using an identical noise exposure, 

but that was presented continuously did not result in any sensory cell loss (Sheppard et al., 

2017). However supra-threshold CAP amplitudes were significantly reduced, while CAP 

thresholds showed no significant change. Suggesting that reduced neural output from the 

cochlea have site of origin someplace between IHCs, there communication with Type I afferent 

fibers, or the auditory nerve itself. 
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At the level of the IC, both SDRs and LFPs showed a frequency and intensity specific 

reduction in response amplitudes, with the greatest reduction occurring within and above the 

noise exposure frequency band at a moderate stimulation intensity (10-20 kHz at 60 dB SPL), 

whereas higher stimulation intensities showed broader frequency reduction. Considering that 

CAP amplitudes likely do not reflect higher stimulation sound encoding (Bourien et al., 2014), 

the reductions in IC response properties largely reflect those observed in the CAP. These 

observations may suggest that central suppression at the level of the IC may simply be a 

reflection of reduced neural output from the periphery. 

5.5.5 Intermittent versus Continuous LLN: 

The current results obtained with a 12 h/d exposure can be compared with our recent 

results obtained with the exact same noise presented 24 h/d (Sheppard et al., 2017); the 

continuous noise exposure reduced CAP amplitudes roughly 50%, slightly more than the 30-

40% seen here. Furthermore, while there was no significant overall CAP threshold shift 

following the 12 h/d exposures, there was a notable 10 dB shift in the 10-20 kHz region 

immediately following continuous noise exposure. This slight change in CAP thresholds may 

explain the difference in gain direction (enhanced or suppressed) observed between the 12h 

and continuous noise exposures. 

5.5.6 Implications for Tinnitus/Hyperacusis 

The precise neural mechanism responsible for the generation of tinnitus and 

hyperacusis is not fully understood. However, most researchers agree that the presence of 

enhanced central gain within the auditory system is at least partially responsible for these 
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percepts (Auerbach et al., 2014; Baguley, 2003; Henry, Roberts, Caspary, Theodoroff, & Salvi, 

2014; Norena, 2011; Salvi et al., 2000). Therefore, therapeutic efforts have primarily attempted 

to reduce the presence of central gain with hopes of relieving the perception of tinnitus and/or 

hyperacusis. The use of low-level noise generators can result in improved outcomes (Formby et 

al., 2003; Henry et al., 2006b), however there is large individual-specific variability in these 

reported improvements. Highly controlled animal studies have concluded that low-level noise 

can in fact reduce activity within the central auditory pathway (Lau, Pienkowski, et al., 2015; 

Lau, Zhang, et al., 2015; Munguia et al., 2013; Pienkowski et al., 2013). However, the 

parameters of the noise used in tinnitus and hyperacusis management will likely have varying 

impacts depending on the individual. The results of the present study suggest that the greatest 

amount of reduction is likely both frequency- and intensity specific. Therefore, noise therapy 

for tinnitus may receive the greatest benefit from the use of noise that closely mimics their 

tinnitus percept. Furthermore, the duration of which noise therapy is used may also play a role 

in noise therapies effectiveness. Continues use of low-level noise may actually worsen tinnitus 

or hyperacusis by temporarily enhancing central gain (Sheppard et al., 2017), while intermittent 

use of noise management may have a more therapeutic effect. Some have suggested that noise 

therapy is more impactful if used during nighttime hours, the results of the present study do 

not indicate a significant difference in the amount of central suppression if noise is presented 

either during daytime or nighttime hours. 

5.6 CONCLUSIONS 

This study demonstrates the impact intermittent noise exposure can have on the 

peripheral and central auditory system. Our results indicate that while high intensity noise 
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exposure has shown differing degrees of damage depending on the time of day that the 

exposure occurs (Basinou et al., 2017; Meltser et al., 2014), low-level noise exposure did not 

demonstrate any time-sensitive changes. Nevertheless, the intermittent nature of both noise 

exposure groups demonstrated peripheral and central reductions in evoked response 

amplitudes, which implicates the importance of acoustic rest when compared to our previous 

study using 24h noise exposure for the same period of time (Sheppard et al., 2017). With 

further investigation, this knowledge may be applicable towards the use of sound therapy in 

tinnitus and hyperacusis patients to further improve outcomes. 
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FIGURE 5.1: Demonstrative diagram of low-level noise spectrum and exposure paradigms. (A) 

Spectrum of noise exposure with peak intensity occurring between 10-20 kHz. (B) Visual 

description of noise exposure paradigm. Light (day) hours are represented by yellow line, Dark 

(night) hours are represented by dark blue overhead line. Controls always have noise off during 

both Light and Dark cycles, DLLN group had noise on during light cycles and off during dark 

cycles, NLLN had noise off during light cycles and on during dark cycles. 
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FIGURE 5.2: CAP Thresholds and Amplitudes: (A) CAP thresholds showed no significant 

difference between the three groups. (B) Moderate level CAP amplitudes were significantly 

reduced in both the DLLN and NLLN compared to controls. (C) High level CAP amplitudes were 

significantly reduced in both the DLLN and NLLN groups compared to controls. There was no 

significant differences seen between the DLLN and NLLN groups. Blue-controls, Red-DLLN, 

Green-NLLN. 
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FIGURE 5.3: CM amplitudes: (A) CM amplitudes at a low intensity level resulted in no significant 

difference between all three groups. (B) CM amplitudes at a moderate intensity level shoed no 

significant difference between all three groups. (C) CM amplitudes at a high intensity level 

showed no significant difference between all three groups. Blue-controls, Red-DLLN, Green-

NLLN. 
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FIGURE 5.4: Spike Discharge Rates: (A) SDRs evoked with40 dB SPL tones, both the DLLN and 

NLLN groups are significantly reduced near the noise exposure frequency band and slightly 

enhanced at frequencies below 3 kHz. There was no significant difference between DLLN and 

the NLLN groups. (B) SDRs evoked with 60 dB SPL tones, both the DLLN and NLLN groups show 

significant reductions near the noise exposures frequency band, and were slightly enhanced at 

lower frequencies. There was no significant difference between the DLLN and NLLN groups. (C) 

SDRs evoked with 80 dB SPL tones, both the DLLN and NLLN groups were significantly reduced 

virtually across all tested frequencies. There was no significant difference between the DLLN 

and NLLN groups. (D) % Difference in SDRs evoked with 40 dB SPL tones for DLLN and NLLN 

compared to controls. Frequencies below 3 kHz were enhanced ~ 30% while frequencies above 

4 kHz were decreased ~30-40%. There are no large differences between the DLLN and NLLN 

groups. (E) % Difference in SDRs evoked with 60 dB SPL tones for DLLN and NLLN groups 

compared to controls. Frequencies below 3 kHz were slightly increased ~10-20% while 

frequencies above 4 kHz were decreased ~40-50%. There was no significant difference between 

the DLLN and NLLN groups. (F) % Difference in SDRs evoked with 80 dB SPL tones for DLLN and 

NLLN groups compared to controls. Low frequencies were suppressed ~20% then progressively 

declined to ~40%. There were no large differences between the DLLN and NLLN groups. 
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FIGURE 5.4: Local Field Potentials: (A) LFPs evoked with 40 dB SPL tones, both the DLLN and 

NLLN groups are significantly reduced near the noise exposure frequency band. There was no 

significant difference between DLLN and the NLLN groups. (B) LFPs evoked with 60 dB SPL 

tones, both the DLLN and NLLN groups show significant reductions near the noise exposures 

frequency band. There was no significant difference between the DLLN and NLLN groups. (C) 

LFPs evoked with 80 dB SPL tones, both the DLLN and NLLN groups were significantly reduced 

virtually across all tested frequencies. There was no significant difference between the DLLN 

and NLLN groups. (D) % Difference in LFPs evoked with 40 dB SPL tones for DLLN and NLLN 

compared to controls. DLLN and NLLN groups were reduced ~ 20-40% near the noise exposure 

frequency band. There was no significant difference between DLLN and NLLN groups. (E) % 

Difference in LFPs evoked with 60 dB SPL tones for DLLN and NLLN groups compared to 

controls. DLLN and NLLN groups were reduced ~20-50% near the noise exposure frequency 

band. There was no significant difference between DLLN and NLLN groups. (F) % Difference in 

LFPs evoked with 80 dB SPL tones for DLLN and NLLN groups compared to controls. DLLN and 

NLLN groups were reduced approximately ~30-40% across all tested frequencies There was no 

significant difference between DLLN and NLLN groups. 
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6 CONCLUSIONS 

6.1 OVERVIEW 

The overall aim of my dissertation work focused on furthering our understanding of 

neuroplastic changes that occur with different therapeutic approaches to tinnitus and/or 

hyperacusis. The chapters presented above reviewed many of the current hypotheses regarding 

the neurological mechanisms thought to generate tinnitus. Much of their discussions focused 

on how one of these mechanisms (i.e., Central Gain) is modulated by the administration of 

tinnitus relief agents such as low-level noise. Chapter 2 considered how sodium salicylate, a 

reliable inducer of tinnitus and hyperacusis, affected neural activity in the peripheral and 

central auditory system. The results of these studies have led to the notion that enhanced 

central gain following peripheral sensory deprivation/damage is a significant contributor to 

tinnitus and hyperacusis generation. Chapter 3 investigated weather salicylate-induced tinnitus 

relief induced by potassium channel modulating drugs might affect the peripheral auditory 

system. Another approach to tinnitus and hyperacusis relief involves the use of non-traumatic 

low-level noise. Although sound therapy is widely used clinically, little is known about how 

sound therapy affects the peripheral and central auditory system. Chapters 4 and 5 of this 

dissertation characterize changes in central gain profiles following prolonged exposures to 

continuous and intermittent low-level noise. Here I will discuss how the findings in my thesis 

impact current knowledge in the field and elaborate on future research related to noise-

induced plasticity and tinnitus relief. 
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6.2 CENTRAL GAIN-ENHANCEMENT VS. SUPPRESSION 

The presence of enhanced central gain following sensory deprivation or cochlear 

damage is thought to be a primary contributor to tinnitus and hyperacusis (Auerbach, 

Rodrigues, & Salvi, 2014; R. J. Salvi, Wang, & Ding, 2000). In the context of this model, 

treatment options have aimed at suppressing central hyperactivity. While pharmaceuticals have 

had limited success in treating tinnitus and hyperacusis (Aazh, El Refaie, & Humphriss, 2011; 

Azevedo & Figueiredo, 2007; Bauer & Brozoski, 2006; T. Brozoski, Odintsov, & Bauer, 2012; T. J. 

Brozoski, Spires, & Bauer, 2007; Han et al., 2012; Szczepaniak & Moller, 1996), enriching an 

individual’s acoustic environment have shown promising results in many cases (Del Bo & 

Ambrosetti, 2007; Hanley & Davis, 2008; Henry et al., 2006; Hoare, Searchfield, El Refaie, & 

Henry, 2014; A. Norena, Micheyl, Chery-Croze, & Collet, 2002). Acoustic enrichment is 

hypothesized to induce neuroplastic changes resulting in reduced central gain (A. J. Norena, 

2011). Many studies of auditory neuroplasticity have investigated central gain changes in the 

auditory cortical following an enriched acoustic experience; however, little is known about the 

mechanism and origins of enhanced or suppressed central gain.  

Earlier studies have suggested that enhanced central gain occurs at multiple stages 

within the auditory system with gain progressively increasing along the ascending auditory 

pathway. Chinchillas chronically implanted with electrodes in multiple auditory nuclei from the 

cochlea to the cortex demonstrated that supra-threshold enhancements are first seen at the 

level of the auditory midbrain following a traumatic noise exposure (R. J. Salvi et al., 2000). 

However, while enhancements greater than baseline activity are not observed at auditory 

nuclei lower than the IC, the cochlear nucleus (CN) shows less of a diminished response than 
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the auditory nerve. (Auerbach et al., 2014; Jiang, Luo, Manohar, Chen, & Salvi, 2016; R. J. Salvi 

et al., 2000). This suggests that non-pathological enhanced gain may occur as early in the 

auditory pathway as the CN. 

Suppression of auditory-evoked responses and spontaneous neural activity have been 

extensively investigated at the cortical level in cats (Munguia, Pienkowski, & Eggermont, 2013; 

A. J. Norena & Eggermont, 2006; A. J. Norena, Gourevitch, Pienkowski, Shaw, & Eggermont, 

2008; Pienkowski & Eggermont, 2009a, 2009b, 2010a, 2010b, 2012; Pienkowski, Munguia, & 

Eggermont, 2011, 2013). Other neuroimaging reports suggest these functional changes occur as 

low as the thalamic medial geniculate body (Lau, Zhang, McPherson, Pienkowski, & Wu, 2015). 

We originally hypothesized that since enhancements in gain could be detected at auditory 

centers as low as the IC (Auerbach et al., 2014; R. J. Salvi et al., 2000), that noise-induced 

suppression could also occur in the auditory brainstem. Indeed, the results presented in 

chapters 4 and 5 demonstrate that both enhanced central gain and central suppression can 

both occur at the IC. Observations of enhanced central gain have frequently been observed 

following some degree of cochlear damage (Auerbach et al., 2014; A. J. Norena, 2011; R. J. Salvi 

et al., 2000; A. Sheppard, Hayes, Chen, Ralli, & Salvi, 2014), but some studies have reported 

enhanced gain in the absence of an hearing loss or change in quiet threshold (Lobarinas, Salvi, 

& Ding, 2013, 2015; R. Salvi et al., 2016). Previous reports suggested that suppression of central 

auditory responses occur within the central nervous system in the absence of hearing loss or 

cochlear impairment (Pienkowski & Eggermont, 2010a, 2012). These conclusions were largely 

based on auditory brainstem response (ABR) threshold measurements, the later waves of which 

originate in the auditory midbrain. In chapter 4 and 5 of this thesis, using a much more site-
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specific electrophysiological measurement (i.e. the cochlear compound action potential and 

summating potential), we demonstrate suppressed supra-threshold auditory responses, but 

essentially normal thresholds in the auditory nerve following extended exposure to low-level 

noise. Therefore, we argue that both cochlear damage-induced enhancements in central gain, 

and low-level noise-induced suppression of central gain, are driven by neurophysiological 

changes occurring within the cochlea. In the case of continuous low-level noise, the reductions 

in CAP amplitudes were associated with a reduction in the SP, suggesting that the cochlear 

changes might originate in the IHC or synapse beneath the IHC. 

Previously published literature demonstrated prolonged exposure to low-level noise 

suppressed sound evoked activity mainly among neurons in auditory cortex (AC) tuned to the 

frequency of the noise (Pienkowski & Eggermont, 2009a). We also observed in-band 

suppression of sound-evoked activity in the IC with 12-h/d low-level nose exposure, but not 

continuous noise exposure (A. M. Sheppard et al., 2017). The in-band neural suppression 

observed in AC and IC might explain why human subjects report greater tinnitus relief when the 

noise used for tinnitus management is centered in the frequency region within the subjects 

hearing loss (Hanley & Davis, 2008; A. Norena et al., 2002; A. J. Norena & Chery-Croze, 2007). 

Our 12-h/d low-level noise suppressed IC central gain at the exposure frequency consistent 

with results seen in the AC and human data. However, when the noise was presented 

continuously 24 h/d instead of 12 h/d, sound evoked activity in the IC was enhanced rather 

than suppressed. Previous data from the cat cortex showed both the 12 h/day and 24 h/day 

exposures suppressed sound-evoked activity, with greater suppression occurring with the 24 

h/d noise (Pienkowski & Eggermont, 2010a). Our results suggest that the direction of gain 
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change at different stages of the ascending auditory pathway may be different. Clearly, further 

studies are needed to explore this issue using noises with different on-time fractions, different 

species and different locations along the auditory pathway. 

Despite other studies showing greater sensitivity to acoustic damage during nighttime 

hours in nocturnal mice (Meltser et al., 2014), we found no difference with DLLN and NLLN in 

terms of suppressing sound-evoked activity in the IC or in terms of suppressing CAP amplitudes 

with non-traumatic noise intensities. In the case of 24 h/d exposures that span both day and 

night, we found slightly greater suppression of the CAP than with 12 h/d exposures. However, 

the 24 h/d exposure paradoxically enhanced sound-evoked activity in the IC. One possible 

explanation for these results is that the clock genes in the IC respond to 24 h/d noise in a 

different manner than those in the cochlea or AC. Further studies are needed to explore and 

clarify this issue. In addition, more studies need to be performed with patients who experience 

tinnitus and/or hyperacusis to determine what affects the spectrum, duration and time of day 

at which the sound therapy is delivered has on tinnitus and hyperacusis suppression. 

6.3 FUTURE RESEARCH DIRECTIONS 

Our current findings suggest a range of studies that could be conducted to explore the 

biological mechanisms responsible for the physiological changes seen in the cochlea and IC (A. 

Sheppard et al., 2014; A. M. Sheppard et al., 2017). One area where information is greatly 

lacking is an understanding of the cellular mechanism leading to suppression of sound evoked 

activity in the cochlea and enhancement or suppression of sound evoked activity in the IC.  

Immunolabeling and gene expression studies could be carried out as a first step to identify 

potential candidates that could mediate these changes. Additional studies with mice or rats 

186 



 
 

        

        

        

           

       

       

        

     

           

   

           

    

        

      

   

       

      

    

       

             

          

        

with genetically mutations in signaling pathways that modulate synaptic plasticity could provide 

fundamental new insights. Increased understanding of the biological mechanism is a critical 

step for future development of pharmaceuticals to treat tinnitus and hyperacusis. 

There are a number of different mechanisms which could theoretically lead to changes 

in central gain including 1) reduced inhibitory synaptic responses, 2) enhanced excitatory 

synaptic responses or 3) changes in intracellular excitability (Auerbach et al., 2014). A number 

of studies have begun to elucidate these propositions via altering inhibitory/excitatory balance 

of the central auditory system (Asako, Holt, Griffith, Buras, & Altschuler, 2005; Hildebrandt, 

Hoffmann, & Illing, 2011; Middleton et al., 2011; H. Wang et al., 2009; H. T. Wang, Luo, Huang, 

Zhou, & Chen, 2008). These studies have been invaluable in understanding the development of 

central gain, but less has been explored in regards to how to reverse the development of 

central gain. More specifically, what cellular mechanisms participate in low-level noise induced 

reduction frequency-specific spontaneous neural activity? Advances in the field could benefit 

from research techniques capable of investigating cellular function on a frequency-specific level 

such as immunohistochemistry, patch-clamp electrophysiology, or optogenetics. 

One of the important findings discussed above is that the peripheral auditory system is a 

potential driver of central auditory plasticity leading to increases or decreases in sound evoked 

activity following low-level noise. It would therefore be worthwhile to explore cellular changes 

occurring at the level of the cochlea and auditory nerve to understand the cellular mechanisms. 

We proposed one site of origin for these changes could potentially occur at the level of synaptic 

communication between the IHCs and type I afferent nerve fibers (A. M. Sheppard et al., 2017). 

In fact, a preliminary study observing CtBP2, a protein marker for pre-synaptic ribbons and PSD 
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93/95, a post-synaptic glutamate receptor anchoring protein, suggests that post-synaptic re-

scaling could be responsible for the observed reduction in CAP amplitudes (unpublished 

observation). 

6.4 SUMMARY 

One of the major new findings in this dissertation is that prolonged exposure to low-

level noise reduces the supra-threshold neural output of the cochlea; however, continuous 

noise exposure appear to enhance sound evoked activity in the IC whereas 12 h/d exposures 

suppress sound-evoked activity in the IC. Thus the direction of the central gain change is 

critically dependent on the temporal schedule (continuous vs intermittent) and can either 

enhanced or suppress central gain in the IC. Our results suggest that further studies of 

prolonged low-level noise are needed. We conclude that low-level noise may be an intriguing 

tool for studying auditory plasticity and central gain. The information gained from these studies 

could provide new insights that could be used to develop better therapies for alleviating 

tinnitus and hyperacusis. Our results also suggest that careful attention should be paid to the 

parameters of low-level noise used for tinnitus and hyperacusis management, as extended use 

of the intended therapeutic noise may unintentionally exacerbate the annoying perception of 

tinnitus or hyperacusis. Obviously, more detailed studies are required to fully understand the 

cellular mechanisms involved with suppressing enhances spontaneous and sound-evoked 

auditory responses. 
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	1 INTRODUCTION 
	Subjective tinnitus, the phantom sound perception present without an objective acoustic source, can be severely debilitating (Meikle, Vernon, & Johnson, 1984). As much as 10-15% of the general adult population perceive continuous tinnitus, and approximately 4-5% are disabled by the intrusive perception (Axelsson & Ringdahl, 1989; Heller, 2003). Tinnitus is often accompanied by hyperacusis (Baguley, 2003; Schecklmann, Landgrebe, Langguth, & Group, 2014), a condition in which moderately intense sounds are per
	Subjective tinnitus, the phantom sound perception present without an objective acoustic source, can be severely debilitating (Meikle, Vernon, & Johnson, 1984). As much as 10-15% of the general adult population perceive continuous tinnitus, and approximately 4-5% are disabled by the intrusive perception (Axelsson & Ringdahl, 1989; Heller, 2003). Tinnitus is often accompanied by hyperacusis (Baguley, 2003; Schecklmann, Landgrebe, Langguth, & Group, 2014), a condition in which moderately intense sounds are per
	background knowledge on tinnitus, current treatment efforts, and introduce the focus of each subsequent chapter. 

	1.1 BACKGROUND 
	Enhanced Central Gain: While still not fully understood, most researchers now assume that tinnitus and hyperacusis are caused in part by enhanced neural activity within the central auditory pathway (Auerbach, Rodrigues, & Salvi, 2014; A. J. Norena, 2011; Salvi, Wang, & Ding, 2000). This was developed from observations of neural activity throughout the auditory pathway following reliable tinnitus inducing agents such as traumatic noise exposures or ototoxic drugs. These agents typically result in some degree
	Enriched Auditory Environments: Since enhanced central gain is believed to play a significant role in tinnitus and hyperacusis generation, many therapeutic approaches are 
	Enriched Auditory Environments: Since enhanced central gain is believed to play a significant role in tinnitus and hyperacusis generation, many therapeutic approaches are 
	logically aimed at diminishing the presence of central gain. A number of pharmaceuticals which are inhibitory in nature have been employed to treat tinnitus such as Gabapentin (Aazh et al., 2011; Bauer & Brozoski, 2006), Acamprosate (Azevedo & Figueiredo, 2007), Vigabatrin (T. J. Brozoski et al., 2007), Clonazapam (Han et al., 2012; Szczepaniak & Moller, 1996), Diazapam, and Bacolofen (Szczepaniak & Moller, 1996), but these approaches have had only limited success with relieving tinnitus and hyperacusis. An

	1.2 CHAPTER 2: SALICYLATE-INDUCED HEARING LOSS, NEUROTOXICITY, TINNITUS, AND NEUROPATHOPHYSIOLOGY 
	Chapter 2 of this dissertation will review current knowledge regarding the biological and neurophysiological basis of salicylate-induced tinnitus and hearing loss. The chapter will also review human based assessments of aspirin overdose and its impact on auditory perception. All text and figures were originally published in Sheppard et al. (2014). 
	Salicylate, the active ingredient in Aspirin, is one of the most widely used antipyretic, analgesic, and anti-inflammatory drugs. However, when administered in high doses, it reliably induces temporary hearing loss and tinnitus (Cazals, 2000; Day et al., 1989; McFadden, Plattsmier, & Pasanen, 1984). For this reason, salicylate has been widely used to investigate the perceptual, anatomical, and neurophysiological mechanisms responsible for tinnitus generation (Cazals, 2000; Chen, Radziwon, Kashanian, Manohar
	When administered in high doses, salicylate can alter the neurological response to sound in both the peripheral and central nervous systems. Peripherally, salicylate induces a sensory hearing loss by impairing the function of outer hair cells (OHCs) and spiral ganglion neurons (SGNs). Salicylate competitively binds to anion binding sites, displacing chloride, and impairing the function of prestin, the OHCs electromotile protein (Liberman et al., 2002). This impairs the cochlear amplifier, resulting in heari
	Centrally, salicylate impairs GABAergic neurotransmission; the reduction in inhibition results in hyperactive neural responses to acoustic stimuli, and impaired lateral inhibition which presumably impacts the columnar tonotopic organization in the auditory cortex (Bauer, Brozoski, Holder, & Caspary, 2000; H. T. Wang, Luo, Huang, Zhou, & Chen, 2008; J. Wang, Caspary, & Salvi, 2000). These central effects are thought to reflect the summed effect of salicylate-induced changes in the cochlea combined with centr
	1.3 CHAPTER 3: POTASSIUM ION CHANNEL OPENERS, MAXIPOST AND RETIGABINE, PROTECT AGAIST PERIPHERAL SALICYLATE OTOTOXICITY 
	Chapter 3 of this dissertation explores interactions between salicylate and potassium channel modulating drugs within the peripheral auditory system. The results of this study provide some neurophysiological explanation for previous reports of salicylate-and noise-induced tinnitus relief following the administration of potassium channel modulating drug (Li, Choi, & Tzounopoulos, 2013; Lobarinas et al., 2011). All text and figures were originally published in Sheppard et al. (2015). 
	Potassium ion channels play an important role in regulating neuronal activity (Brown & Passmore, 2009). Functional impairment of potassium channels can lead to disorders characterized by central hyperactivity, such as cardiac arrhythmia and epilepsy (Maljevic, 
	Potassium ion channels play an important role in regulating neuronal activity (Brown & Passmore, 2009). Functional impairment of potassium channels can lead to disorders characterized by central hyperactivity, such as cardiac arrhythmia and epilepsy (Maljevic, 
	Wuttke, Seebohm, & Lerche, 2010). Since tinnitus perception is also thought to result from central hyperactivity, researchers have tested the possibility that pharmaceuticals developed for epilepsy or stroke might be effective in relieving tinnitus (Li et al., 2013; Lobarinas et al., 2011). Animal models using either salicylate or traumatic noise-induced models of tinnitus have shown promising results with the use of potassium modulators (Li et al., 2013; Lobarinas et al., 2011), however where and how these

	Maxipost and Retigabine, the two potassium channel-modulating drugs which previously demonstrated promising behavioral relief of tinnitus, primarily influence BK and Kv7.4 potassium channels respectively (Gribkoff, Starrett, & Dworetzky, 2001; Rostock et al., 1996). Both of these ion channels are heavily expressed in cochlear sensory cells in a tonotopic specific fashion (Beisel, Nelson, Delimont, & Fritzsch, 2000; Hafidi, Beurg, & Dulon, 2005; Kharkovets et al., 2000; Wersinger, McLean, Fuchs, & Pyott, 201
	We found that both Maxipost and Retigabine prevented peripheral salicylate induced ototoxicity in a frequency specific manner; their effects were correlated with the tonotopic location of the affected potassium channels (A. M. Sheppard, Chen, & Salvi, 2015). We 
	We found that both Maxipost and Retigabine prevented peripheral salicylate induced ototoxicity in a frequency specific manner; their effects were correlated with the tonotopic location of the affected potassium channels (A. M. Sheppard, Chen, & Salvi, 2015). We 
	therefore proposed that prevention of salicylate-blocked potassium channels could prevent the activation of the compensatory central gain mechanism (Auerbach et al., 2014; Salvi et al., 2000), and therefore prevent the development of tinnitus, consistent with previously published behavioral reports (Li et al., 2013; Lobarinas et al., 2011). 

	1.4 CHAPTER 4: PROLONGED LOW-LEVEL NOISE-INDUCED PLASTICITY IN THE PERIPHERAL AND CENTRAL AUDITORY SYSTEM OF RATS 
	Chapter 4 of this dissertation explores the mechanisms involved with low-level noise plasticity and how it may lead to reduced tinnitus perception. Continuous low-level noise exposure initially impaired peripheral auditory function and enhances central gain, but following a one-week recovery period, peripheral function improved beyond control levels and central activity began to recover to normal levels. All text and figures in this chapter were originally published in Sheppard et al (2017). 
	The exact biological mechanism responsible for tinnitus and hyperacusis remains elusive. However, the general consensus is that tinnitus and hyperacusis likely involve central hyperactivity (Auerbach et al., 2014; Eggermont, 2005; Eggermont & Roberts, 2004; Henry et al., 2014; A. J. Norena, 2011; Salvi et al., 2000). One of the most common clinical methods used to treat tinnitus and hyperacusis is fitting hearing aids with low-level amplification or that produce low-level noise. Some animal studies show tha
	The exact biological mechanism responsible for tinnitus and hyperacusis remains elusive. However, the general consensus is that tinnitus and hyperacusis likely involve central hyperactivity (Auerbach et al., 2014; Eggermont, 2005; Eggermont & Roberts, 2004; Henry et al., 2014; A. J. Norena, 2011; Salvi et al., 2000). One of the most common clinical methods used to treat tinnitus and hyperacusis is fitting hearing aids with low-level amplification or that produce low-level noise. Some animal studies show tha
	treatment with various sound therapies (Formby, Sherlock, & Gold, 2003; Henry et al., 2006). However, the exact location within the auditory pathway and the neurobiological mechanisms underlying these improvements remain poorly understood. 

	Our results show that prolonged low-level noise exposure can both enhance and suppress sound-evoked activity in central auditory nuclei. We propose that these changes may stem from homeostatic plasticity which is driven by peripheral activity, i.e., sound induced suppression of cochlear responses leads to the enhancement of central responses in a homeostatic fashion, and vice versa (A. M. Sheppard et al., 2017). Furthermore, the duration and noise parameters used can influence central gain profiles differen
	1.5 CHAPTER 5: CIRCADIAN-DEPENDANT EXPOSURE TO LOW-LEVEL NOISE AND AUDITORY GAIN CONTROL 
	More recent reports have indicated that the auditory system expresses clock genes which are sensitive to circadian rhythms. These circadian gene expressions can change the auditory systems susceptibility to damage, accruing more damage from traumatic noise exposure during nighttime hours in nocturnal mice (Basinou, Park, Cederroth, & Canlon, 2017; Meltser et al., 2014). Central auditory nuclei also express clock genes in a circadian fashion (Park et al., 2016), suggesting that the central auditory system ma
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	investigated if exposure to low-level noise, paired with light or dark environments, during either daytime or nighttime hours, respectively, could further reduce neural activity at the level of the auditory midbrain. Chapter 5 of this dissertation explored the role of intermittent low-level noise delivered during the circadian light or dark cycle to determine how intermittency or stimulation time affected the neural output of the cochlea and central auditory system. Results show that intermittent low-level 

	1.6 FIGURES 
	FIGURE 1.1: Schematic of enhanced central gain throughout the ascending auditory pathway. 
	Following a traumatic noise exposure, early in the pathway response amplitudes at the level of the Auditory Nerve (AN) and Cochlear Nucleus (CN) are suppressed at all stimulation intensity levels. However, at the level of the Inferior Colliculus (IC), Medial Geniculate Body (MGB), and Auditory Cortex (AC), responses to high-intensity stimulation are greater than control when stimulation occurs with high intensity sounds. This paradoxical enhancement in neural activity is thought to generate, at least in par
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	REVIEW OF SALICYLATE-INDUCED HEARING LOSS, NEUROTOXICITY, 
	TINNITUS, AND NEUROPATHOPHYSIOLOGY 
	Adam Sheppard, Sarah Hayes, Guang-Di Chen, Maximo Ralli, Richard Salvi 
	2.1 ABSTRACT 
	Salicylate’s ototoxic properties have been well established, inducing tinnitus and a sensory hearing loss when administered in high doses. Peripherally, acute dosing of salicylate causes a frequency dependent reductions in DPOAEs and CAP amplitudes in low (<10 kHz) and high (>20 kHz) frequencies more than mid frequencies (10-20 kHz) which interestingly corresponds to the pitch of behaviorally-matched salicylate-induced tinnitus. Chronic salicylate dosing affects the peripheral system by causing a compensato
	Salicylate’s ototoxic properties have been well established, inducing tinnitus and a sensory hearing loss when administered in high doses. Peripherally, acute dosing of salicylate causes a frequency dependent reductions in DPOAEs and CAP amplitudes in low (<10 kHz) and high (>20 kHz) frequencies more than mid frequencies (10-20 kHz) which interestingly corresponds to the pitch of behaviorally-matched salicylate-induced tinnitus. Chronic salicylate dosing affects the peripheral system by causing a compensato
	discrimination and temporal integration ability. The results of previous studies have partially identified the mechanisms that are involved in salicylate-induced tinnitus and hearing loss, however to date, some interactions remain convoluted. This review article discusses the current knowledge of salicylate ototoxicity and interactions. 

	2.2 INTRODUCTION 
	The active ingredient in Aspirin, salicylate, is a commonly used antipyretic, analgesic, and anti-inflammatory drug. However, consumption in large doses (6-8 grams /day) (Myers & Bernstein, 1965) is widely known to induce hearing loss and tinnitus (Cazals, 2000; Cianfrone, Pace, Turchetta, Cianfrone, & Altissimi, 2005; Lobarinas, Sun, Cushing, & Salvi, 2004). Originally, the influence of salicylate on the auditory system was thought to be temporary, but more recent discoveries show that prolonged, high dose
	The active ingredient in Aspirin, salicylate, is a commonly used antipyretic, analgesic, and anti-inflammatory drug. However, consumption in large doses (6-8 grams /day) (Myers & Bernstein, 1965) is widely known to induce hearing loss and tinnitus (Cazals, 2000; Cianfrone, Pace, Turchetta, Cianfrone, & Altissimi, 2005; Lobarinas, Sun, Cushing, & Salvi, 2004). Originally, the influence of salicylate on the auditory system was thought to be temporary, but more recent discoveries show that prolonged, high dose
	high (>20 kHz) frequencies more than mid frequencies (10-20 kHz) (Chen et al., 2010). After a high dose of salicylate, neuron’s in the central auditory system tuned to low characteristic frequencies (CF) in the auditory cortex (AC) shift upward and neuron’s tuned to very high 

	frequencies shift downward resulting in an over representation at the mid frequencies (Stolzberg, Chen, Allman, & Salvi, 2011). In contrast to the suppressed neuronal output peripherally following systemic administration of SS, the AC becomes hyperactive at high levels of auditory stimulation (Lu et al., 2011; Stolzberg, Salvi, & Allman, 2012; Sun et al., 2009). Alterations to the AC may be due to salicylate’s influence on γ-aminobutyric-acid (GABA) and serotonin mediated neurotransmission in the central ne
	Despite reliable salicylate-induced threshold shifts and tinnitus generation in animal models, objective and subjective perceptual alterations in humans appear to be more variable. (Cazals, 2000; Hicks & Bacon, 1999; Pedersen, 1974; Young & Wilson, 1982). Over the past several years knowledge about the effects that salicylate imposes on the peripheral and central auditory system has increased significantly. In this review, we will highlight several of the important changes we have identified in the cochlea 
	Despite reliable salicylate-induced threshold shifts and tinnitus generation in animal models, objective and subjective perceptual alterations in humans appear to be more variable. (Cazals, 2000; Hicks & Bacon, 1999; Pedersen, 1974; Young & Wilson, 1982). Over the past several years knowledge about the effects that salicylate imposes on the peripheral and central auditory system has increased significantly. In this review, we will highlight several of the important changes we have identified in the cochlea 
	we will review some in vitro and in vivo data from our lab that highlights the neurotoxic effects of salicylate. 

	2.3 PERIPHERAL EFFECTS 
	2.3.1 Acute Distortion Product Otoacoustic Emissions (DPOAE) 
	DPOAE is a measurement used to assess the function of the outer hair cells (OHC) in the cochlea. The distortion product is generated by a combination of the electromotile response of OHCs mediated by the motor protein prestin and the +80 mV endocochlear potential (Liberman et al., 2002; Schmiedt, Lang, Okamura, & Schulte, 2002). The motor protein prestin is part of a family of antiporters that transfer anionic molecules across cell membranes (Mount & Romero, 2004). Prestin, which lines the lateral wall of t
	2.1 shows the mean DPOAE input/output (I/O) response of 6 Sprague-Dawley rats under ketamine/xylazine (50/6 mg/kg) anesthesia. Prior to SS treatment all six frequencies (2f-f= 4, 5.3, 8, 11, 16, 20 kHz) showed robust responses. However, 2 hours post injection (300 mg/kg, i.p.), DPOAEs decreased significantly in the low frequencies (2f-f<11 kHz) and high 
	2.1 shows the mean DPOAE input/output (I/O) response of 6 Sprague-Dawley rats under ketamine/xylazine (50/6 mg/kg) anesthesia. Prior to SS treatment all six frequencies (2f-f= 4, 5.3, 8, 11, 16, 20 kHz) showed robust responses. However, 2 hours post injection (300 mg/kg, i.p.), DPOAEs decreased significantly in the low frequencies (2f-f<11 kHz) and high 
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	frequencies (2f-f2 >16 kHz) but had less influence on the mid frequencies (2f-f2 11 -20 kHz) (Stolzberg et al., 2011). While salicylate caused a significant reduction in DPOAEs indicating a sensory hearing loss, animal behavioral models have also indicated that this dose reliably induces tinnitus (Bauer, Brozoski, Rojas, Boley, & Wyder, 1999; Jastreboff & Sasaki, 1994; Lobarinas et al., 2011; Lobarinas et al., 2004). The significant reduction in low and high frequency responses could lead to mid-frequency e
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	2.3.2 Chronic Distortion Product Otoacoustic Emissions (DPOAE) 
	Chronic salicylate treatment also influences the motor protein prestin. Chronic treatment with SS enhanced DPOAE amplitudes and caused an up-regulation in prestin mRNA and protein expression (Chen et al., 2010; Yu et al., 2008). Rats were chronically treated over two time periods consisting of four days, with a two day rebound period in-between. During each period the animals were treated with a systemic injection (300 mg/kg/day) of SS and DPOAEs were measured 2-hours post administration. Changes in DPOAE a
	Interestingly, chronic salicylate treatment increases prestin mRNA expression. Adult guinea pigs received a systemic injection of SS (200-250mg/kg) twice a day for 2 weeks. Prestin mRNA expression progressively increased following daily administrations. Western blots indicated an increase in the prestin protein (Yu et al., 2008). Four weeks after cessation of SS treatment prestin mRNA levels returned to normal (Yu et al., 2008). These results indicate that as a result of chronic high doses of salicylate, th
	2.3.3 Acute Compound Action Potential (CAP) 
	The first negative peak (N1) of the electrical response from the round window of the cochlea in response to a click or tone burst is the compound action potential (CAP), which reflects the synchronous onset response of type I auditory nerve fibers that directly connect to inner hair cells (IHC) (Fig. 2.2). Salicylate is known to depress the cochlear CAP (Chen et al., 2010; Stolzberg et al., 2011). Figure 2.3 shows changes that occur in the CAP I/O function to 
	The first negative peak (N1) of the electrical response from the round window of the cochlea in response to a click or tone burst is the compound action potential (CAP), which reflects the synchronous onset response of type I auditory nerve fibers that directly connect to inner hair cells (IHC) (Fig. 2.2). Salicylate is known to depress the cochlear CAP (Chen et al., 2010; Stolzberg et al., 2011). Figure 2.3 shows changes that occur in the CAP I/O function to 
	tone bursts (4, 12, 16, & 30 kHz) in rats under ketamine/xylazine anesthesia (50/6 mg/kg, i.p.). Sprague-Dawley rats were treated with SS (300 mg/kg, i.p.) or the equivalent dose of saline, and two hours later the CAP was measured by placing a silver electrode on the round window. The amplification produced by the OHCs results in a non-linear CAP I/O function prior to salicylate treatment (compare to dashed lines in Fig. 2.3 which represent a linear relationship). The influence of salicylate on the electrom

	2.3.4 Chronic Compound Action Potential (CAP) 
	High doses of aspirin and SS have long been thought to exert only temporary effects on the auditory system; however, recent studies suggest that high doses may induce permanent changes. Most in vitro and in vivo studies indicate that prolonged treatment with high doses of SS does not damage sensory hair cells in vitro or in vivo; however, it can affect SGNs (Deng et al., 2013; Wei et al., 2010; Zheng & Gao, 1996). To determine the effect of chronic salicylate treatment on the CAP, 6 rats were administered 2
	High doses of aspirin and SS have long been thought to exert only temporary effects on the auditory system; however, recent studies suggest that high doses may induce permanent changes. Most in vitro and in vivo studies indicate that prolonged treatment with high doses of SS does not damage sensory hair cells in vitro or in vivo; however, it can affect SGNs (Deng et al., 2013; Wei et al., 2010; Zheng & Gao, 1996). To determine the effect of chronic salicylate treatment on the CAP, 6 rats were administered 2
	consecutive weeks and a control group was given saline (Chen et al., 2010). CAP I/O functions were measured four weeks after cessation of treatment. The SS-treated group showed a slight, but significant reduction in CAP amplitudes compared to the control group. CAP I/O functions were still non-linear in both groups indicating normal OHC function. However, when amplitudes were compared as a function of frequency, low and high frequencies were reduced more than mid-frequencies, consistent with the acute effec

	2.3.5 Cochlear Microphonic (CM) and Summating Potential (SP) 
	The effects of high doses of SS on the CM and SP have also been studied after systemic or local application of SS. The CM, generated predominantly by the OHCs in cooperation with +80 mV endocochlear potential, largely reflects the flow of potassium ions through the stereocilia on the apical pole of the OHCs in response to acoustic stimulation (Raslear, 1974). The SP, a sustained DC potential evoked by sound stimulation, is predominantly generated by IHCs along with a smaller contribution from OHCs (Durrant,
	The effects of high doses of SS on the CM and SP have also been studied after systemic or local application of SS. The CM, generated predominantly by the OHCs in cooperation with +80 mV endocochlear potential, largely reflects the flow of potassium ions through the stereocilia on the apical pole of the OHCs in response to acoustic stimulation (Raslear, 1974). The SP, a sustained DC potential evoked by sound stimulation, is predominantly generated by IHCs along with a smaller contribution from OHCs (Durrant,
	(Fitzgerald, Robertson, & Johnstone, 1993). No significant change in the SP was seen following cochlear perfusion in the guinea pig. This functional data suggest that intracochlear perfusion of SS has little effect on hair cells. 

	2.3.6 Spiral Ganglion Neuron (SGN) 
	Recent research has demonstrated that high doses of SS can damage the SGN without concurrent damage to cochlear sensory cells (Wei et al., 2010; Zheng & Gao, 1996). In order to evaluate the effects of salicylate on the SGN, postnatal day 3 organotypic cultures were treated with SS for 48 hours. Hair cells were labeled with Alexa-488 conjugated phalloidin and auditory nerve fibers were immunolabeled with a monoclonal antibody targeting class III β-tubulin. SS treatment did not induce hair cell loss even at t
	Recent research has demonstrated that high doses of SS can damage the SGN without concurrent damage to cochlear sensory cells (Wei et al., 2010; Zheng & Gao, 1996). In order to evaluate the effects of salicylate on the SGN, postnatal day 3 organotypic cultures were treated with SS for 48 hours. Hair cells were labeled with Alexa-488 conjugated phalloidin and auditory nerve fibers were immunolabeled with a monoclonal antibody targeting class III β-tubulin. SS treatment did not induce hair cell loss even at t
	of salicylate cause an upsurge of the highly toxic superoxide radical in SGNs but not neighboring sensory and supporting cells (Deng et al., 2013). Little or no dihydroethidium (DHE) staining, which labels the superoxide radical, was observed in control cultures. In cochlear cultures treated with 10 mM SS for 48 hours, a significant amount of DHE staining was observed in SGNs, but not in neighboring sensory or support cells (Deng et al., 2013). When cultures were treated with 10 mM SS plus 100 µM PyP, a cel

	2.3.7 Auditory Nerve (AN) 
	Auditory nerve fiber recordings following high doses of SS treatment have yielded variable results, which may be a result of the dosage, route of administration or species differences. In cats, a significant increase in spontaneous auditory nerve firing was observed following an extremely high dose of SS (400mg/kg , i.v.) (Evans & Borerwe, 1982). In contrast, in gerbils, a slight but significant reduction in auditory nerve firing rate following a moderate dose of SS (200 mg/kg i.p.) was observed in fibers w
	Auditory nerve fiber recordings following high doses of SS treatment have yielded variable results, which may be a result of the dosage, route of administration or species differences. In cats, a significant increase in spontaneous auditory nerve firing was observed following an extremely high dose of SS (400mg/kg , i.v.) (Evans & Borerwe, 1982). In contrast, in gerbils, a slight but significant reduction in auditory nerve firing rate following a moderate dose of SS (200 mg/kg i.p.) was observed in fibers w
	over several weeks of salicylate administration (200mg/kg/day, i.m.). Initially, the ASECA decreased in the followings hours after salicylate administration; however, after several days this suppression was alleviated and returned to normal levels. Over the following weeks the ASECA progressively increased; furthermore, after the cessation of treatment the ASECA reversed and progressively decreased to the values measured initially (Cazals et al., 1998). The increase in auditory nerve spontaneous activity se

	Taken together, the results indicate that salicylate’s effect on the peripheral auditory system results primarily in a reduction of auditory sensitivity (threshold shift) caused by the frequency-dependent suppression of OHC electromotility. Salicylate’s influence on hearing sensitivity was previously thought to be temporary; however, recent data suggest that prolonged treatment with high doses of salicylate may lead to sustained OHC dysfunction (Chen et al., 2010) and degeneration of SGNs (Deng et al., 2013
	2.4 CENTRAL EFFECTS 
	2.4.1 Inferior Colliculus (IC) 
	The IC was one of the earliest auditory brain regions used to investigate salicylate’s effects on the central nervous system (CNS). The main inhibitory neurotransmitter in the CNS, γ-aminobutyric-acid (GABA), plays an important role in IC function. GABA-mediated inhibition plays a major role in shaping frequency tuning, binaural processing, and intensity coding in the IC (Bauer et al., 2000; Faingold, Gehlbach, & Caspary, 1989; Fuzessery & Hall, 1996; Sivaramakrishnan et al., 2004). Moreover, SS appears to 
	(H. T. Wang et al., 2008). 
	Electrophysiological responses in the IC do not show sound-evoked hyperactivity following salicylate administration unlike higher levels in the central auditory system (Fig. 2.6A)(Sun et al., 2009). However, because the IC response amplitudes are nearly normal at suprathreshold levels whereas the CAP responses are reduced, these results imply that some compensatory increase in gain occurs after the auditory nerve to restore the IC amplitudes to their normal levels. Furthermore, electrophysiological recordin
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	2.4.2 Medial Geniculate Body (MGB) 
	The MGB of the thalamus is thought to play an essential role in sensory gating of auditory stimuli, and therefore has been considered a possible contributor to tinnitus perception (Llinas, Ribary, Jeanmonod, Kronberg, & Mitra, 1999). Extracellular recordings in vitro have indicated that salicylate can drastically alter the spontaneous firing rate of neurons in the MGB, although the direction of change is complex. Approximately 52.4% of neurons increased their firing rate after SS treatment while firing rate
	2.4.3 Auditory Cortex (AC) 
	The preceding results have demonstrated that not only does salicylate suppress the neural output of the peripheral auditory system (Chen et al., 2010), but also alters activity in the CNS (Lu et al., 2011; Stolzberg et al., 2011; Sun et al., 2009; Wallhausser-Franke et al., 2003). The cortex is highly plastic and shows remarkably robust changes in response to systemic 
	The preceding results have demonstrated that not only does salicylate suppress the neural output of the peripheral auditory system (Chen et al., 2010), but also alters activity in the CNS (Lu et al., 2011; Stolzberg et al., 2011; Sun et al., 2009; Wallhausser-Franke et al., 2003). The cortex is highly plastic and shows remarkably robust changes in response to systemic 
	salicylate as illustrated by the upsurge in c-fos immunolabeling, a marker of neural activity (Wallhausser-Franke et al., 2003). However, electrophysiological studies have found mixed results. In some cases, spontaneous firing rates in A1 and the anterior auditory field (AAF) decreased slightly post-salicylate (Lu et al., 2011; Yang et al., 2007) whereas secondary auditory cortex (A2) showed an increase (Eggermont & Kenmochi, 1998). The A1 neurons mainly receive afferent inputs from the lemniscal pathway an

	salicylate’s suppressive effects on the cochlea. In contrast to the reduced amplitudes seen in 
	the cochlea, at high stimulation levels the amplitude of the AC LFP is enhanced compared to control amplitudes. One factor that may contribute to the enhanced AC amplitudes at suprathreshold levels is loss of GABA mediated inhibition. Evidence supporting this view comes from studies showing that systemic administration of baclofen, which increases GABAB – 
	the cochlea, at high stimulation levels the amplitude of the AC LFP is enhanced compared to control amplitudes. One factor that may contribute to the enhanced AC amplitudes at suprathreshold levels is loss of GABA mediated inhibition. Evidence supporting this view comes from studies showing that systemic administration of baclofen, which increases GABAB – 
	mediated inhibition, isoflurane anesthesia which increases GABAA –mediated inhibition, or Vigabatrin, which increases the GABA neurotransmitter concentration, can each suppress salicylate-induced hyperactivity in the AC (Lu et al., 2011). These results support the hypothesis that the salicylate-induced hyperactivity seen in the AC and MGB may be due to a reduction in GABA-mediated inhibition (Bauer et al., 2000; H. T. Wang et al., 2008). 

	Under normal circumstances, GABAergic circuits help to sharpen the frequency tuning of neurons in the AC. However, when GABA-mediated activity is pharmacologically suppressed frequency receptive fields (FRFs) may shift or expand. When bicuculline (BIC), a GABA-A antagonist, was iontophoretically applied to the AC of chinchillas, it resulted in an expansion of neuronal frequency tuning (Wang et al., 2000). The FRFs in the AC are also altered by high doses of salicylate, consistent with salicylate’s effects o
	Under normal circumstances, GABAergic circuits help to sharpen the frequency tuning of neurons in the AC. However, when GABA-mediated activity is pharmacologically suppressed frequency receptive fields (FRFs) may shift or expand. When bicuculline (BIC), a GABA-A antagonist, was iontophoretically applied to the AC of chinchillas, it resulted in an expansion of neuronal frequency tuning (Wang et al., 2000). The FRFs in the AC are also altered by high doses of salicylate, consistent with salicylate’s effects o
	contribute to the broadening and CF shifts of AC neurons (H. T. Wang et al., 2008; J. Wang, Caspary, & Salvi, 2000). 

	Similar to other regions of the neocortex, the auditory cortex is comprised of approximately six interconnected layers with a multitude of neuron types (Prieto, Peterson, & Winer, 1994). An in vitro assessment revealed significant differences in the response of different types of neurons in the AC after perfusion with 1.4 mM salicylate. The threshold current needed to evoke an action potential was significantly increased and current-evoked firing rates in fast-spiking interneurons were greatly depressed, ho
	Similar to other regions of the neocortex, the auditory cortex is comprised of approximately six interconnected layers with a multitude of neuron types (Prieto, Peterson, & Winer, 1994). An in vitro assessment revealed significant differences in the response of different types of neurons in the AC after perfusion with 1.4 mM salicylate. The threshold current needed to evoke an action potential was significantly increased and current-evoked firing rates in fast-spiking interneurons were greatly depressed, ho
	indicating more rapid processing in the supragranular layer of A1. The CSD results indicated that systemic salicylate significantly altered the intracortical microcircuits in the primary AC (Stolzberg, Chrostowski, et al., 2012). 

	2.4.4 Local Applications of SS 
	To identify the central effects of salicylate independent of peripheral changes, SS was locally applied to the AC or the cochlea. Figure 2.8 shows the sound-driven LFP I/O functions in the AC before and after local application of SS to the cochlear round window or to the AC. When salicylate was locally applied to the round window both the CAP and AC sound-driven responses were significantly reduced and the threshold was increased approximately 25 dB (Sun et al., 2009) (Figure 2.8-B, C). However, when salicy
	2.4.5 Lateral Amygdala 
	Interestingly, nuclei outside of the classical auditory pathway respond to acoustic stimuli, and therefore may contribute to auditory functions involved with hearing sensitivity and tinnitus perception. The amygdala, part of the limbic system, plays a role in emotional regulation and attribution of emotional significance to sensory stimuli (Davis, 1992; Fanselow & LeDoux, 1999). Since tinnitus severity is often correlated with an individual’s tolerance, 
	Interestingly, nuclei outside of the classical auditory pathway respond to acoustic stimuli, and therefore may contribute to auditory functions involved with hearing sensitivity and tinnitus perception. The amygdala, part of the limbic system, plays a role in emotional regulation and attribution of emotional significance to sensory stimuli (Davis, 1992; Fanselow & LeDoux, 1999). Since tinnitus severity is often correlated with an individual’s tolerance, 
	annoyance, stress or depression (Dobie, 2003), the amygdala may play a role in tinnitus. Many neurons in the LA produce robust responses to acoustic stimuli and have good neuron frequency tuning; however, its tonotopic organization is more complex than that of the AC (Chen et al., 2012; Goosens, Hobin, & Maren, 2003; Quirk, Repa, & LeDoux, 1995). Similar to what occurs in the AC, systemic administration of SS enhances suprathreshold, sound-driven LFPs and alters the tuning and tonotopy of FRFs (Chen et al.,
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	2.5 HUMAN PERCEPTUAL DEFICITS RESULTING FROM SALICYLATE 
	Hearing sensitivity, tinnitus and supra-threshold measures of hearing are the three main perceptual alterations noticed when humans ingest large amounts of aspirin. Information obtained on the effect of large doses of aspirin in human subjects has mainly been obtained from suicide attempts, rheumatoid arthritis patients and some psychoacoustic studies (McFadden et al., 1984a). 
	2.5.1 Hearing Sensitivity 
	Some human studies have indicated a moderate dose of aspirin can induce a hearing loss of up to ~40 dB in subjects that received 4 g of aspirin/ day for 3-4 days (Pedersen, 1974). However, other studies providing similar dosage and time periods (3.9g for 3-4 days) have found that the subjects only incurred an average hearing loss of ~15 dB (Cianfrone et al., 2005; Mcfadden & Champlin, 1990; McFadden & Plattsmier, 1983; McFadden et al., 1984a). Aspirin appeared to influence hearing sensitivity across the hum
	The effects of extreme doses of aspirin have been evaluated in some cases of attempted suicide. In one case, 10 g of ingested aspirin resulted in severe hearing loss and a strong tinnitus perception within 22 hours (Janssen et al., 2000). DPOAEs were found to be present during aspirin intoxication; however, the responses were linearized, indicating reduced OHC function. After recovery, DPOAEs were within normal limits and showed a non-linear response pattern indicating that OHC function had been restored (J
	2.5.2 Supra-threshold Effects 
	It is apparent that aspirin and/or salicylate cause a sensory hearing loss. It is well known that sensory hearing loss can reduce one’s ability to accurately perceive speech in noise even when the signal is presented at an individual’s most comfortable level (MCL). Young & Wilson et al. (1982) investigated the effects of acetylsalicylic acid on speech discrimination ability in quiet 
	It is apparent that aspirin and/or salicylate cause a sensory hearing loss. It is well known that sensory hearing loss can reduce one’s ability to accurately perceive speech in noise even when the signal is presented at an individual’s most comfortable level (MCL). Young & Wilson et al. (1982) investigated the effects of acetylsalicylic acid on speech discrimination ability in quiet 
	and in the presence of filtered speech spectrum background noise. Measurements were obtained at three signal-to-noise ratios (SNRs 0, -4, and -8 dB HL) before and after high doses of aspirin. The average results from five subjects demonstrated a significant reduction in speech reception ability at the -8 SNR condition (Figure 2.9-A). However, when the subject scores were examined individually it was clearly apparent there was large individual variability (Fig. 2.9-B) (Young & Wilson, 1982). As shown in Figu

	Aside from speech discrimination aspirin can also affect temporal integration. Monaural thresholds were measured at 500, 1000, 4000, and 8000 Hz using tone durations between 1 and 1000 ms. Fourteen subjects given 4 g/day of acetylsalicylate for 3-4 days were evaluated before, during and after salicylate treatment (Pedersen, 1974). Figure 2.10 shows the threshold difference between long and short duration tones plotted as a function of time. Under normal conditions, the threshold of a 500 ms tone is generall
	Aside from speech discrimination aspirin can also affect temporal integration. Monaural thresholds were measured at 500, 1000, 4000, and 8000 Hz using tone durations between 1 and 1000 ms. Fourteen subjects given 4 g/day of acetylsalicylate for 3-4 days were evaluated before, during and after salicylate treatment (Pedersen, 1974). Figure 2.10 shows the threshold difference between long and short duration tones plotted as a function of time. Under normal conditions, the threshold of a 500 ms tone is generall
	or less (Figure 2.10-A) (Pedersen, 1974). The slopes of the threshold-duration functions after salicylate treatment are shallower than normal. The threshold elevation is thought to be due to cochlear pathology while the decrease in temporal summation is thought to be due to a change in integration processes located in the central auditory system. 

	Salicylate has an effect on temporal resolution or the ability to detect rapid changes in an acoustic signal. One simple measure of auditory temporal resolution is the ability to detect a short duration silent interval, or gap, in an ongoing noise. In normal hearing individuals gap detection thresholds become shorter (better temporal acuity) with increase in sound intensity reaching a minimum gap value around 60 dB SPL. To determine if salicylate would impair temporal resolution, five patients were given 3.
	2.6 DISCUSSION 
	High doses of aspirin and SS have provided researchers with a powerful tool for inducing hearing loss and tinnitus. With short-term administration, the effects appear to be completely reversible whereas long-term administration appears to induce a unique form of damage to 
	High doses of aspirin and SS have provided researchers with a powerful tool for inducing hearing loss and tinnitus. With short-term administration, the effects appear to be completely reversible whereas long-term administration appears to induce a unique form of damage to 
	SGN. While salicylate and aspirin were originally believed to only affect the cochlea, more recent studies suggest that it can also have profound effects on the CNS, which should come as no surprise given that aspirin is used for relief of pain, headaches and fever. Studies of salicylate and aspirin induced ototoxicity have substantially enhanced our knowledge of auditory perception and function over the past decades and continues to be a valuable tool for investigating hearing loss and tinnitus. However, t

	2.6.1 Peripheral Frequency Dependency 
	Peripherally, salicylate suppresses the electromotile response of the OHC (Chen et al., 2010) by binding to anion binding sites on the motor protein prestin (Liberman et al., 2002). This impairs hearing sensitivity in animals and humans. Salicylate’s effects on OHC amplification has frequency-dependent characteristics on DPOAE and CAP measurements in rats with the greatest suppressive effects in the low and high frequencies and the least at the midfrequencies(Stolzberg et al., 2011) (Chen et al., 2010). How
	Peripherally, salicylate suppresses the electromotile response of the OHC (Chen et al., 2010) by binding to anion binding sites on the motor protein prestin (Liberman et al., 2002). This impairs hearing sensitivity in animals and humans. Salicylate’s effects on OHC amplification has frequency-dependent characteristics on DPOAE and CAP measurements in rats with the greatest suppressive effects in the low and high frequencies and the least at the midfrequencies(Stolzberg et al., 2011) (Chen et al., 2010). How
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	discriminate the consonant speech sounds. Surprisingly, there was no apparent correlation between the severity of salicylate-induced hearing loss at high frequencies and speech recognition scores. In addition, in humans there does not appear to be a frequency-dependent effect on temporal integration abilities measured with brief tone audiometry. However, aspirin tended to have a greater effect on low-frequency gap-detection threshold than high frequency gap threshold. 

	2.6.2 Central Hyperactivity and Re-tuning 
	Salicylate’s effects on the CNS seem paradoxical in light of the changes seen in the cochlea. While salicylate suppressed the neural output of the cochlea at all intensities, it enhanced LFPs and sound-driven firing rates at high intensities in the central nervous system. CSD analysis indicated that the amplified neural signal in the auditory cortex stems from changes in the intra-cortical circuits within A1 (Stolzberg, Chrostowski, et al., 2012). The amplitude enhancements seen at high intensities have bee
	Salicylate’s effects on the CNS seem paradoxical in light of the changes seen in the cochlea. While salicylate suppressed the neural output of the cochlea at all intensities, it enhanced LFPs and sound-driven firing rates at high intensities in the central nervous system. CSD analysis indicated that the amplified neural signal in the auditory cortex stems from changes in the intra-cortical circuits within A1 (Stolzberg, Chrostowski, et al., 2012). The amplitude enhancements seen at high intensities have bee
	CF shifts in the AC as well as the LA, which results in an overrepresentation of mid frequencies (Chen et al., 2012; Stolzberg et al., 2011). High and low frequency neurons shift their best frequencies downward and upward respectively resulting in an over representation of the mid-frequencies. The mechanisms that are responsible for the salicylate-induced CF shift are not fully understood; however, it is most likely due to two factors. One is salicylate’s frequency-dependent influence in the periphery which

	Another factor is salicylate’s influence on GABAergic activity. GABA plays a major role in 
	maintaining sharp frequency tuning, (J. Wang et al., 2000) and salicylate has been shown to suppress serotonin-mediated GABA inhibition (H. T. Wang et al., 2008). These results suggest that the salicylate-induced CF shifts seen in the AC and LA may be the result of frequency-dependent peripheral effects and loss of centrally mediated inhibition that creates a permissive environment for retuning the neural circuits in the cortex. 
	2.7 FIGURES 
	FIGURE 2.1: Schematic of mean DPOAE amplitudes plotted as a function of Lintensity presalicylate treatment, 1 h post-salicylate treatment, and 2 h post salicylate treatment (300 mg/kg i.p.). Frequencies (4, 5.3, 8, 11, 16, & 20 kHz) indicated above each panel represent 2f-f. Acute systemic salicylate administration significantly reduced DPOAE amplitudes in low (4, 5.3, 8, and 11 kHz) and high (20 kHz) frequencies but not at mid (16 kHz) frequencies. (** P=0.01, *** P=0.001, ns=not significant) 
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	FIGURE 2.2: High-pass filtered (>11 kHz) CAP response to a 12 kHz tone burst. Bars represent N1; response amplitude represents activity stemming from type 1 auditory nerve fibers. N1 is measured to represent CAP amplitudes. 
	FIGURE 2.3: CAP I/O function pre-(dotted) and 2 hours post-SS (solid) treatment. Dotted grey lines represent linear relationships to the CAP I/O function; the distance between the linear lines and CAP I/O functions represents the amount of residual amplification from the OHCs (demonstrated in 30 kHz I/O panel). At low (4 kHz) and high (40 kHz) frequencies the CAP I/O function becomes more linear than mid frequencies (12 & 16 kHz). The threshold shift is greater in the low and high frequencies (~ 30 dB SPL) 
	50 
	FIGURE 2.4: (A) SGN fibers from the middle turn of the cochlea immunolabeled with primary antibody against β-tubulin and secondary antibody conjugated to Alexa Fluor 488 in control cultures and in 3, 5, and 10 mM SS for 96 hours. In control cultures, nerve fibers demonstrate thick healthy fascicles. With increasing concentrations of SS the nerve fibers show increasingly more fragmentations and blebs (white arrows), and ultimately nerve fiber disappearance in a dose dependent manner. Image obtained from Deng
	dependent manner’ however, sensory cell appear structurally unaffected. Republished from 
	(Deng et al., 2013) with permission. 
	Figure
	FIGURE 2.5: The amount of DHE-positive staining in SGNs in control cultures, cultures treated with 100 µM PyP alone, 100 µM PyP plus 10 mM SS, and 10 mM SS alone. There was no significant difference between the control cultures and cultures treated with PyP alone. The percentage of DHE-positive staining in cultures treated with 100 µM PyP plus 10 mM SS was significantly larger then than the control or PyP alone cultures ( P<0.05). Cultures treated with 10 mM SS alone showed significantly more DHE-positive s
	FIGURE 2.6: The effects of systemic salicylate on the LFP of the IC, MGB, LA, and AC. (A) LFP in the IC pre-and 2 hours post-systemic administration of SS (250 mg/kg i.p.). Salicylate did not change the amplitudes recorded from the IC; however, an approximately 20 dB SPL threshold shift occurred. The threshold shift is most likely due to salicylates suppressive effects on OHC electromotive amplification. (B) LFP in the MGB pre-and 2 hour post-systemic administration of SS (300 mg/kg i.p.). There was an appr
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	FIGURE 2.7: (A) Characteristic frequency thresholds obtained from the auditory cortex prior to systemic administration of SS. (B) Characteristic frequency thresholds obtained from the same location as those displayed in panel A 2.5 hours post systemic administration of SS (300 mg/kg i.p.). After the injection, neurons shifted their frequency tuning upward and downward to the 10-20 kHz frequencies region, causing an over representation in the mid frequencies around 16 kHz. This pitch has also been identified
	FIFURE 2.8: Comparison of the effect of salicylate on auditory cortex LFP pre-and postsalicylate treatment with different administration routes. (A) The effect of salicylate when locally administered to the AC surface. Local administration to the AC hyper-activates the cortex with no shift in threshold or suppressed LFPs at low stimulation levels. (B) The effect of salicylate on the AC LFP when locally administered to the round window of the cochlea. Local application to the round window results in decrease
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	FIGURE 2.9: (A) Mean percent correct WRS in noise as a function of SNR. After a high dose of Aspirin there was a significant reduction in word discrimination ability at a SNR of -8 dB HL. (B) Individual WRS in noise as a function of SNR. When averaged together Aspirin appears to have a significant reduction in word discrimination ability in noise; however, when observed 
	individually it appears that Aspirin’s effect on word discrimination has large variability. 
	FIGURE 2.10: Schematic of temporal summation alterations following chronic dosing (4g/day for 3-4 days) of acetylsalicylate. Temporal summation was tested at 500, 1000, 4000, and 8000 Hz. (A) Temporal summation ability during salicylate treatment (B) temporal summation abilities after cessation of salicylate treatment. After cessation of treatment with acetylsalicylate the slope becomes steeper indicating a better threshold for long duration tones. The effects of salicylate on temporal summation is most lik
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	POTASSIUM ION CHANNEL OPENERS, MAXIPOST AND RETIGABINE, 
	PROTECT AGAINST PERIPHERAL SALICYLATE OTOTOXICITY IN RATS 
	Adam Sheppard, Guang-Di Chen, Richard Salvi 
	3.1 ABSTRACT 
	Sodium Salicylate (SS) reliably induces a sensorineural hearing loss and tinnitus when administered in high doses. Recent animal modeled studies indicate that potassium channel openers such as Maxipost and Retigabine (RTG) can block SS-or noise-induced tinnitus respectively; however, the origins and mechanisms are poorly understood. Since SS blocks the same potassium channels that Maxipost and RTG open, we postulated that these drugs might influence peripheral auditory function. To test this hypothesis Maxi
	3.2 INTRODUCTION 
	High-dose sodium salicylate (SS), the active ingredient in aspirin, reliably induces temporary sensorineural hearing loss, tinnitus (Jastreboff et al., 1988, Bauer et al., 1999, Lobarinas et al., 2004, Yang et al., 2007) and hyperacusis (Chen et al., 2014). Consequently, SS is frequently used to investigate peripheral and central mechanisms of hearing loss, tinnitus and hyperacusis in 
	animal models. However, despite being used in auditory research for more than 50 years SS’s 
	mechanisms of action are still not fully understood. 
	SS has a profound influence on the cochlea, including a reduction in OHC electromotility and potassium currents. A significant reduction in distortion product otoacoustic emissions (DPOAEs) accompanies a high-dose SS injection in rats (Chen et al., 2010, Stolzberg et al., 2011, Sheppard et al., 2014). This reduction has been reported as frequency-specific (Stolzberg et al., 2011). DPOAEs arise from prestin-mediated outer hair cell (OHC) electromotility, supported in part by the +80 mV endocochlear potential
	2+

	The K+ ion channel openers BMS-204352 (Maxipost) and Retigabine (RTG) were originally developed for stroke (Gribkoff et al., 2001b) and epilepsy (Rostock et al., 1996), respectively. However, they also have anxiolytic (Korsgaard et al., 2005), anti-nociceptive (Blackburn-Munro and Jensen, 2003, Nodera et al., 2011), and neuroprotective properties (Rundfeldt, 1997, Jensen, 2002), resulting from Kv7 and BK K+ channel activation. These potassium channels are present in the CNS (Brenner et al., 2005, Korsgaard 
	In the present study, we characterize the influence that Maxipost and RTG have on the peripheral auditory system alone and in combination with SS using a rat animal model. Since Kv7 and BK channels are abundantly expressed in the peripheral system of murine species, and are blocked by SS, we hypothesized that Maxipost and/or RTG would enhance the gross cochlear potentials alone or in combination with SS. Alterations occurring in the periphery as a 
	In the present study, we characterize the influence that Maxipost and RTG have on the peripheral auditory system alone and in combination with SS using a rat animal model. Since Kv7 and BK channels are abundantly expressed in the peripheral system of murine species, and are blocked by SS, we hypothesized that Maxipost and/or RTG would enhance the gross cochlear potentials alone or in combination with SS. Alterations occurring in the periphery as a 
	result of these drugs can elucidate the role of potassium channels in cochlear function and SS-induced ototoxicity. 

	3.3 MATERIALS AND METHODS 
	3.3.1Subjects 
	Seventy-seven male Sprague-Dawley rats (250-500g, Charles River) between the ages of 2-5 months were used in this study. Animals were housed two per cage, provided free access to food and water, and kept on a 12/12 h light-dark cycle. For CAP measurements (n=48), animals were randomly assigned into eight groups: Control (n=6), vehicles (Saline n=6, or dimethyl sulfoxide (DMSO, n=6), SS (n=6), Maxipost (n=6), RTG (n=6), Maxipost + SS (n=6), and RTG + SS (n=6). For DPOAE measurements (n=29), animals were rand
	3.3.2Compound Action Potentials 
	Rats were anesthetized with a ketamine (60 mg/kg) and xylazine (6mg/kg) injection intraperitoneally (i.p.). Body temperature was maintained at 37 ºC using a homoeothermic blanket (Harvard Apparatus, Holliston, MA). The animal was placed in a custom head-holder, the right bulla was exposed and a small fistula made to access the cochlear round window. A Teflon-coated gold wire (76.2 µm in diameter, Cat#75810, A-M System Inc.) ring-electrode was placed on the round window and a silver chloride reference electr
	Rats were anesthetized with a ketamine (60 mg/kg) and xylazine (6mg/kg) injection intraperitoneally (i.p.). Body temperature was maintained at 37 ºC using a homoeothermic blanket (Harvard Apparatus, Holliston, MA). The animal was placed in a custom head-holder, the right bulla was exposed and a small fistula made to access the cochlear round window. A Teflon-coated gold wire (76.2 µm in diameter, Cat#75810, A-M System Inc.) ring-electrode was placed on the round window and a silver chloride reference electr
	signal (duration: 20ms; rise/fall time: 1ms) was presented via a high frequency transducer crafted from an ACO ½” microphone. Stimulation intensities decreased in 10 dB steps from 80 dB SPL using a TDT PA5 programmable attenuator. The cochlear response within a 20 ms time window was amplified (1000x) with a Grass AC preamplifier (Model P15; West Warwick, RI, USA) and filtered online (0.1–50 kHz) using a custom MATLAB program. The CAP component was isolated off-line by low-pass filtering 1 kHz below the stim

	3.3.3Distortion Product Otoacoustic Emissions 
	Rats were anesthetized with a ketamine (60 mg/kg) and xylazine (6 mg/kg) injection (i.p.). Using a commercial instrument (Intelligent Hearing Systems; Miami, FL), DPOAEs were obtained with two primary tones (f1 and f2) presented at an f2/f1 ratio of 1.2. The intensity of f1 (L1) was presented 10 dB higher than the intensity of f2 (L2). I/O functions for distortion products 2f1-f2 were plotted for f2 frequencies of 4, 6, 8.6, 13.2, 16, 24, 30 and 35 kHz using L1 intensities of 25-80 dB SPL (5 dB steps). I/O 
	3.3.4Experimental Conditions 
	3.3.4.1 Experiment 1: Vehicles (DMSO & Saline) 
	Saline was used to dissolve SS and DMSO (Sigma-Aldrich, St. Louis, MO) was used to dissolve Maxipost and RTG. One vehicle group was treated with saline alone and the other vehicle group was treated with DMSO alone. CAPs and DPOAEs were acquired three hours later. 
	3.3.4.2 Experiment 2: SS 
	SS (Sigma-Aldrich) was dissolved in saline (50 mg/ml), and administered via i.p injection (200 mg/kg).This dose reliably induces tinnitus and hearing loss (Lobarinas et al., 2004, Stolzberg et al., 2011, Chen et al., 2013, Sheppard et al., 2014). For DPOAEs, a within-subject experiment, measurements were made at baseline and three hours post SS. For CAPs, a between-group experiment, recordings were performed three hours post SS. 
	3.3.4.3 Experiment 3: Maxipost or RTG Alone 
	Maxipost (Axon Medchem, 9713 GZ Groningen, The Netherlands) was dissolved in DMSO (25 mg/ml) and administered via i.p. injection (10 mg/kg). Previous reports indicate this dose eliminated behavioral evidence of SS-induced tinnitus in rats (Lobarinas et al., 2011). RTG (Alomone Labs, Har Hotzvim Hi-Tech Park, P.O.Box 4287 Jerusalem 9104201, Israel) was dissolved in DMSO (50 mg/ml) and administered via i.p. injection (10 mg/kg). Previous reports indicate this dose prevents noise-induced tinnitus in mice (Li e
	3.3.4.4 Experiment 4: Maxipost or RTG +SS 
	Maxipost or RTG (10 mg/kg i.p.) was administered ten minutes prior to SS (200 mg/kg i.p.). DPOAEs or CAPs were obtained three hours later. 
	3.3.5Compliance 
	The research project was performed in accordance with regulations approved by the Institutional Animal Care and Use Committee (IACUC, HER05080Y)) at the University of Buffalo and was carried out in accordance with National Institute of Health guidelines. 
	3.4 RESULTS 
	3.4.1Vehicles 
	Figure 3.1A illustrates CAP amplitudes as a function of tone bursts presented at 80 dB SPL for control, saline, and DMSO groups. Figure 3.1B illustrates DPOAEs as function of f2 frequencies with L1 intensity set at 70 dB SPL for control, saline, and DMSO groups. There is no significant difference between control and vehicle (saline and DMSO) treated animals. This indicates that the vehicles used had no significant impact on peripheral hearing. 
	3.4.2 SS 
	It is well-established that SS is ototoxic (Chen et al., 2010, Stolzberg et al., 2012, Chen et al., 2013). Figure 3.2A illustrates that mean (+/-SEM) CAP thresholds were significantly higher than saline vehicles by approximately 30 dB SPL across the tested frequency range (two-way ANOVA, p=0.0001, F1,10=205). Figure 3.2B illustrates mean (+/-SEM) CAP I/O functions at 6, 20 and 35 kHz. The average CAP amplitudes decreased significantly at all frequencies three hours post SS (two-way ANOVA, 4 kHz p<0.001, ; 6
	F1,2=13.17

	illustrates mean (+/-SEM) DPOAE I/O functions 3 hours post SS. DPOAEs were significantly reduced at all tested frequencies (two-way ANOVA, 4-24 kHz p<0.0001, F1,11=18-40; 30 kHz p<0.02, F1,7=5.948; 35 kHz p<0.04, F1,11=4.212). These results indicate that SS induced a mild-tomoderate CAP threshold shift, moderately decreased CAP amplitudes, and mildly reduced DPOAEs, indicative of OHC dysfunction.  
	-

	3.4.3 Maxipost and RTG Alone 
	Figure 3.3A illustrates CAPs at 80 dB SPL as a function of tone bursts and figure 3.3B illustrates DPOAEs at L1=70 dB SPL as a function of f2 frequencies for rats treated with Maxipost, RTG, or the DMSO vehicle. CAPs and DPOAEs for Maxipost or RTG alone were not significantly different from the DMSO vehicle. Similar results were obtained at all other measured intensities. These results indicate that Maxipost or RTG alone did not have a significant effect on peripheral hearing. 
	3.4.4Maxipost and SS 
	Figure 3.5A illustrates mean (+/-SEM) CAP I/O functions at a low (6 kHz), mid (16 kHz), and high (35 kHz) frequency for Maxipost + SS and SS alone groups. For reference, data are shown for saline and DMSO vehicles. Compared to SS, Maxipost + SS group had significantly enhanced mean CAPs at high frequencies > 20 kHz (two-way ANOVA, 20 kHz: p=0.024, F1,4=5.408; 24 kHz: p=0.019, F1,5=5.870;. 30 kHz: p=0.0015, ; 35 kHz: p=0.0001, ; 40 kHz: p=0.025, F1,3=5.354), but not low or mid frequencies ≤16 kHz. Figure 3.4
	Figure 3.5A illustrates mean (+/-SEM) CAP I/O functions at a low (6 kHz), mid (16 kHz), and high (35 kHz) frequency for Maxipost + SS and SS alone groups. For reference, data are shown for saline and DMSO vehicles. Compared to SS, Maxipost + SS group had significantly enhanced mean CAPs at high frequencies > 20 kHz (two-way ANOVA, 20 kHz: p=0.024, F1,4=5.408; 24 kHz: p=0.019, F1,5=5.870;. 30 kHz: p=0.0015, ; 35 kHz: p=0.0001, ; 40 kHz: p=0.025, F1,3=5.354), but not low or mid frequencies ≤16 kHz. Figure 3.4
	F1,2=12.15
	F1,4=17.64

	+ SS and SS alone. There was no significant difference between Maxipost + SS and SS alone (two-way ANOVA, p>.05). Since Maxipost reversed SS-reduced CAP amplitudes, but not DPOAEs, these data suggest that Maxipost inhibits SS-induced K+ channel blockage of IHCs in the basal high-frequency region of the cochlea. 

	3.4.5RTG + SS 
	Figure 3.6A illustrates mean (+/-SEM) CAP I/O functions at a low (6 kHz), mid (16 kHz), and high (35 kHz) frequency for RTG + SS and SS alone groups. For reference, data are shown for saline and DMSO vehicles. Compared to SS alone, RTG + SS significantly enhanced mean CAPs in low frequencies ≤ 8 kHz (two-way ANOVA, 2 kHz: p<0.05, F1,1=6.215; 4 kHz: ; 6 1,3=9.796), but not in mid or high frequencies ≥12 kHz. Figure 3.4B illustrates that CAP thresholds in the low frequencies were significantly reduced in RTG 
	p<0.05, F1,2=4.84
	kHz: p<0.0001,F1,4=18.92; 8 kHz: p<0.01, F
	p<0.01, F3,4=20.22

	3.5 DISCUSSION  
	3.5.1Salicylate Pathophysiology of Kv7.4 and BK K+ channels 
	Previous research using knockout mouse models have determined that BK and Kv7.4 channel function is essential for normal hearing (Ruttiger et al., 2004, Kharkovets et al., 2006), although their direct mechanisms are not well understood. It is speculated that Kv7.4 modulates the resting potential, and therefore excitation of sensory cells through removal of intracellular K+ at the basal pole of OHCs (Kubisch et al., 1999). This theory is supported by the basal pole location of Kv7.4 on OHCs (Kharkovets et al
	3.5.2High Frequency Maxipost Protection at BK channels 
	Our results suggest that Maxipost protection from SS results from an opening action on BK channels in the basal region of the cochlea. BK channels are likely the primary contributor 
	Our results suggest that Maxipost protection from SS results from an opening action on BK channels in the basal region of the cochlea. BK channels are likely the primary contributor 
	since they are blocked by salicylate (Kimitsuki et al., 2011), opened by Maxipost, but not RTG (Tatulian et al., 2001, Jensen, 2002, Korsgaard et al., 2005), and are primarily expressed in the high frequency region of the cochlea (Kimitsuki et al., 2003, Wersinger et al., 2010). Previous studies demonstrate BKα-/-mice develop a progressive high-frequency hearing loss (Ruttiger et al., 2004). SS-induced BK channel blockage could impose a similar hearing loss and be reversed by treatment with a BK channel ope

	3.5.3Low Frequency Retigabine Protection at Kv7.4 Channels 
	Our results suggest that RTG protection from SS results from an opening action on Kv7.4 channels in the apical region of the cochlea. Both Maxipost and RTG open Kv7.4 channels (Schroder et al., 2001); however, RTG has a higher affinity for Kv7.4 than Maxipost (Schroder et al., 2001, Jensen, 2002, Korsgaard et al., 2005). Salicylate blocks OHC Kv7.4 currents (Wu et al., 2010), which are primarily expressed on OHCs in the apical region of the cochlea (Beisel et al., 2000). Previous studies indicate that Kv7.4
	Our results suggest that RTG protection from SS results from an opening action on Kv7.4 channels in the apical region of the cochlea. Both Maxipost and RTG open Kv7.4 channels (Schroder et al., 2001); however, RTG has a higher affinity for Kv7.4 than Maxipost (Schroder et al., 2001, Jensen, 2002, Korsgaard et al., 2005). Salicylate blocks OHC Kv7.4 currents (Wu et al., 2010), which are primarily expressed on OHCs in the apical region of the cochlea (Beisel et al., 2000). Previous studies indicate that Kv7.4
	that SS and RTG have on Kv7.4 channels in the apical region of the cochlea and demonstrates mean CAP waveforms obtained from saline, SS alone, and RTG + SS to a low frequency stimuli (6 kHz). 

	3.5.4Tinnitus and potassium channel openers 
	While chronic tinnitus is generated, at least partially, within the CNS (House and Brackmann, 1981), the peripheral auditory system plays a role in precipitating tinnitus onset (Salvi et al., 2000, Bartels et al., 2007). Therefore, considering the results of the current study, Maxipost or RTG might prevent tinnitus generation by reducing peripheral damage. RTG would suppress low-frequency tinnitus, while Maxipost, in contrast, would suppress high frequency tinnitus. Since SS is believed to induce a high pit
	Maxipost and RTG also influence the CNS (Gribkoff et al., 2001b, Brenner et al., 2005, Li et al., 2013). Maxipost has cortical neuroprotective properties (Gribkoff et al., 2001a, Jensen, 2002) and regulates neurotransmitters important for excitation (Jensen, 2002). RTG suppresses noise-induced spontaneous hyperactivity in high frequency fusiform cells of the dorsal cochlear nucleus in vitro (Li et al., 2013). Therefore, more detailed research is needed to characterize the effects that Maxipost and RTG have 
	3.6 SUMMARY 
	Consistent with previous studies, our results indicate that CAP amplitudes are suppressed and thresholds increased three hours after a high dose of SS (Sun et al., 2009, Chen et al., 2010, Stolzberg et al., 2011). Recent studies suggest that this observation results in part by SS blockage of BK and Kv7.4 K+ channels (Wu et al., 2010, Kimitsuki et al., 2011). Combined treatment of Maxipost or RTG with SS partially or completely reversed SS-reduced CAP amplitudes and thresholds. Maxipost protection was observ
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	3.8 FIGURES 
	Figure
	FIGURE 3.1 – Vehicles had no impact on peripheral hearing. (A) CAP amplitudes obtained with 80 dB SPL tone bursts (6, 8, 12, 16, 20, 24, 30, 35, 40 kHz). (B) DPOAEs measured with L1=70 dB SPL (f2 = 5.3, 6, 12, 16, 20, 24, 30, 35 kHz). Presented data includes control animals (n=6), and vehicles animals, saline (n=6) or DMSO (n=6), (ns= not significant) 
	FIGURE 3.2 – SS significantly reduces peripheral hearing. (A) CAP thresholds (smallest detectable response above 4µV) three hours after saline and SS. CAP thresholds are significantly increased in the SS group across the frequency spectrum. (B) CAP amplitudes at a low-mid-and high-frequency. All amplitudes were significantly decreased in the SS group. (C) DPOAEs at a low-mid-and high-frequency. All DPOAEs were significantly decreased in the SS 
	group. Circles represent saline group, X’s represent SS group, and dotted lines in DPOAEs (C) 
	represent noise floors. (***=p<0.001, **p<0.01, *=p<0.05) 
	Figure
	FIGURE 3.3 – Maxipost or RTG alone have no impact on CAPs or DPOAEs. (A) CAP amplitudes for DMSO vehicle, Maxipost, and RTG alone groups acquired at 80 dB SPL (6, 8, 12, 16, 20, 24, 30, 35, 40 kHz). (B) DPOAEs obtained with L1= 70 dB SPL (f2 = 5.3, 6, 12, 16, 20, 24, 30, 35 kHz), (ns= not significant). 
	Figure
	FIGURE 3.4-RTG but not Maxipost significantly reduces SS-enhanced thresholds. (A) Illustrates CAP threshold shift (DMSO thresholds = 0) for Maxipost + SS and SS. Maxipost did not significantly reduce SS enhanced thresholds. (B) Illustrates CAP threshold shift (DMSO thresholds = 0) for RTG + SS and SS. RTG + SS thresholds were significantly reduced in the low frequencies (2, 4, 6, 8 kHz) when compared to the SS group (one-way ANOVA, 2 kHz: p<.01, 4 kHz: p<.05, 6 kHz: p<.05, 8 kHz: p<.01) and were not signifi
	Figure
	FIGURE 3.5-Maxipost protects against SS-induced high-frequency amplitude reductions in CAPs, but not DPOAEs. (A) CAP amplitudes of Maxipost + SS and SS at a low-mid-and high-frequency. Maxipost + SS significantly protected against SS-reduced CAP amplitudes in high frequencies (two-way ANOVA, ***=p<0.001, ns=not significant). (B) DPOAE amplitudes from Maxipost + SS and SS at a low-mid-and high frequency. There was no significant difference in DPAOEs (two-way ANOVA, p>.05, ns=not significant). Dashed lines re
	FIGURE 3.6-RTG protects against SS-induced low-frequency amplitude reduction in CAPs, but not DPOAEs. (A) CAP amplitudes from RTG + SS and SS at a low-mid-and high-frequency. RTG + SS significantly protected against SS-reduced CAP amplitudes in low-frequencies (two-way ANOVA, ***=p<0.001, ns=not significant). (B) DPOAEs from RTG + SS and SS at a low-mid-and high-frequency. There was no significant difference in DPOAE amplitudes between RTG + SS and SS across the frequency spectrum (two-way ANOVA, p>.05, ns=
	Figure
	Figure
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	FIGURE 3.7-SS, Maxipost, and RTGs interaction on tonotopic specific K+ channels, and resulting normalized mean CAP waveforms demonstrating SS protection. (A) BK channels are primarily expressed in the basal high frequency region of IHCs, SS blocks BK channels, and Maxipost opens BK channels. (B) Saline (n=4), SS (n=4), and Maxipost + SS (n=4) normalized mean CAP waveforms (35 kHz, 60 dB SPL). SS alone reduces amplitudes while Maxipost + SS partially restore amplitudes. (C) Mild expression of BK and Kv7.4 ch
	3.9 REFERENCES 
	Bartels H, Staal MJ, Albers FW (2007) Tinnitus and neural plasticity of the brain. Otology & neurotology : official publication of the American Otological Society, American Neurotology Society [and] European Academy of Otology and Neurotology 28:178-184. 
	Bauer CA, Brozoski TJ, Rojas R, Boley J, Wyder M (1999) Behavioral model of chronic tinnitus in rats. Otolaryngology--head and neck surgery : official journal of American Academy of Otolaryngology-Head and Neck Surgery 121:457-462. 
	Beisel KW, Nelson NC, Delimont DC, Fritzsch B (2000) Longitudinal gradients of KCNQ4 expression in spiral ganglion and cochlear hair cells correlate with progressive hearing loss in DFNA2. Brain research Molecular brain research 82:137-149. 
	Blackburn-Munro G, Jensen BS (2003) The anticonvulsant retigabine attenuates nociceptive behaviours in rat models of persistent and neuropathic pain. European journal of pharmacology 460:109-116. 
	Brenner R, Chen QH, Vilaythong A, Toney GM, Noebels JL, Aldrich RW (2005) BK channel beta4 subunit reduces dentate gyrus excitability and protects against temporal lobe seizures. Nature neuroscience 8:1752-1759. 
	Chen GD, Kermany MH, D'Elia A, Ralli M, Tanaka C, Bielefeld EC, Ding D, Henderson D, Salvi R (2010) Too much of a good thing: long-term treatment with salicylate strengthens outer hair cell function but impairs auditory neural activity. Hearing research 265:63-69. 
	Chen GD, Radziwon KE, Kashanian N, Manohar S, Salvi R (2014) Salicylate-induced auditory perceptual disorders and plastic changes in nonclassical auditory centers in rats. Neural plasticity 2014:658741. 
	Chen GD, Stolzberg D, Lobarinas E, Sun W, Ding D, Salvi R (2013) Salicylate-induced cochlear impairments, cortical hyperactivity and re-tuning, and tinnitus. Hearing research 295:100-113. 
	Engel J, Braig C, Ruttiger L, Kuhn S, Zimmermann U, Blin N, Sausbier M, Kalbacher H, Munkner S, Rohbock K, Ruth P, Winter H, Knipper M (2006) Two classes of outer hair cells along the tonotopic axis of the cochlea. Neuroscience 143:837-849. 
	Gribkoff VK, Starrett JE, Jr., Dworetzky SI (2001a) Maxi-K potassium channels: form, function, and modulation of a class of endogenous regulators of intracellular calcium. The Neuroscientist : a review journal bringing neurobiology, neurology and psychiatry 7:166177. 
	-

	Gribkoff VK, Starrett JE, Jr., Dworetzky SI, Hewawasam P, Boissard CG, Cook DA, Frantz SW, Heman K, Hibbard JR, Huston K, Johnson G, Krishnan BS, Kinney GG, Lombardo LA, Meanwell NA, Molinoff PB, Myers RA, Moon SL, Ortiz A, Pajor L, Pieschl RL, Post-Munson DJ, Signor LJ, Srinivas N, Taber MT, Thalody G, Trojnacki JT, Wiener H, Yeleswaram K, Yeola SW (2001b) Targeting acute ischemic stroke with a calcium-sensitive opener of maxi-K potassium channels. Nature medicine 7:471-477. 
	Hafidi A, Beurg M, Dulon D (2005) Localization and developmental expression of BK channels in mammalian cochlear hair cells. Neuroscience 130:475-484. 
	Hansen HH, Ebbesen C, Mathiesen C, Weikop P, Ronn LC, Waroux O, Scuvee-Moreau J, Seutin V, Mikkelsen JD (2006) The KCNQ channel opener retigabine inhibits the activity of mesencephalic dopaminergic systems of the rat. The Journal of pharmacology and experimental therapeutics 318:1006-1019. 
	House JW, Brackmann DE (1981) Tinnitus: surgical treatment. Ciba Foundation symposium 85:204-216. 
	Housley GD, Ashmore JF (1992) Ionic currents of outer hair cells isolated from the guinea-pig cochlea. The Journal of physiology 448:73-98. 
	Jastreboff PJ, Brennan JF, Coleman JK, Sasaki CT (1988) Phantom auditory sensation in rats: an animal model for tinnitus. Behavioral neuroscience 102:811-822. 
	Jastreboff PJ, Sasaki CT (1994) An animal model of tinnitus: a decade of development. The American journal of otology 15:19-27. 
	Jensen BS (2002) BMS-204352: a potassium channel opener developed for the treatment of stroke. CNS drug reviews 8:353-360. 
	Kharkovets T, Dedek K, Maier H, Schweizer M, Khimich D, Nouvian R, Vardanyan V, Leuwer R, Moser T, Jentsch TJ (2006) Mice with altered KCNQ4 K+ channels implicate sensory outer hair cells in human progressive deafness. The EMBO journal 25:642-652. 
	Kharkovets T, Hardelin JP, Safieddine S, Schweizer M, El-Amraoui A, Petit C, Jentsch TJ (2000) KCNQ4, a K+ channel mutated in a form of dominant deafness, is expressed in the inner ear and the central auditory pathway. Proceedings of the National Academy of Sciences of the United States of America 97:4333-4338. 
	Kimitsuki T, Kawano K, Matsuda K, Haruta A, Nakajima T, Komune S (2003) Potassium current properties in apical and basal inner hair cells from guinea-pig cochlea. Hearing research 180:85-90. 
	Kimitsuki T, Ohashi M, Umeno Y, Yoshida T, Komune N, Noda T, Komune S (2011) Effect of salicylate on potassium currents in inner hair cells isolated from guinea-pig cochlea. Neuroscience letters 504:28-31. 
	Korsgaard MP, Hartz BP, Brown WD, Ahring PK, Strobaek D, Mirza NR (2005) Anxiolytic effects of Maxipost (BMS-204352) and retigabine via activation of neuronal Kv7 channels. The Journal of pharmacology and experimental therapeutics 314:282-292. 
	Kros CJ, Crawford AC (1990) Potassium currents in inner hair cells isolated from the guinea-pig cochlea. The Journal of physiology 421:263-291. 
	Kros CJ, Ruppersberg JP, Rusch A (1998) Expression of a potassium current in inner hair cells during development of hearing in mice. Nature 394:281-284. 
	Kubisch C, Schroeder BC, Friedrich T, Lutjohann B, El-Amraoui A, Marlin S, Petit C, Jentsch TJ (1999) KCNQ4, a novel potassium channel expressed in sensory outer hair cells, is mutated in dominant deafness. Cell 96:437-446. 
	Li S, Choi V, Tzounopoulos T (2013) Pathogenic plasticity of Kv7.2/3 channel activity is essential for the induction of tinnitus. Proceedings of the National Academy of Sciences of the United States of America. 
	Liberman MC, Gao J, He DZ, Wu X, Jia S, Zuo J (2002) Prestin is required for electromotility of the outer hair cell and for the cochlear amplifier. Nature 419:300-304. 
	Lobarinas E, Dalby-Brown W, Stolzberg D, Mirza NR, Allman BL, Salvi R (2011) Effects of the potassium ion channel modulators BMS-204352 Maxipost and its R-enantiomer on salicylate-induced tinnitus in rats. Physiology & behavior 104:873-879. 
	Lobarinas E, Sun W, Cushing R, Salvi R (2004) A novel behavioral paradigm for assessing tinnitus using schedule-induced polydipsia avoidance conditioning (SIP-AC). Hearing research 190:109-114. 
	Maljevic S, Wuttke TV, Seebohm G, Lerche H (2010) KV7 channelopathies. Pflugers Archiv : European journal of physiology 460:277-288. 
	Nodera H, Spieker A, Sung M, Rutkove S (2011) Neuroprotective effects of Kv7 channel agonist, retigabine, for cisplatin-induced peripheral neuropathy. Neuroscience letters 505:223227. 
	-

	Oliver D, He DZ, Klocker N, Ludwig J, Schulte U, Waldegger S, Ruppersberg JP, Dallos P, Fakler B (2001) Intracellular anions as the voltage sensor of prestin, the outer hair cell motor protein. Science 292:2340-2343. 
	Rostock A, Tober C, Rundfeldt C, Bartsch R, Engel J, Polymeropoulos EE, Kutscher B, Loscher W, Honack D, White HS, Wolf HH (1996) D-23129: a new anticonvulsant with a broad spectrum activity in animal models of epileptic seizures. Epilepsy research 23:211-223. 
	Rundfeldt C (1997) The new anticonvulsant retigabine (D-23129) acts as an opener of K+ channels in neuronal cells. European journal of pharmacology 336:243-249. 
	Ruttiger L, Sausbier M, Zimmermann U, Winter H, Braig C, Engel J, Knirsch M, Arntz C, Langer P, Hirt B, Muller M, Kopschall I, Pfister M, Munkner S, Rohbock K, Pfaff I, Rusch A, Ruth P, Knipper M (2004) Deletion of the Ca2+-activated potassium (BK) alpha-subunit but not the BKbeta1-subunit leads to progressive hearing loss. Proceedings of the National Academy of Sciences of the United States of America 101:12922-12927. 
	Rybalchenko V, Santos-Sacchi J (2003) Cl-flux through a non-selective, stretch-sensitive conductance influences the outer hair cell motor of the guinea-pig. The Journal of physiology 547:873-891. 
	Salvi RJ, Wang J, Ding D (2000) Auditory plasticity and hyperactivity following cochlear damage. Hearing research 147:261-274. 
	Sausbier U, Sausbier M, Sailer CA, Arntz C, Knaus HG, Neuhuber W, Ruth P (2006) Ca2+ activated K+ channels of the BK-type in the mouse brain. Histochemistry and cell biology 125:725-741. 
	-

	Schmiedt RA, Lang H, Okamura HO, Schulte BA (2002) Effects of furosemide applied chronically to the round window: a model of metabolic presbyacusis. The Journal of neuroscience : the official journal of the Society for Neuroscience 22:9643-9650. 
	Schroder RL, Jespersen T, Christophersen P, Strobaek D, Jensen BS, Olesen SP (2001) KCNQ4 channel activation by BMS-204352 and retigabine. Neuropharmacology 40:888-898. 
	Sheppard A, Hayes SH, Chen GD, Ralli M, Salvi R (2014) Review of salicylate-induced hearing loss, neurotoxicity, tinnitus and neuropathophysiology. Acta otorhinolaryngologica Italica : organo ufficiale della Societa italiana di otorinolaringologia e chirurgia cervicofacciale 34:79-93. 
	-

	Skinner LJ, Enee V, Beurg M, Jung HH, Ryan AF, Hafidi A, Aran JM, Dulon D (2003) Contribution of BK Ca2+-activated K+ channels to auditory neurotransmission in the Guinea pig cochlea. Journal of neurophysiology 90:320-332. 
	Stolzberg D, Chen GD, Allman BL, Salvi RJ (2011) Salicylate-induced peripheral auditory changes and tonotopic reorganization of auditory cortex. Neuroscience 180:157-164. 
	Stolzberg D, Salvi RJ, Allman BL (2012) Salicylate toxicity model of tinnitus. Frontiers in systems neuroscience 6:28. 
	Sun W, Lu J, Stolzberg D, Gray L, Deng A, Lobarinas E, Salvi RJ (2009) Salicylate increases the gain of the central auditory system. Neuroscience 159:325-334. 
	Tatulian L, Delmas P, Abogadie FC, Brown DA (2001) Activation of expressed KCNQ potassium currents and native neuronal M-type potassium currents by the anti-convulsant drug retigabine. The Journal of neuroscience : the official journal of the Society for Neuroscience 21:5535-5545. 
	Wersinger E, McLean WJ, Fuchs PA, Pyott SJ (2010) BK channels mediate cholinergic inhibition of high frequency cochlear hair cells. Plos One 5:e13836. 
	Wu T, Lv P, Kim HJ, Yamoah EN, Nuttall AL (2010) Effect of salicylate on KCNQ4 of the guinea pig outer hair cell. Journal of neurophysiology 103:1969-1977. 
	Yang G, Lobarinas E, Zhang L, Turner J, Stolzberg D, Salvi R, Sun W (2007) Salicylate induced tinnitus: behavioral measures and neural activity in auditory cortex of awake rats. Hearing research 226:244-253. 
	PROLONGED LOW-LEVEL NOISE INDUCED PLASTICITY IN THE 
	PERIPHERAL AND CENTRAL AUDITORY SYSTEM OF RATS 
	Adam M. Sheppard, Guang-Di Chen, Senthilvelan Manohar, Dalian Ding, Bo-Hua Hu, Wei Sun, Jiwie Zhao, Richard Salvi 
	4.1 ABSTRACT 
	Prolonged low-level noise exposure alters loudness perception in humans, presumably by decreasing the gain of the central auditory system. Here we test the central gain hypothesis by measuring the acute and chronic physiologic changes at the level of the cochlea and inferior colliculus (IC) after a 75 dB SPL, 10-20 kHz noise exposure for 5 weeks. The compound action potential (CAP) and summating potential (SP) were used to assess the functional status of the cochlea and 16 channel electrodes were used to me
	Prolonged low-level noise exposure alters loudness perception in humans, presumably by decreasing the gain of the central auditory system. Here we test the central gain hypothesis by measuring the acute and chronic physiologic changes at the level of the cochlea and inferior colliculus (IC) after a 75 dB SPL, 10-20 kHz noise exposure for 5 weeks. The compound action potential (CAP) and summating potential (SP) were used to assess the functional status of the cochlea and 16 channel electrodes were used to me
	phenomenon becomes evident, which may play a key role in understanding why low-level noise can sometimes ameliorate tinnitus and hyperacusis percepts. 

	4.2 INTRODUCTION 
	The central auditory system is extremely plastic, capable of modifying neural responses in a homeostatic manner at multiple stages along the ascending central pathway. These plastic changes have been observed following cochlear damage (Salvi et al., 2000, Chen et al., 2007, Auerbach et al., 2014) as well as after chronic sound stimulation or deprivation (Formby et al., 2003). While homeostatic gain control can be beneficial, dysregulated gain enhancement likely give rise to perceptual disorders such as subj
	A number of studies have indicated that low-level sounds can alter the neural response properties of the auditory cortex (AC). A large portion of these studies have been performed in cats (Eggermont and Komiya, 2000, Pienkowski and Eggermont, 2009b, a, 2010a, b, Pienkowski et al., 2011, Pienkowski and Eggermont, 2012, Munguia et al., 2013, Pienkowski et al., 2013). Results from these studies indicate that sound-evoked local field potentials (LFPs), spike discharge rates (SDRs) and spontaneous firing rates i
	A number of studies have indicated that low-level sounds can alter the neural response properties of the auditory cortex (AC). A large portion of these studies have been performed in cats (Eggermont and Komiya, 2000, Pienkowski and Eggermont, 2009b, a, 2010a, b, Pienkowski et al., 2011, Pienkowski and Eggermont, 2012, Munguia et al., 2013, Pienkowski et al., 2013). Results from these studies indicate that sound-evoked local field potentials (LFPs), spike discharge rates (SDRs) and spontaneous firing rates i
	hypoactive to sound stimulation within the exposure frequency band (tone-pip ensembles, 6872 dB SPL) and hyperactive to stimuli near the upper and lower edges of the exposure band (Pienkowski and Eggermont, 2010a, b, Munguia et al., 2013). Neurons also shifted their characteristic frequencies away from the exposure band frequencies, thereby distorting the AC tonotopic map (Pienkowski and Eggermont, 2010a). Likewise, in rats, continuous exposure for one month to a broadband noise (4-45 kHz, 60-70 dB SPL) res
	-


	At the level of the peripheral auditory system, low-level noise has been shown to alter auditory function. In mice that exhibit early onset high-frequency hearing loss, conditioning animals with a 70 dB SPL broad band noise (12 h/night) significantly slowed the elevation of auditory brainstem response (ABR) thresholds. (Turner and Willott, 1998, Willott and Turner, 1999). Similarly, when normal-hearing guinea pigs were conditioned with a low-frequency, octave band noise (2-4 kHz) at 85 dB SPL for 6 h/day fo
	The neuroplastic changes occurring in the auditory pathway after prolonged exposure to low-level noise can increase loudness tolerance, presumably by decreasing central auditory gain (Formby et al., 2003, Henry et al., 2006b, a, Norena and Chery-Croze, 2007, Munro and Blount, 2009, Zheng, 2012, Auerbach et al., 2014). However, exactly where these functional changes occur along the auditory pathway, and what neural mechanisms are involved in the process remains poorly understood. To address this gap in knowl
	4.3 EXPERIMENTAL PROCEDURES 
	4.3.1 Subjects: 
	Sixteen male Sprague-Dawley rats (3-4 months old, 300-400 g, Charles River) were used in the study. Animals were housed one per cage, provided free access to food and water, and kept on a 12/12 h light-dark cycle. The rats were randomly assigned to one of three groups: Control group (n=6), Low-Level Noise (LLN) group (n=6), and 1-Week Post-Exposure (1WPE) group (n=4). 
	4.3.2Noise Exposure: 
	The exposure consisted of a 10-20 kHz octave band noise (OBN) presented at a total integrated intensity level of 75 dB SPL for 24 h/d for 5 weeks. The noise was generated with a TDT RP2 real time signal processor (Tucker-Davis Technologies) and sent to a power amplifier 
	The exposure consisted of a 10-20 kHz octave band noise (OBN) presented at a total integrated intensity level of 75 dB SPL for 24 h/d for 5 weeks. The noise was generated with a TDT RP2 real time signal processor (Tucker-Davis Technologies) and sent to a power amplifier 
	(Amp 300 AudioSource Inc. or Crown XLS202) connected to a loudspeaker (Fostex FT17H) suspended approximately 7.6 cm above the center of the animal’s plastic cage (l = 45.7, w = 

	25.4 x h = 20.3 cm) with acoustically transparent wire mesh cover. The noise in each cage was calibrated using a sound level meter (Larson Davis System 824) equipped with a free-field ½” microphone (model 2540, Larson Davis); the microphone was located at the center of the 
	animal’s cage. 
	4.3.3 IC Electrophysiology: 
	Electrophysiological measurements were obtained from rats in the LLN group 2-8 h post-exposure. Rats in the 1WPE group were removed from the noise and housed for 1 week in the same room as the control group prior to making electrophysiological measurements. The control group animals were age matched and housed for approximately the same time (5 weeks) prior to making the electrophysiological measurements. Details of our electrophysiological techniques are described in previous publications (Stolzberg et al.
	Electrophysiological measurements were obtained from rats in the LLN group 2-8 h post-exposure. Rats in the 1WPE group were removed from the noise and housed for 1 week in the same room as the control group prior to making electrophysiological measurements. The control group animals were age matched and housed for approximately the same time (5 weeks) prior to making the electrophysiological measurements. Details of our electrophysiological techniques are described in previous publications (Stolzberg et al.
	contralateral IC using a hydraulic microdrive (FHC Inc., Bowdoin, ME). Several electrode penetrations were performed in order to obtain neural responses across the entire tonotopic area of the IC. 

	Tone bursts (50 ms duration, 1 ms rise/fall time, cosine-gated) were generated (TDT RX6-2, ~100 kHz sampling rate) and presented at a rate of ~3/s through a loud speaker (FT28D, Fostex) located 10 cm in front of the right ear. Stimuli were calibrated using the electrical output from a sound level meter (Larson Davis, ¼” microphone, model 2520) delivered to a custom sound calibration program. Neural responses from tone bursts were acquired at 10 frequencies (1.0, 1.5, 2.3, 3.5, 5.3, 8.0, 12.1, 18.3, 27.7, an
	2

	LFPs and multi-unit SDRs were acquired simultaneously with a resolution of 40.96 µs using a TDT RA16PA preamplifier and RX5 base station (Tucker-Davis Technologies System-3, Alachua, FL) and custom MATLAB software (MATLAB R2007b, MathWorks). The LFP was extracted by low-pass filtering (2-300 Hz) and was down-sampled online at 610 Hz. LFPs were averaged 100 times over a 500 ms time window following stimulus onset, and the root mean square (RMS) was measured over a 50 ms time window. Neural discharges were hi
	4.3.4CAP and Summating Potential (SP): 
	Immediately after acquiring the IC data, the CAP and SP were collected from the cochlea as described previously (Chen et al., 2013, Sheppard et al., 2015). The animal was placed in a customized head-holder, the right bulla was exposed and a small fistula made to access the cochlear round window. Body temperature was maintained at 37 ºC using a homoeothermic blanket (Harvard Apparatus, Holliston, MA). A Teflon-coated silver wire (76.2 µm in diameter, Cat#75810, A-M System Inc.) was used to make a ring-electr
	-

	4.3.5 IC Neuroanatomy: 
	To verify the electrode recording site, electrode position was confirmed with a fluorescent dye (DiI, Cat no. 42364, Sigma-Aldrich) as described previously (Chen et al., 2012). DiI was applied to the surface of the electrode and allowed to dry prior to insertion into the IC. After completing the electrophysiological recordings, the anesthetized rat was decapitated, the brain was carefully removed from skull and stored in 10% buffered formalin for 5-7 days, immersed in 30% sucrose solution for two days and t
	4.3.6 Cochleograms: 
	Immediately after decapitating the rat, the round and oval windows were opened and a small hole was made at the apex of the cochlea. The cochleae were perfused with succinate dehydrogenase (SDH) incubation solution (0.05 M sodium succinate, 0.05 M phosphate buffer and 0.05% tetranitroblue tetrazolium) and then immersed in SDH solution for 1 h (37 °C) with 
	Immediately after decapitating the rat, the round and oval windows were opened and a small hole was made at the apex of the cochlea. The cochleae were perfused with succinate dehydrogenase (SDH) incubation solution (0.05 M sodium succinate, 0.05 M phosphate buffer and 0.05% tetranitroblue tetrazolium) and then immersed in SDH solution for 1 h (37 °C) with 
	additional perfusions occurring approximately once every 15 minutes. The cochlea was then fixed in 10% formalin for at least 2 days. Afterwards, the cochleae were decalcified in 7% ethylenediamine tetracetic acid (EDTA) solution for three days. Then the entire organ of Corti was carefully microdissected out as flat surface preparation. All hair cells with detectable SDH staining (Figure 4.2B) were counted from base to apex under a light microscope. Percent hair cell loss was obtained by comparing the hair c

	4.4 RESULTS 
	4.4.1 CAP and SP Following LLN Exposure: 
	To determine if our low-level noise exposure affected the summed neural output of the cochlea we measured the threshold and amplitude of the CAP. To test for changes in sensitivity, we compared the CAP thresholds in the control group with those in the LLN group. Mean (+/SEM, n=6) CAP thresholds in the control group were lowest (5-8 dB SPL) from 16-20 kHz and increased at higher and lower frequencies (Figure 4.3A). Mean (+/-SEM, n=6) CAP thresholds in the LLN group were nearly identical to those of the contr
	-
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	To assess peripheral response amplitudes at supra-thresholds levels we measured CAP amplitudes at varying frequencies and intensities. CAP amplitudes at supra-threshold levels were substantially reduced over a broad frequency range in the LLN group. The greatest 
	To assess peripheral response amplitudes at supra-thresholds levels we measured CAP amplitudes at varying frequencies and intensities. CAP amplitudes at supra-threshold levels were substantially reduced over a broad frequency range in the LLN group. The greatest 
	amplitude reductions occurred at frequencies within and above the 10-20 kHz exposure as illustrated by the 20 kHz input/output (I/O) function (Figure 4.3B). At 20 kHz, the CAP amplitude at 80 dB SPL was reduced from roughly 180 V in the control group to 75 V (~60% reduction) in the LLN group and at 60 dB the amplitude was reduced from 75 V to 43 V (~43% reduction, Figure 4.3B). To quantify the reductions across all tested frequencies, we plotted supra-threshold CAP amplitudes measured at 80 dB SPL (Figure 4

	To gain further insights related to peripheral changes, we measured the SP, which largely reflects the stimulus-evoked DC response of inner hair cells (IHC) (Zheng et al., 1997, Durrant et al., 1998). Figure 4.3E presents the mean (+/-SEM, n=6/group) SP amplitudes at 80 dB SPL as a function of frequency. At 6 kHz, below the exposure band, SP amplitudes in the LLN group were similar to the control group. However, SP amplitudes in the LLN group were significantly lower than in controls at frequencies within t
	To gain further insights related to peripheral changes, we measured the SP, which largely reflects the stimulus-evoked DC response of inner hair cells (IHC) (Zheng et al., 1997, Durrant et al., 1998). Figure 4.3E presents the mean (+/-SEM, n=6/group) SP amplitudes at 80 dB SPL as a function of frequency. At 6 kHz, below the exposure band, SP amplitudes in the LLN group were similar to the control group. However, SP amplitudes in the LLN group were significantly lower than in controls at frequencies within t
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	Hare, p<.01). To aid visualization, the mean percent difference between groups is plotted with 95% confidence intervals as a function of frequency at 80 dB SPL (Figure 4.3F). The percent difference in SP ranged from 60-80% for frequencies within and above the noise exposure whereas the reduction was roughly 17% at frequencies below the exposure band. Percent differences were found to be significant using a nonparametric statistical analysis at 12 kHz (p=0.0428) and 20 kHz (p=0.0322); these changes largely p

	4.4.2 Cochlear Hair Cells: 
	To determine if the large CAP and SP amplitude reductions were due to hair cell loss, we counted the number of missing IHC and OHC in six rats in the LLN group and three rats in the control group. There was no evidence of hair cell loss in either the LLN group or the control group. 
	4.4.3 IC LFPs following LLN Exposure: 
	To obtain a global perspective on how the LLN affected neural responses in the IC, we recorded LFPs over a range of frequencies and intensities. At 40 dB SPL (Figure 4.4A), LFP amplitudes were consistently larger in the LLN group than controls from 12-27.7 kHz, and smaller than controls at 1-4 kHz. To aid in the comparison, LFP amplitudes in the LLN group were normalized to controls and plotted as percent difference with 95% confidence intervals (Figure 4.4B). LFP amplitudes in the LLN group were ~30-40% la
	To obtain a global perspective on how the LLN affected neural responses in the IC, we recorded LFPs over a range of frequencies and intensities. At 40 dB SPL (Figure 4.4A), LFP amplitudes were consistently larger in the LLN group than controls from 12-27.7 kHz, and smaller than controls at 1-4 kHz. To aid in the comparison, LFP amplitudes in the LLN group were normalized to controls and plotted as percent difference with 95% confidence intervals (Figure 4.4B). LFP amplitudes in the LLN group were ~30-40% la
	group were consistently larger than controls from 12-42 kHz, but smaller than controls from 1-4 kHz (Figure 4.4C). LFP amplitudes in the LLN group were 30-40% larger than controls from 12-41 kHz and roughly 5-20% smaller than controls at from 1-4 kHz (Figure 4.4D). A non-parametric analysis indicated significant enhancement of the LLN exposed group at 12 kHz (p=0.0434), and significant attenuation at 1 kHz (p=0.0446). At 80 dB SPL and at 100 dB SPL, LFP amplitudes in the LLN group and control group were nea

	4.4.4IC Firing Patterns following LLN exposure: 
	To further our global understanding of how LLN affected neural responses within the IC we measured multi-unit SDRs over a range of frequencies and intensities. Figure 4.5 illustrates the mean post-stimulus time histograms (PSTH) measured from the IC in control (448 multi-units) and LLN exposed (464 multi-units) animals from moderate to high intensities (40-100 dB SPL) at a low, mid, and high frequency. SDRs measured with low-frequency stimulation (2.3 kHz) were consistently enhanced at high intensity levels
	(12.1 kHz), which was within the noise exposure frequency band (Figure 4.5B), or a high 
	(12.1 kHz), which was within the noise exposure frequency band (Figure 4.5B), or a high 
	frequency tone (27.7 kHz, Figure 4.7C) SDRs were consistently enhanced at all intensity levels (40-100 dB SPL) within 60 ms post-stimulation. Subjective observations of the PSTHs suggests that the enhancement is greater when stimulated with a frequency within the noise exposures frequency band (Figure 4.5B vs. Figure 4.5C) and greater at higher intensity levels (100 dB vs. 40 dB). A two-way ANOVA performed on the first 60 ms of the PSTH revealed a significant enhancement of LLN SDRs for all intensities stim

	4.4.5CAP and SP 1WPE: 
	To determine if the changes associated with our LLN exposure were long lasting, CAP thresholds and amplitudes and SP amplitudes were measured in a group of animals allowed to recover from the LLN exposure for a period of one week. To test for changes in sensitivity, we compared the CAP thresholds in the control group with those in the 1WPE group (Figure 4.6A). Mean (+/-SEM, n=4) CAP thresholds in the 1WPE group were nearly identical to those of the control group (n=6) at very high frequencies (35-40 kHz), w
	CAP amplitudes at supra-threshold levels were substantially enhanced over a broad frequency range in the 1WPE group. At 16 kHz, the CAP amplitude at 80 dB SPL increased from approximately 132 V in the control group to 235 V in the 1WPE group (~60% enhancement) and at 60 dB the amplitude increased from approximately 75 M to 115 V (~53% 
	CAP amplitudes at supra-threshold levels were substantially enhanced over a broad frequency range in the 1WPE group. At 16 kHz, the CAP amplitude at 80 dB SPL increased from approximately 132 V in the control group to 235 V in the 1WPE group (~60% enhancement) and at 60 dB the amplitude increased from approximately 75 M to 115 V (~53% 
	enhancement) (Figure 4.6B). To quantify the enhancements across frequency, we plotted the supra-threshold CAP amplitudes at 80 dB SPL (Figure 4.6C). In the control group, CAP amplitudes ranged from ~70 V at 8 kHz to roughly 190 V at 20 and 40 kHz. CAP amplitudes in the 1WPE group ranged from ~150 V at low frequencies to ~250 V at mid frequencies and back down to ~200 V at high frequencies. These enhancements were statistically significant when compared to controls (nonparametric Scheirer-Ray-Hare, p<.01). T

	To further understand how chronic LLN affects the cochlea we measured the SP response at 1WPE and compared the values to controls. At 1WPE SP amplitudes had recovered to control amplitude levels. Figure 4.6E presents mean (+/-SEM, n=4) SP amplitudes for the 1WPE and controls (n=6) at 80 dB SPL. Mean SP amplitudes from 1WPE group were consistently larger than controls at all measured frequencies. To aid in visualizing this effect we plotted the percent difference in amplitudes with 95% confidence intervals a
	4.4.6IC LFPs 1WPE: 
	To determine if changes in LFP response amplitudes were sustained or disappeared with time, we again measured LFPs at 1WPE over a range of frequencies and intensities. At 40 and 60 dB SPL (Figure 4.7A, C), LFP amplitudes were consistently larger in the LLN group compared to controls from 3.5-18.3 kHz, and nearly identical at 80 and 100 dB (Figure 4.7E, G). To aid in this comparison, LFP amplitudes were normalized to control amplitudes and plotted as percent differences with 95% confidence intervals (Figure 
	-

	4.4.7IC Firing Patterns 1WPE: 
	To determine if neural response in the IC had recovered, we again analyzed the multi-unit SDRs over the same range of frequencies and intensities in the 1WPE group (320 multi-units). Figure 4.8 illustrates the post-stimulus time histograms (PSTH) measured from the IC in controls and 1WPE animals from moderate to high intensities at a low-, mid-, and high-frequency. SDRs measured with low-frequency stimulation (2.3 kHz) were significantly enhanced at all intensities (100 dB p<0.0001; 80 dB p<0.0001; 60 dB p<
	To determine if neural response in the IC had recovered, we again analyzed the multi-unit SDRs over the same range of frequencies and intensities in the 1WPE group (320 multi-units). Figure 4.8 illustrates the post-stimulus time histograms (PSTH) measured from the IC in controls and 1WPE animals from moderate to high intensities at a low-, mid-, and high-frequency. SDRs measured with low-frequency stimulation (2.3 kHz) were significantly enhanced at all intensities (100 dB p<0.0001; 80 dB p<0.0001; 60 dB p<
	two-way ANOVA performed on the first 60 ms post-stimuli (100 dB p<0.0001; 80 dB p<0.0001; 60 dB p<0.0001). When stimulated with a high frequency tone (27.7 kHz) SDRs were significantly hypoactive compared to controls at intensity levels of 60-100 dB (two-way ANOVA, 100 dB p<0.0001; 80 dB p<0.0001; 60 dB p<0.0001). 

	4.5 DISCUSSION 
	The central auditory system is extremely plastic, capable of altering sound-evoked response amplitudes at multiple nuclei along the auditory pathway following changes in the peripheral system (Salvi et al., 2000, Chen et al., 2013, Auerbach et al., 2014, Sheppard et al., 2014). This homeostatic gain control within the auditory system can be beneficial for listeners, allowing for ease of communication in a variety of listening environments such as with background noise. However, if such gain becomes dysregul
	The central auditory system is extremely plastic, capable of altering sound-evoked response amplitudes at multiple nuclei along the auditory pathway following changes in the peripheral system (Salvi et al., 2000, Chen et al., 2013, Auerbach et al., 2014, Sheppard et al., 2014). This homeostatic gain control within the auditory system can be beneficial for listeners, allowing for ease of communication in a variety of listening environments such as with background noise. However, if such gain becomes dysregul
	level-dependent manner. At 1WPE, cochlear responses not only recovered but were larger than those from control animals. In the IC, hyperactivity in LFP and SDRs was sustained within the noise exposure frequency band and appeared to spread to lower frequencies; reduced LFPs and SDRs recovered in low frequency regions, and enhanced LFPs and SDRs in high frequency regions were significantly reduced at 1WPE. 

	4.5.1Cochlear Responses and Hair Cells 
	Detailed measures were obtained from the cochlea to determine the acute and chronic influences of LLN on the peripheral auditory system. Immediately after the LLN exposure, rats displayed a dramatic reduction in supra-threshold CAP amplitudes within and above the noise exposure frequency band. There was a slight increase in CAP thresholds, but this did not reach statistical significance. These observations indicate that there is a significant reduction in the neural output of the peripheral auditory system 
	Detailed measures were obtained from the cochlea to determine the acute and chronic influences of LLN on the peripheral auditory system. Immediately after the LLN exposure, rats displayed a dramatic reduction in supra-threshold CAP amplitudes within and above the noise exposure frequency band. There was a slight increase in CAP thresholds, but this did not reach statistical significance. These observations indicate that there is a significant reduction in the neural output of the peripheral auditory system 
	plausible mechanisms that may contribute to these cochlear changes are 1) activity induced synaptic re-scaling at the level of IHCs and type I afferents (Chen et al., 2007), 2) modulation of the afferent signal via the lateral and medial olivocochlear efferent pathway (LOC, MOC respectively) (Groff and Liberman, 2003), or 3) changes in the amplification properties from OHCs (Eddins et al., 1999). 

	Pre-synaptic ribbons and post-synaptic AMPA receptors are responsible for mediating the glutamatergic transmission between IHCs and type I afferents (Parks, 2000, Fuchs et al., 2003). Post-synaptic AMPA receptors can be down-scaled following acoustic stimulation (Chen et al., 2007), and impaired signal efficiency at the synapse can reduce supra-threshold CAP amplitudes (Liberman et al., 2015). Therefore, down-scaling of the post synaptic receptor density may be partially responsible for the reduced CAP ampl
	It is also possible for CAP amplitudes to be modulated through the cochlear efferent system (Groff and Liberman, 2003). MOC efferent fibers primarily synapse on contralateral OHCs and inhibit their electromotile response, thereby suppressing the sensitivity of the peripheral auditory system and reducing CAP amplitudes (Bruce et al., 2000, Groff and Liberman, 2003). Whereas LOC efferents primarily synapse on ipsilateral type I afferent fibers 
	It is also possible for CAP amplitudes to be modulated through the cochlear efferent system (Groff and Liberman, 2003). MOC efferent fibers primarily synapse on contralateral OHCs and inhibit their electromotile response, thereby suppressing the sensitivity of the peripheral auditory system and reducing CAP amplitudes (Bruce et al., 2000, Groff and Liberman, 2003). Whereas LOC efferents primarily synapse on ipsilateral type I afferent fibers 
	below IHCs, and can either inhibit or enhance CAP amplitudes (Groff and Liberman, 2003). Both MOC and LOC efferents can be indirectly stimulated via the IC (Groff and Liberman, 2003). In our study, we demonstrate hyperactivity in the IC after LLN exposure; this hyperactivy may indirectly activate LOC or MOC efferents, thereby suppressing or enhancing CAP amplitudes. 

	Lastly, fluctuations in OHC electromotive properties cannot be ruled out as a contributor to the suppressed or enhanced CAP amplitudes. DPOAE amplitudes can be reduced following exposure to LLN as low as 64 dB SPL in chinchillas (Eddins et al., 1999), but have also been reported as enhanced in guinea pigs following an intermittent (6 h/day) moderate intensity (85 dB SPL, 2-4 kHz) noise exposure for 10 consecutive days. (Kujawa and Liberman, 1999). Enhanced DPOAEs were accompanied by enhanced CAP amplitudes,
	4.5.2 Adaptive Gain Control 
	Central auditory structures, such as the IC, enhance their response to sound when there is reduced neural output from the peripheral auditory system (Chen and Jastreboff, 1995, Salvi et al., 2000, Munro and Blount, 2009, Sun et al., 2009, Chen et al., 2012, Sheppard et al., 2014, Chen et al., 2015, Chambers et al., 2016, Chen et al., 2016); this is commonly known as enhanced central gain. The central gain mechanism is thought to function as a compensatory mechanism for hearing loss (Chambers et al., 2016). 
	Central auditory structures, such as the IC, enhance their response to sound when there is reduced neural output from the peripheral auditory system (Chen and Jastreboff, 1995, Salvi et al., 2000, Munro and Blount, 2009, Sun et al., 2009, Chen et al., 2012, Sheppard et al., 2014, Chen et al., 2015, Chambers et al., 2016, Chen et al., 2016); this is commonly known as enhanced central gain. The central gain mechanism is thought to function as a compensatory mechanism for hearing loss (Chambers et al., 2016). 
	dysregulated it could result in enhanced central gain, which likely gives rise to tinnitus and hyperacusis (Salvi et al., 2000, Norena, 2011, Auerbach et al., 2014). Therefore, suppressing hyperactivity within the central auditory system is believed to suppress tinnitus and/or hyperacusis. Clinically, patients who suffer from tinnitus and hyperacusis often report symptom relief with the use of sound therapy (Henry et al., 2006b, a, Norena and Chery-Croze, 2007), which typically incorporates some form of LLN

	An alternative way of interpreting gain is to view response amplitude changes in relation to control animal activity. We have plotted the CAP and IC LFP amplitudes in the LLN exposure and 1WPE groups as a percent difference of control animal response amplitudes in order to visualize the degree of neural gain occurring between the cochlea and IC (Figure 4.9). Here we 
	An alternative way of interpreting gain is to view response amplitude changes in relation to control animal activity. We have plotted the CAP and IC LFP amplitudes in the LLN exposure and 1WPE groups as a percent difference of control animal response amplitudes in order to visualize the degree of neural gain occurring between the cochlea and IC (Figure 4.9). Here we 
	categorize the change in response amplitudes of the IC relative to the neural input provided by the CAP (i.e., reCAP). At low-frequencies (~2 kHz) there is little change in CAP or LPF amplitudes immediately after LLN at 60 and 80 dB SPL and a slight amount of gain present at 40 dB SPL (Figure 4.9A). At mid and high frequencies (12 & 40 kHz respectively), CAP amplitudes are drastically reduced ~50% whereas LFP are slightly enhanced, ~15% above control amplitudes immediately after LLN at all intensity levels 

	The mechanisms responsible for changes in central gain or attenuation are unclear. One well accepted theory is homeostatic plasticity, which describes central gain as a neural compensatory mechanism for hearing loss (Auerbach et al., 2014). More recently, computational modeling has suggested that the central gain phenomena may result from stochastic resonance (Krauss et al., 2016), a phenomenon where signal intensity is enhanced with the introduction of noise to a system. This phenomenon has been shown to e
	The mechanisms responsible for changes in central gain or attenuation are unclear. One well accepted theory is homeostatic plasticity, which describes central gain as a neural compensatory mechanism for hearing loss (Auerbach et al., 2014). More recently, computational modeling has suggested that the central gain phenomena may result from stochastic resonance (Krauss et al., 2016), a phenomenon where signal intensity is enhanced with the introduction of noise to a system. This phenomenon has been shown to e
	the auditory system of humans (Zeng et al., 2000), and may play a primary role in the response changes observed in the present study. 

	4.5.3Implications for Tinnitus and Hyperacusis Management 
	Sound therapy is commonly used to manage both tinnitus and hyperacusis (Henry et al., 2006a, b, Norena and Chery-Croze, 2007), and frequently incorporates low-level noise (Formby et al., 2003, Norena and Chery-Croze, 2007). The physiological correlates responsible for improved outcomes with sound therapy in tinnitus and hyperacusis is poorly understood, but is thought to occur as a result of alterations in a central gain control mechanism (Munro and Blount, 2009). Psychoacoustic studies suggest that the per
	Sound therapy is commonly used to manage both tinnitus and hyperacusis (Henry et al., 2006a, b, Norena and Chery-Croze, 2007), and frequently incorporates low-level noise (Formby et al., 2003, Norena and Chery-Croze, 2007). The physiological correlates responsible for improved outcomes with sound therapy in tinnitus and hyperacusis is poorly understood, but is thought to occur as a result of alterations in a central gain control mechanism (Munro and Blount, 2009). Psychoacoustic studies suggest that the per
	levels of the ascending auditory pathway is required to gain a full understanding of the neural gain mechanism, but could positively influence outcomes that noise therapy has with those who suffer from tinnitus and hyperacusis. 

	4.6 CONCLUSION 
	The auditory system has proven to be extremely plastic in both peripheral and central structures (Canlon and Fransson, 1995, Kujawa and Liberman, 1999, Salvi et al., 2000, Chen et al., 2007, Chen et al., 2010, Auerbach et al., 2014, Sheppard et al., 2014). However, dysregulated gain could lead to auditory perceptual disorders such as hyperacusis and tinnitus, (Salvi et al., 2000, Norena and Chery-Croze, 2007, Zeng, 2013, Auerbach et al., 2014, Chen et al., 2015, Diehl and Schaette, 2015). Low-level sound th
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	4.9 FIGURES 
	FIGURE 4.1. CAP and SP analysis. Average CAP and SP responses to a 12 kHz tone burst with the low pass filter set at 11 kHz. Red lines illustrate measurements used to determine CAP and SP amplitude. 
	FIGURE 4.2. Electrode track in IC and SDH-labeled cochlear surface preparation. (A) Section from NeuN (green)-labeled IC showing the DiI labeling of electrode track (yellow, overlap of red/green). (B) SDH-labeled cochlear surface preparation from rat following 5-week exposure to 75 dB SPL, 10-20 kHz noise. Note strong SDH labeling in three rows of outer hair cells (OHC) and single row of inner hair cells (IHC). 
	131 
	FIGURE 4.3. Noise-induced changes in CAP and SP. (A) Mean (n=6, +/-SEM) CAP thresholds. (B) Mean (n=6, +/-SEM) 16 kHz CAP I/O function. (C) Mean (n=6, +/-SEM) CAP amplitudes as a function of frequency measured at 80 dB SPL. (D) Percent difference (95% CI) between control and LLN induced CAP amplitudes. (E) Mean SP amplitudes (n=6, +/-SEM) as a function of frequency measured at 80 dB SPL. (F) Percent difference (95% CI) in SP amplitudes between control and LLN induced SP amplitudes. The LLN exposure resulted
	133 
	FIGURE 4.4 Noise-induced changes in IC LFPs. (A) Mean LFPs obtained at 40 dB SPL plotted as a function of frequency. (B) Percentage difference (95% CI) in LFPs obtained at 40 dB SPL. (C) Mean LFPs obtained at 60 dB SPL plotted as a function of frequency. (D) Percentage difference (95% CI) in LFPs obtained at 60 dB SPL. (E) Mean LFPs obtained at 80 dB SPL plotted as a function of frequency. (F) Percentage difference (95% CI) in LFPs obtained at 80 dB SPL. (G) Mean LFPs obtained at 100 dB SPL plotted as a fun
	Figure
	Figure
	Figure
	FIGURE 4.5 Noise-induced changes in IC multi-unit SDRs. (A) Mean post-stimulus time histograms obtained at a low-frequency (2.3 kHz) and at moderate to high intensities (40-100 dB SPL) plotted as a function of time. SDRs were significantly enhanced at high intensity levels (80-100 dB SPL), but significantly reduced at moderate intensity levels (40-60 dB SPL) in the Low-Level Noise group (red arrows). (B) Mean post-stimulus time histograms obtained at a mid-frequency (12.1 kHz) and moderate to high intensiti
	137 
	FIGURE 4.6 Noise-induced changes in CAP and SP at one week post-exposure. (A) Mean CAP thresholds in control group (n=6, +/-SEM) and Mean 1WPE (n=4, +/-SEM). (B) Mean 16 kHz CAP input/output function in control group and 1WPE. (C) Mean CAP amplitudes as a function of frequency measured at 80 dB SPL in the control group and 1WPE. Mean amplitudes were significantly higher in the 1WPE group than the control group. (D) Percentage difference (95% 
	CI) CAP amplitudes in 1WPE group plotted as a function of frequency. (E) Mean SP amplitudes as a function of frequency measured at 80 dB SPL. Mean amplitudes were significantly higher in the 1WPE group than the control group. (F) Percentage difference (95% CI) in SP amplitudes in 1WPE group plotted as a function of frequency. 
	139 
	FIGURE 4.7 Changes in IC LFPs at 1WPE. (A) Mean LFPs obtained at 40 dB SPL plotted as a function of frequency. (B) Percentage difference (95% CI) in LFPs obtained at 40 dB SPL. (C) Mean LFPs obtained at 60 dB SPL plotted as a function of frequency. (D) Percentage difference (95% CI) in LFPs obtained at 60 dB SPL. (E) Mean LFPs obtained at 80 dB SPL plotted as a function of frequency. (F) Percentage difference (95% CI) in LFPs obtained at 80 dB SPL. (G) Mean LFPs obtained at 100 dB SPL plotted as a function 
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	FIGURE 4.8 Changes in IC multi-unit SDRs at 1WPE. (A) Mean post-stimulus time histograms obtained at a low-frequency (2.3 kHz) and at moderate to high intensities (40-100 dB SPL) plotted as a function of time. The 1WPE group SDRs were significantly enhanced from 40-100 dB SPL (green arrows). (B) Mean post-stimulus time histograms obtained at a mid-frequency (12.1 kHz) and moderate to high intensities (40-100 dB SPL) plotted as a function of time. The 1WPE group SDRs were significantly enhanced from 60-100 d
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	FIGURE 4.9 Central Gain/Attenuation Plots – Percent of control CAP and LFP amplitudes immediately after LLN exposure and at 1WPE compared to controls. (A) Central gain/attenuation changes at ~ 2 kHz. CAP and LFPs are essentially equal to controls at 60 and 80 dB SPL and 40 dB SPL shows reduction in both CAP and LFPs immediately after LLN. At 1WPE CAP amplitudes are enhanced at 60 and 80 dB SPL while LFP are essentially equal to controls while at 40 dB SPL CAP amplitudes are normal while LFP are slightly enh
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	CIRCADIAN-DEPENDENT EXPOSURE TO LOW-LEVEL NOISE AND 
	AUDITORY GAIN CONTROL 
	Adam Sheppard, Anaam Alkharabsheh, Guang-Di Chen, Xiaopeng Liu, and Richard Salvi 
	5.1 ABSTRACT 
	The auditory system has the remarkable ability to re-scale its neural representation of sound in a compensatory manner following cochlear pathology or prolonged changes in acoustic experience. However, this seemingly positive attribute could have detrimental effects leading to the perception of tinnitus and hyperacusis if central gain becomes unregulated. Other research suggests that changing acoustic experience with the incorporation of low-level noise can ostensible reverse the aberrant enhancement in neu
	5.2 INTRODUCTION 
	The central auditory system exhibits a remarkable ability to alter its neural activity in response to changes in acoustic environments or cochlear pathologies (Auerbach, Rodrigues, & Salvi, 2014; Salvi, Wang, & Ding, 2000). Growing evidence suggests these changes result from the presence of a neural gain control mechanism that can compensate for the reduced neural output from the cochlea resulting from mild to moderate hearing loss, thereby allowing for normal loudness perception at supra-threshold levels (
	In recent years, a significant body of research has indicated that prolonged exposure too low or moderate level noise that ostensibly causes no cochlear hearing loss can suppress sound-evoked activity in the cat auditory cortex (Pienkowski & Eggermont, 2009, 2010a, 2010b, 2012). These neurophysiological results could conceivably explain why the use of low-level noise generators suppress tinnitus and/or hyperacusis. Indeed, humans wearing low-level noise generators for two weeks demonstrate higher loudness d
	In recent years, a significant body of research has indicated that prolonged exposure too low or moderate level noise that ostensibly causes no cochlear hearing loss can suppress sound-evoked activity in the cat auditory cortex (Pienkowski & Eggermont, 2009, 2010a, 2010b, 2012). These neurophysiological results could conceivably explain why the use of low-level noise generators suppress tinnitus and/or hyperacusis. Indeed, humans wearing low-level noise generators for two weeks demonstrate higher loudness d
	reduced is likely related to parameters of the noise exposure (Pienkowski & Eggermont, 2010a; Pienkowski, Munguia, & Eggermont, 2013). For example, tone-evoked response amplitudes from the auditory cortex were more suppressed following exposure to moderate level steep-sloped noise band passed between 2-4 kHz than a 2-4 kHz shallow sloped noise (Pienkowski et al., 2013), and greater suppression occurred within the exposure band following 24-h continuous noise versus the 12-h/day exposure (Pienkowski & Eggerm

	Many organisms physiological function are influenced by zietgebers, external cues that can 
	entrain biological rhythms; one of which being the earth’s 24 h light/dark cycle, which largely 
	contributes to mammals circadian rhythms. The circadian expression of clock genes within peripheral sensory cells, auditory neurons, and the inferior colliculus (IC) suggests the auditory system has time-specific sensitivity (Meltser et al., 2014; Park et al., 2016). Surprisingly, when nocturnal mice are exposed to a one hour traumatic noise (6-12 kHz at 100 dB SPL) during the night (active phase) they exhibit permanent hearing loss, whereas the identical exposure during the daytime (inactive phase) only re
	contributes to mammals circadian rhythms. The circadian expression of clock genes within peripheral sensory cells, auditory neurons, and the inferior colliculus (IC) suggests the auditory system has time-specific sensitivity (Meltser et al., 2014; Park et al., 2016). Surprisingly, when nocturnal mice are exposed to a one hour traumatic noise (6-12 kHz at 100 dB SPL) during the night (active phase) they exhibit permanent hearing loss, whereas the identical exposure during the daytime (inactive phase) only re
	and night exposures (Park et al., 2016), making the relationship between clock gene expressions in the cochlea and IC unclear. Nevertheless, both the cochlea and IC express time-dependent clock genes capable of regulating neural activity and therefore maybe capable of modulating the susceptibility and gain of the peripheral and central auditory pathway in response to prolonged low-level noise exposure. 

	To determine how prolonged low-level noise exposures delivered during the active dark cycle or quiescent light cycle would affect the peripheral and central auditory system, we exposed rats for 5-6 weeks to low-level, octave-band noise presented 12-h per day during the dark cycle (7 am-7 pm) or light cycle (7 pm-7 am). Afterwards, we recorded electrophysiological responses from the cochlea and inferior colliculus of dark-exposed, light-exposed rats and unexposed control rats. We found that prolonged exposur
	5.3 EXPERIMENTAL PROCEDURES 
	5.3.1Subjects: 
	Fourteen male Sprague-Dawley rats (3-4 months old, 300-400 g, Charles River) were used in the study. Animals were housed one per cage, provided free access to food and water, and kept on a 12/12 h light-dark cycle. The rats were randomly assigned to one of three groups: 
	Fourteen male Sprague-Dawley rats (3-4 months old, 300-400 g, Charles River) were used in the study. Animals were housed one per cage, provided free access to food and water, and kept on a 12/12 h light-dark cycle. The rats were randomly assigned to one of three groups: 
	Control group (n=4), Daytime low-level noise (DLLN) group with lights on (n=5), and Nighttime low-level noise (NLLN) group (n=5) with lights off. 

	5.3.2Noise Exposure: 
	The exposure consisted of a 10-20 kHz octave band noise (OBN) presented at a total within band intensity of 75 dB SPL, 12 h/d for 5 weeks. The 12/12 light-dark cycle started and ended at the same time animals were exposed to noise. In the DLLN group, the lights and noise were on from 7:00 am-7:00 pm whereas in the NLLN group, the lights were off and the noise was on from 7:00 pm-7:00 am (Figure 5.1). The octave band noise was generated using Adobe Audition version 1.5. The electrical signal from the compute
	824) equipped with a free-field ½” microphone (model 2540, Larson Davis); the microphone was located at the center of the cage during calibration measurements approximately 6 cm above the floor of the cage. 
	5.3.3IC Electrophysiology: 
	Electrophysiological measurements were obtained from rats between 2-8 h post-exposure. The control group animals were age matched and housed for approximately the same time (5 weeks) prior to making electrophysiological measurements. Details of our electrophysiological techniques are described in previous publications (G. D. Chen, Manohar, & 
	Electrophysiological measurements were obtained from rats between 2-8 h post-exposure. The control group animals were age matched and housed for approximately the same time (5 weeks) prior to making electrophysiological measurements. Details of our electrophysiological techniques are described in previous publications (G. D. Chen, Manohar, & 
	Salvi, 2012; G. D. Chen et al., 2013; Sheppard et al., 2017; Stolzberg, Chen, Allman, & Salvi, 2011). Rats were anesthetized with ketamine (60 mg/kg, i.p.) and xylazine (6 mg/kg, i.p.) and secured in a stereotaxic apparatus with blunt ear bars. Body temperature was maintained at 37 ºC using a homoeothermic blanket (Harvard Apparatus, Holliston, MA). The dorsal surface of the skull was surgically exposed and a head bar firmly attached to the skull with a bone screw and dental cement. Then the right ear bar w

	Tone bursts (50 ms duration, 1 ms rise/fall time, cosine-gated) were generated (TDT RX6-2, ~100 kHz sampling rate) and presented at a rate of ~3/s through a loud speaker (FT28D, Fostex) located 10 cm in front of the right ear. Stimuli were calibrated using the electrical output from a sound level meter (Larson Davis, ¼” microphone, model 2520) delivered to a custom sound calibration program. Neural responses from tone bursts were acquired at 20 frequencies (1.0, 1.2, 1.5, 1.8, 2.2, 2.7, 3.3, 4.0, 4.8, 5.9, 
	2

	Local field potentials (LFPs) and multi-unit spike discharge rates (SDRs) were acquired simultaneously with a resolution of 40.96 µs using a TDT RA16PA preamplifier and RX5 base 
	Local field potentials (LFPs) and multi-unit spike discharge rates (SDRs) were acquired simultaneously with a resolution of 40.96 µs using a TDT RA16PA preamplifier and RX5 base 
	station (Tucker-Davis Technologies System-3, Alachua, FL) and custom MATLAB software (MATLAB R2007b, MathWorks). The LFP was extracted by low-pass filtering (2-300 Hz) and was down-sampled online at 610 Hz. LFPs were averaged 100 times over a 500 ms window following stimulus onset, and the root mean square (RMS) was measured over a 50 ms time window. Neural discharges were high-pass filtered (300-3000 Hz) and spikes were detected by a manually set threshold. A two-way ANOVA was used to assess SDR and LFP po

	5.3.4Compound Action Potential (CAP) and Cochlear Microphonic (CM): 
	Immediately after acquiring the IC data, the CAP and CM were collected from the cochlea as described previously (G. D. Chen et al., 2013; Sheppard et al., 2017; Sheppard, Chen, & Salvi, 2015). The animal was placed in a customized head-holder, the right bulla was exposed and a small fistula made to access the cochlear round window. Body temperature was maintained at 37 ºC using a homoeothermic blanket (Harvard Apparatus, Holliston, MA). A Teflon-coated silver wire (76.2 µm in diameter, Cat#75810, A-M System
	Immediately after acquiring the IC data, the CAP and CM were collected from the cochlea as described previously (G. D. Chen et al., 2013; Sheppard et al., 2017; Sheppard, Chen, & Salvi, 2015). The animal was placed in a customized head-holder, the right bulla was exposed and a small fistula made to access the cochlear round window. Body temperature was maintained at 37 ºC using a homoeothermic blanket (Harvard Apparatus, Holliston, MA). A Teflon-coated silver wire (76.2 µm in diameter, Cat#75810, A-M System
	defined as the stimulus intensity that elicited at least a 3 µV N1 amplitude. The CM was extracted using a low-pass filter set at 1 kHz below the stimuli frequency; CM amplitudes were measured from base to peak of response. CAP and CM amplitude input/output (I/O) functions and CAP thresholds were tested for significance using the nonparametric one-way ANOVA. 

	5.4 RESULTS 
	5.4.1Compound Action Potentials: 
	To determine if either day or night exposure had a significant impact on the neural output of the cochlea, we measured CAP thresholds and input/output functions. There was no statistically significant difference in CAP thresholds across the DLLN, NLLN and Control groups when using a non-parametric one-way ANOVA (Figure5. 2A, p>.05). This suggests that hearing acuity remained unaffected by the intermittent 12-h low-level noise paradigm regardless of its presentation during either day or night hours. CAP ampl
	5.4.2 Cochlear Microphonic: 
	To determine if the reduced CAP amplitudes resulted from impaired OHC function we compared CM input/output functions from the three groups. The CM predominantly reflects the response of OHC near the high-frequency region of the near the round window (Raslear, 1974). Unlike CAP amplitudes, the CM input/output functions from the DLLN and NLLN were both similar to those of the Control group and there were no statistically significant difference in amplitudes among the three groups across a broad range of frequ
	5.4.3 Spike Discharge Rates: 
	To understand how intermittent low-level noise exposure influenced the neural response properties of the IC we measured tone-evoked SDRs. We found that following the intermittent exposure, both the DLLN and NLLN groups were significantly different from the Control group; differences that were frequency-and intensity-dependent. When SDRs were evoked with low-intensity 40 dB SPL tones, both the DLLN and NLLN groups demonstrated significantly reduced SDRs compared to the Control group slightly below, within an
	kHz p<.05, 19.1 kHz p<.001, 23.3 kHz p<.001, 42 kHz p<.01). The DLLN and NLLN groups were not significantly different from one another. To visualize the magnitude of these frequency specific changes, Figure 5.3D plots the percent difference between the DLLN and NLLN groups compared to the control group. At frequencies below the noise exposure band, SDRs were larger by as much as 40%, however this increases was not statically significant. In contrast, SDRs near the lower edge, within, and above the noise exp
	When SDRs were evoked with moderate-intensity 60 dB SPL tones, a similar effect was observed. Compared to the Control group, both the DLLN and NLLN groups demonstrated a frequency specific reduction in SDRs occurring near the lower edge, within, and above the exposure band (Figure 5.4B DLLN: 5.9 kHz p<.001, 7.2 kHz p<.01, 8.7 kHz p<.001, 10.6 kHz p<.001, 12.9 kHz p<.001, 15.7 kHz p<.001, 19.1 kHz p<.001, 23.3 kHz p<.001, 28.3 kHz p<.001, 
	34.5 kHz p<.001, 42 kHz p<.001 ). The DLLN and NLLN groups were not significantly different from one another. Figure 5.3E illustrates the percent difference between the exposed groups and controls. Again, at frequencies below the exposure band, there appeared to be a slight enhancement of approximately 10-25%, however, this increase was not statically different from controls. Near the lower edge, within, and above the noise exposure frequency band, SDRs were reduced by as much as 50%. 
	When SDRs were measured with 80 dB SPL tone bursts, SDRs were reduced across all frequencies tested. SDRs were significantly reduced from 2.2-42 kHz in the DLLN group, and across the entire tested frequency range (1-42 kHz) in the NLLN group (Figure 5.4C, DLLN: 2.2 kHz p<.05, 2.7 kHz, p<.01, 3.3 kHz-42 kHz p<.001). The DLLN and NLLN groups were not 
	When SDRs were measured with 80 dB SPL tone bursts, SDRs were reduced across all frequencies tested. SDRs were significantly reduced from 2.2-42 kHz in the DLLN group, and across the entire tested frequency range (1-42 kHz) in the NLLN group (Figure 5.4C, DLLN: 2.2 kHz p<.05, 2.7 kHz, p<.01, 3.3 kHz-42 kHz p<.001). The DLLN and NLLN groups were not 
	significantly different from one another. Figure 5.3F illustrates the percent difference between the DLLN and NLLN compared to controls. Frequencies below the exposure band were reduced approximately 20-30%, within the noise exposure band approximately 40%, and at the highest frequency tested approximately 50%. 

	Overall, there were no significant differences between the DLLN and NLLN groups at any frequency/intensity combinations. The time of day at which this exposure occurred did not significantly influence the changes observed. At the highest intensity, 80 dB SPL, SDRs were depressed across all frequencies whereas at low (40 dB SPL) and moderate intensities (60 dB SPL), SDR were only depressed slightly below, within and above the octave band noise. 
	5.4.4 Local Field Potentials 
	Overall, the patterns of change seen in LFPs closely replicated those of SDRs. When LFPs were evoked with 40 dB SPL tones, the LFPs from the DLLN and NLLN groups were similar to one another (Fig. 5.5A), but were significantly lower than those in the control group slightly below, within and above the octave band noise exposure. (Figure 5.5A DLLN: 4.8-28.3 kHz p<.001, 42 kHz p<.001, NLLN: 2.7 kHz p<.05, 3.3 kHz p<.01, 4.8-34.5 kHz p<.001). To illustrate the changes more clearly, figure 5.5D shows the percent 
	When LFPs were evoked with 60 dB SPL tones, again the LFP amplitudes in the DLLN and NLLN groups, were similar to one another, but were significantly reduced at frequencies slightly 
	When LFPs were evoked with 60 dB SPL tones, again the LFP amplitudes in the DLLN and NLLN groups, were similar to one another, but were significantly reduced at frequencies slightly 
	below, within and slightly above the octave band noise exposure. (Figure 5.5B DLLN: 4-42 kHz p<.001, NLLN: 2.7 kHz p<.01, 3.3-42 kHz p<.001). Figure 5.5E illustrates the percent difference in LFP amplitudes compared to controls. At lower frequencies, there was essentially no difference in LFP amplitudes, but as frequency increased, LFP amplitudes in both the DLLN and NLLN groups were reduced 40-50%, the greatest reduction being present within the noise exposure frequency band. 

	When LFPs are evoked with 80 dB SPL tones, there was a reduction across virtually all frequencies in the DLLN and NLLN groups. Significant reduction in the DLLN group were observed from 1.2-42 kHz and in the NLLN group, LFPs were reduced across the entire tested frequency region 1-42 kHz (Figure 5.5C, DLLN: 1.2-42 kHz p<.001, NLLN: 1-42 kHz p<.001). Figure 5.5F illustrates the percent difference between the 12-h noise exposed groups and control group. LFP reductions in the DLLN group were less (~25%) those 
	5.5 DISCUSSION 
	5.5.1 Cochlear Changes: 
	Recent investigations indicate that the auditory system is more sensitive to prolonged exposure to low-level noise than previously thought (Eggermont & Komiya, 2000; Maison, Usubuchi, & Liberman, 2013; Sheppard et al., 2017). Other studies carried out with short 
	Recent investigations indicate that the auditory system is more sensitive to prolonged exposure to low-level noise than previously thought (Eggermont & Komiya, 2000; Maison, Usubuchi, & Liberman, 2013; Sheppard et al., 2017). Other studies carried out with short 
	duration, high intensity exposures suggest that circadian rhythms and the time of day at which the exposure occurs can have a significant impact on the amount of noise-induced hearing loss and cochlear pathology (Basinou, Park, Cederroth, & Canlon, 2017; Meltser et al., 2014). To determine how prolonged exposure to low-level, intermittent noise presented during the dark or light cycle affected the neural output of the cochlea and inferior colliculus, we exposed rats for 12 h per day to a 10-20 kHz octave ba

	5.5.2 Central Effects: 
	Overall, both the DLLN and NLLN induced frequency-specific reductions in both SDRs and LFPs. Reductions of approximately 30% occurred at the lowest intensity (40 dB SPL), but increased to a reduction of 40-50% at higher stimulus levels (60 and 80 dB SPL). There were no significant differences between the exposures that occurred during daytime or nighttime hours, contrasting to other results involving more intense noise exposures that cause significant hearing loss and hair cell loss (Basinou et al., 2017; M
	Overall, both the DLLN and NLLN induced frequency-specific reductions in both SDRs and LFPs. Reductions of approximately 30% occurred at the lowest intensity (40 dB SPL), but increased to a reduction of 40-50% at higher stimulus levels (60 and 80 dB SPL). There were no significant differences between the exposures that occurred during daytime or nighttime hours, contrasting to other results involving more intense noise exposures that cause significant hearing loss and hair cell loss (Basinou et al., 2017; M
	slightly greater CAP threshold shifts and slightly greater CAP amplitude reductions with the continuous noise. The continuous noise exposure apparently causes the IC to increase its gain to compensate for the persistent decrease in neural activity from the cochlea. In contrast, the CAP amplitude would begin to recover during the 12-h rest period; this recovery appears to be sufficient to prevent central gain from occurring in the IC. This raises the important experimental question of how long the sound has 

	5.5.3 Intensity-Dependent Central Compensation: 
	Low-level sounds have been shown to reduce response amplitudes in the auditory cortex (Eggermont & Komiya, 2000; Lau, Pienkowski, Zhang, McPherson, & Wu, 2015; Lau, Zhang, McPherson, Pienkowski, & Wu, 2015; Munguia, Pienkowski, & Eggermont, 2013; Pienkowski & Eggermont, 2009, 2010a, 2010b, 2012; Pienkowski, Munguia, & Eggermont, 2011; Pienkowski et al., 2013). The amplitude reductions in the auditory cortex were found to occur at the exposure frequency (Pienkowski et al., 2013). In the present study using a
	Peripherally, CAP amplitudes also demonstrate significant reduction in amplitudes in a frequency-specific manner. However, CAP measurements are not fully encompassing of the auditory systems dynamic range. Sound intensity is encoded by an auditory never fibers spontaneous firing rate (SR) driven by IHC glutamate release (Nouvian, Beutner, Parsons, & Moser, 2006). Mapping of the auditory nerve indicates that three distinct SR fibers are present to encode intensity (i.e., high SR> 18 spikes/s, medium SR .5-18
	5.5.4 Neural Gain Generation Site: 
	The exact neural mechanisms responsible for the overall changes in gain presented in the current study are difficult to determine without more finely tuned measures. However we are able to make broad conclusions based on differing electrophysiology measures site of generation. The CM data presented in this study suggests that the intermittent low-level noise exposure did not affect OHC function since the CM response is largely representative of OHC activation (Raslear, 1974). Furthermore, our previous study
	At the level of the IC, both SDRs and LFPs showed a frequency and intensity specific reduction in response amplitudes, with the greatest reduction occurring within and above the noise exposure frequency band at a moderate stimulation intensity (10-20 kHz at 60 dB SPL), whereas higher stimulation intensities showed broader frequency reduction. Considering that CAP amplitudes likely do not reflect higher stimulation sound encoding (Bourien et al., 2014), the reductions in IC response properties largely reflec
	5.5.5 Intermittent versus Continuous LLN: 
	The current results obtained with a 12 h/d exposure can be compared with our recent results obtained with the exact same noise presented 24 h/d (Sheppard et al., 2017); the continuous noise exposure reduced CAP amplitudes roughly 50%, slightly more than the 3040% seen here. Furthermore, while there was no significant overall CAP threshold shift following the 12 h/d exposures, there was a notable 10 dB shift in the 10-20 kHz region immediately following continuous noise exposure. This slight change in CAP th
	-

	5.5.6 Implications for Tinnitus/Hyperacusis 
	The precise neural mechanism responsible for the generation of tinnitus and hyperacusis is not fully understood. However, most researchers agree that the presence of enhanced central gain within the auditory system is at least partially responsible for these 
	The precise neural mechanism responsible for the generation of tinnitus and hyperacusis is not fully understood. However, most researchers agree that the presence of enhanced central gain within the auditory system is at least partially responsible for these 
	percepts (Auerbach et al., 2014; Baguley, 2003; Henry, Roberts, Caspary, Theodoroff, & Salvi, 2014; Norena, 2011; Salvi et al., 2000). Therefore, therapeutic efforts have primarily attempted to reduce the presence of central gain with hopes of relieving the perception of tinnitus and/or hyperacusis. The use of low-level noise generators can result in improved outcomes (Formby et al., 2003; Henry et al., 2006b), however there is large individual-specific variability in these reported improvements. Highly con

	5.6 CONCLUSIONS 
	This study demonstrates the impact intermittent noise exposure can have on the peripheral and central auditory system. Our results indicate that while high intensity noise 
	exposure has shown differing degrees of damage depending on the time of day that the exposure occurs (Basinou et al., 2017; Meltser et al., 2014), low-level noise exposure did not demonstrate any time-sensitive changes. Nevertheless, the intermittent nature of both noise exposure groups demonstrated peripheral and central reductions in evoked response amplitudes, which implicates the importance of acoustic rest when compared to our previous study using 24h noise exposure for the same period of time (Sheppar
	5.7 FIGURES 
	FIGURE 5.1: Demonstrative diagram of low-level noise spectrum and exposure paradigms. (A) Spectrum of noise exposure with peak intensity occurring between 10-20 kHz. (B) Visual description of noise exposure paradigm. Light (day) hours are represented by yellow line, Dark (night) hours are represented by dark blue overhead line. Controls always have noise off during both Light and Dark cycles, DLLN group had noise on during light cycles and off during dark cycles, NLLN had noise off during light cycles and o
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	Figure
	170 
	FIGURE 5.2: CAP Thresholds and Amplitudes: (A) CAP thresholds showed no significant difference between the three groups. (B) Moderate level CAP amplitudes were significantly reduced in both the DLLN and NLLN compared to controls. (C) High level CAP amplitudes were significantly reduced in both the DLLN and NLLN groups compared to controls. There was no significant differences seen between the DLLN and NLLN groups. Blue-controls, Red-DLLN, Green-NLLN. 
	Figure
	FIGURE 5.3: CM amplitudes: (A) CM amplitudes at a low intensity level resulted in no significant difference between all three groups. (B) CM amplitudes at a moderate intensity level shoed no significant difference between all three groups. (C) CM amplitudes at a high intensity level showed no significant difference between all three groups. Blue-controls, Red-DLLN, Green-NLLN. 
	Figure
	174 
	FIGURE 5.4: Spike Discharge Rates: (A) SDRs evoked with40 dB SPL tones, both the DLLN and NLLN groups are significantly reduced near the noise exposure frequency band and slightly enhanced at frequencies below 3 kHz. There was no significant difference between DLLN and the NLLN groups. (B) SDRs evoked with 60 dB SPL tones, both the DLLN and NLLN groups show significant reductions near the noise exposures frequency band, and were slightly enhanced at lower frequencies. There was no significant difference bet
	176 
	FIGURE 5.4: Local Field Potentials: (A) LFPs evoked with 40 dB SPL tones, both the DLLN and NLLN groups are significantly reduced near the noise exposure frequency band. There was no significant difference between DLLN and the NLLN groups. (B) LFPs evoked with 60 dB SPL tones, both the DLLN and NLLN groups show significant reductions near the noise exposures frequency band. There was no significant difference between the DLLN and NLLN groups. (C) LFPs evoked with 80 dB SPL tones, both the DLLN and NLLN grou
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	6 CONCLUSIONS 
	6.1 OVERVIEW 
	The overall aim of my dissertation work focused on furthering our understanding of neuroplastic changes that occur with different therapeutic approaches to tinnitus and/or hyperacusis. The chapters presented above reviewed many of the current hypotheses regarding the neurological mechanisms thought to generate tinnitus. Much of their discussions focused on how one of these mechanisms (i.e., Central Gain) is modulated by the administration of tinnitus relief agents such as low-level noise. Chapter 2 consider
	6.2 CENTRAL GAIN-ENHANCEMENT VS. SUPPRESSION 
	The presence of enhanced central gain following sensory deprivation or cochlear damage is thought to be a primary contributor to tinnitus and hyperacusis (Auerbach, Rodrigues, & Salvi, 2014; R. J. Salvi, Wang, & Ding, 2000). In the context of this model, treatment options have aimed at suppressing central hyperactivity. While pharmaceuticals have had limited success in treating tinnitus and hyperacusis (Aazh, El Refaie, & Humphriss, 2011; Azevedo & Figueiredo, 2007; Bauer & Brozoski, 2006; T. Brozoski, Odin
	Earlier studies have suggested that enhanced central gain occurs at multiple stages within the auditory system with gain progressively increasing along the ascending auditory pathway. Chinchillas chronically implanted with electrodes in multiple auditory nuclei from the cochlea to the cortex demonstrated that supra-threshold enhancements are first seen at the level of the auditory midbrain following a traumatic noise exposure (R. J. Salvi et al., 2000). However, while enhancements greater than baseline acti
	Earlier studies have suggested that enhanced central gain occurs at multiple stages within the auditory system with gain progressively increasing along the ascending auditory pathway. Chinchillas chronically implanted with electrodes in multiple auditory nuclei from the cochlea to the cortex demonstrated that supra-threshold enhancements are first seen at the level of the auditory midbrain following a traumatic noise exposure (R. J. Salvi et al., 2000). However, while enhancements greater than baseline acti
	the auditory nerve. (Auerbach et al., 2014; Jiang, Luo, Manohar, Chen, & Salvi, 2016; R. J. Salvi et al., 2000). This suggests that non-pathological enhanced gain may occur as early in the auditory pathway as the CN. 

	Suppression of auditory-evoked responses and spontaneous neural activity have been extensively investigated at the cortical level in cats (Munguia, Pienkowski, & Eggermont, 2013; 
	A. J. Norena & Eggermont, 2006; A. J. Norena, Gourevitch, Pienkowski, Shaw, & Eggermont, 2008; Pienkowski & Eggermont, 2009a, 2009b, 2010a, 2010b, 2012; Pienkowski, Munguia, & Eggermont, 2011, 2013). Other neuroimaging reports suggest these functional changes occur as low as the thalamic medial geniculate body (Lau, Zhang, McPherson, Pienkowski, & Wu, 2015). We originally hypothesized that since enhancements in gain could be detected at auditory centers as low as the IC (Auerbach et al., 2014; R. J. Salvi e
	A. J. Norena & Eggermont, 2006; A. J. Norena, Gourevitch, Pienkowski, Shaw, & Eggermont, 2008; Pienkowski & Eggermont, 2009a, 2009b, 2010a, 2010b, 2012; Pienkowski, Munguia, & Eggermont, 2011, 2013). Other neuroimaging reports suggest these functional changes occur as low as the thalamic medial geniculate body (Lau, Zhang, McPherson, Pienkowski, & Wu, 2015). We originally hypothesized that since enhancements in gain could be detected at auditory centers as low as the IC (Auerbach et al., 2014; R. J. Salvi e
	-

	specific electrophysiological measurement (i.e. the cochlear compound action potential and summating potential), we demonstrate suppressed supra-threshold auditory responses, but essentially normal thresholds in the auditory nerve following extended exposure to low-level noise. Therefore, we argue that both cochlear damage-induced enhancements in central gain, and low-level noise-induced suppression of central gain, are driven by neurophysiological changes occurring within the cochlea. In the case of contin

	Previously published literature demonstrated prolonged exposure to low-level noise suppressed sound evoked activity mainly among neurons in auditory cortex (AC) tuned to the frequency of the noise (Pienkowski & Eggermont, 2009a). We also observed in-band suppression of sound-evoked activity in the IC with 12-h/d low-level nose exposure, but not continuous noise exposure (A. M. Sheppard et al., 2017). The in-band neural suppression observed in AC and IC might explain why human subjects report greater tinnitu
	Previously published literature demonstrated prolonged exposure to low-level noise suppressed sound evoked activity mainly among neurons in auditory cortex (AC) tuned to the frequency of the noise (Pienkowski & Eggermont, 2009a). We also observed in-band suppression of sound-evoked activity in the IC with 12-h/d low-level nose exposure, but not continuous noise exposure (A. M. Sheppard et al., 2017). The in-band neural suppression observed in AC and IC might explain why human subjects report greater tinnitu
	change at different stages of the ascending auditory pathway may be different. Clearly, further studies are needed to explore this issue using noises with different on-time fractions, different species and different locations along the auditory pathway. 

	Despite other studies showing greater sensitivity to acoustic damage during nighttime hours in nocturnal mice (Meltser et al., 2014), we found no difference with DLLN and NLLN in terms of suppressing sound-evoked activity in the IC or in terms of suppressing CAP amplitudes with non-traumatic noise intensities. In the case of 24 h/d exposures that span both day and night, we found slightly greater suppression of the CAP than with 12 h/d exposures. However, the 24 h/d exposure paradoxically enhanced sound-evo
	6.3 FUTURE RESEARCH DIRECTIONS 
	Our current findings suggest a range of studies that could be conducted to explore the biological mechanisms responsible for the physiological changes seen in the cochlea and IC (A. Sheppard et al., 2014; A. M. Sheppard et al., 2017). One area where information is greatly lacking is an understanding of the cellular mechanism leading to suppression of sound evoked activity in the cochlea and enhancement or suppression of sound evoked activity in the IC.  Immunolabeling and gene expression studies could be ca
	Our current findings suggest a range of studies that could be conducted to explore the biological mechanisms responsible for the physiological changes seen in the cochlea and IC (A. Sheppard et al., 2014; A. M. Sheppard et al., 2017). One area where information is greatly lacking is an understanding of the cellular mechanism leading to suppression of sound evoked activity in the cochlea and enhancement or suppression of sound evoked activity in the IC.  Immunolabeling and gene expression studies could be ca
	with genetically mutations in signaling pathways that modulate synaptic plasticity could provide fundamental new insights. Increased understanding of the biological mechanism is a critical step for future development of pharmaceuticals to treat tinnitus and hyperacusis. 

	There are a number of different mechanisms which could theoretically lead to changes in central gain including 1) reduced inhibitory synaptic responses, 2) enhanced excitatory synaptic responses or 3) changes in intracellular excitability (Auerbach et al., 2014). A number of studies have begun to elucidate these propositions via altering inhibitory/excitatory balance of the central auditory system (Asako, Holt, Griffith, Buras, & Altschuler, 2005; Hildebrandt, Hoffmann, & Illing, 2011; Middleton et al., 201
	One of the important findings discussed above is that the peripheral auditory system is a potential driver of central auditory plasticity leading to increases or decreases in sound evoked activity following low-level noise. It would therefore be worthwhile to explore cellular changes occurring at the level of the cochlea and auditory nerve to understand the cellular mechanisms. We proposed one site of origin for these changes could potentially occur at the level of synaptic communication between the IHCs an
	One of the important findings discussed above is that the peripheral auditory system is a potential driver of central auditory plasticity leading to increases or decreases in sound evoked activity following low-level noise. It would therefore be worthwhile to explore cellular changes occurring at the level of the cochlea and auditory nerve to understand the cellular mechanisms. We proposed one site of origin for these changes could potentially occur at the level of synaptic communication between the IHCs an
	93/95, a post-synaptic glutamate receptor anchoring protein, suggests that post-synaptic rescaling could be responsible for the observed reduction in CAP amplitudes (unpublished observation). 
	-


	6.4 SUMMARY 
	One of the major new findings in this dissertation is that prolonged exposure to low-level noise reduces the supra-threshold neural output of the cochlea; however, continuous noise exposure appear to enhance sound evoked activity in the IC whereas 12 h/d exposures suppress sound-evoked activity in the IC. Thus the direction of the central gain change is critically dependent on the temporal schedule (continuous vs intermittent) and can either enhanced or suppress central gain in the IC. Our results suggest t
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