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ABSTRACT OF THE DISSERTATION 

Noise-Induced Hearing Loss Leads to Cortical Region-Specific Central Gain and 
Temporal Processing Recovery 

 
by 
 

Jamiela Kokash 

Doctor of Philosophy, Graduate Program in Neuroscience 
University of California, Riverside, December 2022 

Dr. Khaleel A. Razak, Chairperson 
 

 

Noise-induced hearing loss (NIHL) is a major cause of auditory processing impairment 

and major cognitive impairment. Peripherally, cochlear hair cell damage has been studied 

extensively in NIHL. Fewer studies have looked at effects more centrally, but these studies 

have led to the emerging theory of ‘central gain’. The lack of peripheral input 

(deafferentation) following NIHL increases gain in central auditory regions, leading to 

exaggerated spontaneous and sound evoked responses. These responses may lead to 

tinnitus and hyperacusis, for which currently there are no treatment to reduce these 

comorbidities following NIHL. The cellular mechanisms underlying the increased gain is 

unclear, however we hypothesize that neuroinflammation and matrix-metalloproteinase-9 

(MMP-9) are upregulated following NIHL causing disruption in population level activity 

ultimately leading to enhanced central gain and temporal processing. To address this gap, 

we designed a series of experiments to identify the effects of NIHL in the brain. We have 

made several key findings. Firstly, there is a cortical-region specific difference in temporal 

processing, but not in sound detection and recovery following NIHL. Second, MMP-9 
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activity is not upregulated at 1-day post-NIHL. Last, minocycline enhances sound detection 

amplification after hearing loss, but does not affect temporal processing or auditory 

brainstem thresholds. Our data provides insight into longitudinal modulations of sound 

detection and temporal processing in auditory cortical regions with potential time course 

and therapeutic targets. 
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Chapter 1 

Introduction 

Noise induced hearing loss (NIHL) is a leading form of sensorineural hearing loss 

where exposure time and intensity determine the amount of hearing loss. Loud and sudden 

sounds like explosions or long-term exposure like heavy machinery can have lasting 

detrimental effects (Rabinowitz 2000) on the auditory system, both peripherally and 

centrally. Quality of life can be affected, where the consequences may bleed into daily 

activities and interactions (Chepesiuk 2005; Seidman and Standring 2010; Alamgir et al. 

2016), and even may become comorbid with phenomena like tinnitus and hyperacusis 

(Attias et al. 1993; Henderson et al. 2011; Möhrle et al. 2019; Sun et al. 2012). Preventative 

measures can be taken (Lynch and Kil 2005; Martin 2008; Prasher 1998), but potential 

therapeutic approaches have yet to put forth a standard treatment (Le Prell et al. 2007; 

Prasher 1998) to address the many effects stemming from NIHL. Many studies have found 

the amount and type of damage that occurs in peripheral auditory structures (Kujawa and 

Liberman 2009), but the lack of regeneration abilities after cochlear structure ablation 

inhibits restoration options outside of preventative measures. Central auditory 

consequences are also being identified and could provide possible targets for alleviation of 

the cascading effects of NIHL, especially for long-term and comorbid consequences of 

NIHL. The cellular mechanisms underlying increased central auditory responses is unclear, 

but our hypothesis is that following NIHL, an endopeptidase called matrix 

metalloproteinase-9 (MMP-9) activity is upregulated in the auditory cortex which leads to 

perineuronal net (PNN) degradation. This degradation in turn can lead to reduced 
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parvalbumin-positive inhibitory neurons (PV+) excitability which could cause an 

imbalanced cortical network to skew towards hyperexcitable.  

 
Figure 1. Diagram of working hypothesis on central gain mechanism following NIHL. 
High intensity sound stimulus will cause molecular and neuronal firing changes in the auditory 
cortex. 

 

NIHL leads to central gain throughout the auditory pathway 

‘The central gain model’ has emerged to link the peripheral deafferentation to 

exaggerated responses in the central auditory system following NIHL. A common finding 

is a lack of auditory brainstem responses (ABRs), but enhanced responses in the auditory 

cortex (Chambers et al. 2016; Resnik and Polley 2021). The central gain model is an 

emerging theory that may provide a basis for central auditory effects after NIHL. Many 

studies have compared enhanced gain control in the auditory cortex and inferior colliculus, 

but the temporal dynamics and recovery of responses is determined by the paradigm of 

sound exposure (R. J. Salvi et al. 1990; Syka, Rybalko, and Popelář 1994). Dynamic gain 

control has been implicated throughout the auditory lemniscal pathway, where long-term 

increases in spontaneous activity was seen in the dorsal cochlear nucleus (Zhang and 

Kaltenbach 1998) of rats and elevated inferior colliculus sound-evoked activity due to long-

term low level sound-exposure although there was a recovery one week later (Sheppard et 

al. 2017). Decreases in auditory nerve compound potentials (R. Salvi et al. 2017) lead to 
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increased auditory cortex spontaneous activity following noise-exposure (Auerbach, 

Rodrigues, and Salvi 2014; Sun et al. 2012). A series of cat studies reported higher 

spontaneous activity and burst firing in primary auditory cortex (Eggermont and Komiya 

2000; Noreña and Eggermont 2003; Seki and Eggermont 2003) as a neural correlate of 

tinnitus. Hyperactivity in the auditory cortex may manifest as increased spontaneous 

activity, where the balance between excitation and inhibition is altered. Ultimately this 

outcome may serve as a compensatory mechanism after deafferentation from the cochlea 

or sensory deprivation, where normal auditory input is unable to be transmitted due to 

peripheral damage or lack of connection coming from the cochlea (Cody and Robertson 

1983; Haragopal et al. 2020; Kujawa and Liberman 2009).  

Potential mechanism underlying central gain 

Noise-exposure in guinea pigs compromised the blood-labyrinth barrier allowing 

for increased permeability in the stria vascularis of the cochlea that coincided with 

increased MMP-9 expression (Wu et al. 2017). This may trigger an inflammatory response 

along the auditory system that induces cytokines to synthesize and secrete MMP-9 

(Gordon et al. 2009), further increasing protease activity and causing a cascade that 

eventually induces cortical plasticity. The result of which triggers extracellular degradation 

and altered cellular activity, particularly in inhibitory transmission. The output of the 

cortical response will lean towards homeostatic balance, but the lack of input reduces its 

ability to do so. Compensatory gain increases were found to be beneficial for sensory 

processing in the auditory cortex (Chambers et al. 2016), however if left unimpeded the 

compensation of excessive spontaneous firing may push past homeostasis and manifest as 



 
 

4 

hyperactivity (Möhrle et al. 2019; Rüttiger et al. 2013) that may underlie tinnitus and 

hyperacusis. Other factors like synaptic zinc has been implicated in regulating cortical gain 

and plasticity (Nakashima and Dyck 2009; McAllister and Dyck 2017), recently found to 

modulate inhibitory (Anderson et al. 2017; Kouvaros, Kumar, and Tzounopoulos n.d.) 

alongside excitatory (Anderson et al. 2015; Kalappa et al. 2015) transmission. However, 

the mechanism for which increased central gain and cortical responses after NIHL are not 

well understood. This may be a result of the interaction between PNNs and MMP-9 of the 

proposed hypothesis (Figure 1), where MMP-9 leads to the molecular changes that are 

linked to abnormal cortical function.  

MMP-9 as a key upstream effector following trauma 

MMP-9 is a zinc-dependent protease, known to cleave extracellular matrix. It is 

synthesized and secreted as a zymogen, which is an inert form of the protein. It must have 

its prodomain cleaved, as its active site that contains the catalytic zinc ion is blocked by a 

cysteine and histidine coordination (Van Den Steen et al. 2002). One way in which MMP-

9 is activated is by another matrix-metalloproteinase – MMP-3. Ogata et al (Ogatas, 

Enghildp, and Nagasesll 1992) discovered that MMP-3 acts upon proMMP-9 in a stepwise 

manner, initially cleaving it from its 92kDa form to the 86kDa intermediate form by 

removing several amino acids, to its final 82kDa form of the active enzyme by making 

additional necessary amino acids accessible for removal. Once in its active form, it can 

cleave various types of extracellular matrix components, shown to target PNNs in 

particular (Alaiyed et al. 2019). Genetic manipulations reducing MMP-9 expression in a 

mouse model of Fragile X Syndrome revealed recovered PNN expression and cortical 
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activity compared to wild type (Wen, Afroz, et al. 2018). Inhibiting MMP-9 proteolytic 

activity rescued normal PV/PNN maturation in a schizophrenia model (Dwir et al. 2019) 

and introduces structural plasticity in light reintroduction after dark exposure (Murase, 

Lantz, and Quinlan 2017). In human patients diagnosed with epilepsy, MMP-9 was found 

to be at higher concentrations in obtained cerebrospinal fluid indicating a disrupted blood 

brain barrier and leukocyte infiltration into the central nervous system(Li et al. 2013). In 

the rodent model, MMP-9 facilitated seizure induction (Szklarczyk et al. 2002) and 

dendritic remodeling in the hippocampus (Wilczynski et al. 2008). This connection is 

promising in that there appears to be a link between the rescue of PNN and the 

downregulation of MMP-9, where the current set of studies will test the link between them 

following NIHL.  

PNNs are experience-dependent and plastic 

The extracellular matrix is made of many diverse components, but the one of 

particular interest is the perineuronal net. This structure is composed of a few key 

conserved components – chondroitin sulfate proteoglycans (CSPGs), hyaluronan, tenascin, 

and link proteins (Wen, Binder, et al. 2018). The hyaluronan are long polysaccharide 

chains that attach to the cell surface as well as CSPGs. These proteoglycans are part of the 

lectican family, of which 4 have been found to be constituents of PNNs. They are 

composed of a core protein with various number of repeating glycosaminoglycan chains. 

This allows for the diversity of the lectican family – aggrecan, brevican, versican, and 

neurocan (Yamaguchi 2000). Together, these components make up PNN structures that 

ensheath cell bodies and proximal dendrites of various cell types (Fader et al. 2016; 
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Reichelt et al. 2019). A main feature of PNNs are its association with critical period 

plasticity. Pizzorusso (2002) found that sensory deprived rodents’ slower development in 

the visual cortex that coincided with delayed PNN congregation. In relation to this study, 

the question builds upon the notion of sensory deprivation and plasticity of the auditory 

system. For auditory sensory deprivation caused by NIHL, will there be a sort of 

experience-dependent plasticity that underlies cortical dysregulation? This will harm the 

integrity of the structure, causing it to lose its ability to filter out detrimental factors that 

may target the neurons they are protecting, in particular PV+ neurons.  

PV+ interneurons are important in cortical circuitry 

PV+ interneurons are a subset of GABAergic cells that provide mainly inhibitory 

input to cortical pyramidal cells. The interneurons make up about 20% of cell types in the 

cortex, of which 10-20% are PV-positive (Oviedo 2017). Yet, these specific neurons 

provide an important role for normal cortical excitation/inhibition balance and oscillatory 

maintenance due to their unique intrinsic properties. PV+ cells have been characterized as 

fast-spiking and have rapid repolarization that allow them to fire rapid trains of action 

potentials (Kawaguchi et al. 1987). This allows them to regulate cortical output by 

projecting onto pyramidal cell bodies and proximal dendrites in the cerebral cortex 

(Ferguson et al. 2018). They modulate feedforward inhibition and dynamic gain control 

(Ferguson et al. 2018; Moore and Wehr 2013). Specific properties in the auditory cortex 

include temporal resolution (Wehr and Zador 2003), regulate cortical responses to intensity 

and frequency(Moore and Wehr 2013), and shape receptive fields (Wang et al. 2002) 

through inhibitory input. PV+ has been posited to act as a gating mechanism for 
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feedforward activity in cortical circuits, modulating local connectivity (Hamilton et al. 

2013). In the case of PV dysfunction, the overall cortical output would lean towards 

hyperactivity with the lack of inhibition to regulate excitatory output. This may be the 

underlying mechanism of the central gain theory. Another output of PV neurons is 

generating and modulating cortical oscillations, particularly at the gamma frequencies (30-

80Hz) (Chen et al. 2017; Sohal et al. 2009), to provide synchronous neuronal interactions 

(Womelsdorf et al. 2007) important for information processing (Bartos, Vida, and Jonas 

2007). The consequences of NIHL then would posit to be reduced gamma power as well 

as increased gain as manifested by increased spontaneous activity, seen in the last two parts 

of the working hypothesis (Figure 1).  

NIHL could lead to a molecular cascade in the AC 

PNNs are primarily found to be associated with inhibitory interneurons. PNNs are 

an integral structure to enhance excitatory output of PV neurons (Balmer 2016), where the 

degradation of PNNs reduced the gain and excitation of cortical fast-spiking interneurons. 

Another role these encapsulating structures have been to provide protection from oxidative 

stress (Cabungcal et al. 2013), in order for the enwrapped neurons to function normally. 

This is harmful because noise-exposure causes an increase in oxidative stress throughout 

the auditory system (Evans and Halliwell 1999; Henderson et al. 2006) as well as cognitive 

associated regions like the hippocampus (Cheng et al. 2011; Liu et al. 2018; Shukla et al. 

2019). Maintaining the integrity of the extracellular architecture surrounding PV cells may 

mitigate the effects of NIHL. While other MMPs and zinc-dependent proteases cleave 

various components of PNNs (Bozzelli et al. 2018), MMP-9 proves to be a promising 



 
 

8 

candidate to target as a central upstream effector, as the cascade following NIHL in the 

auditory cortex can be blocked before degradation occurs.  

Minocycline as an NIHL treatment by targeting MMP-9 

Minocycline is a tetracycline derived antibiotic drug that also acts as an MMP-9 

inhibitor. Despite its main function of antimicrobial properties, it has been prescribed as a 

treatment for many other cases. Clinically, minocycline has been used to treat acne as 

opposed to other tetracyclines, with some success (Eady et al. 1993; Hubbell et al. 1982). 

The drug has also been found to work against inflammatory activity, as reported in studies 

focused on cerebral (Chaturvedi and Kaczmarek 2014; Yrjänheikki et al. 1999), liver 

(Jiang, Desjardins, and Butterworth 2009), renal (Kelly et al. 2004), and retinal ischemia 

(Abcouwer et al. 2013). As a therapeutic pharmacological treatment, its merits include 

crossing the blood-brain barrier (Saivin and Houin 1988), anti-inflammatory capabilities 

(Abcouwer et al. 2013; Garwood et al. 2010), and ion chelating properties such as iron 

(Grenier, Huot, and Mayrand 2000) and calcium (Antonenko et al. 2010). In relation to 

MMP-9, several studies have determined the effectiveness of minocycline as an inhibitor, 

more potent than other tetracyclines and antibiotics (Modheji et al. 2016; Vandooren et al. 

2017). Cancer drug administrations have also been tested for efficacy in reducing MMP-9, 

with diverse results of either no MMP-9 specific effect (Vandooren et al. 2017) or 

decreasing expression (Shi, Zhang, and Yin 2015). Different drug treatments affect MMP-

9 in multiple ways, where azithromycin was found to decrease gene and mRNA expression 

while minocycline decreased MMP-9 activity (Vandooren et al. 2017). As this study is 

aiming to determine the trajectory of MMP-9 activity following noise-exposure, 
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minocycline as an inhibitor appears to be a leading choice in reversing the effects of NIHL 

in the auditory cortex. Minocycline is an FDA approved antibiotic drug that reduces MMP-

9 activity (Dziembowska et al. 2013; Chaturvedi and Kaczmarek 2014; Siller and Broadie 

2012). If minocycline proves to be effective, it can be readily available for human use or 

testing as a potential treatment for NIHL. 

In chapter 2, we examined electroencephalography (EEG) recordings used in this 

study to allow for obtaining and analyzing various measurements from the auditory cortex 

at a population level in a within-subject design. Specifically, this study looked at auditory 

evoked potentials (ERPs) and intertrial phase coherence (ITPC) to measure changes in the 

auditory and frontal cortex at different timepoints after noise-induced hearing loss. The 

benefit of using EEGs was that we were able to design a longitudinal experiment that 

allowed us to record from the AC and FC over a longer period in awake mice. 

Chapter 3 looks at molecular changes after NIHL in the AC. Wang et al. (2019) 

found that neuroinflammation in the auditory cortex following NIHL was upregulated, 

specifically various proinflammatory cytokine expression at different times – 12 hours, 1-

, 3-, and 10 days. We targeted specific time points to determine if changes in MMP-9 

activity or PNN degradation had occurred after NIHL. For MMP-9, we chose 1 day after 

NIHL to measure activity within the AC across cortical layers. PNN density and intensity 

was measured around the time points from Nguyen, Khaleel, and Razak (2017), 

specifically 23-65 days post-NIHL. 
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For Chapter 4, we administered an acute minocycline treatment after NIHL and 

recorded EEGs. Beginning immediately after noise-exposure, mice were given either saline 

or minocycline (45mg/kg, i.p.) daily for 5 days. We recorded ERPs, resting EEG power, 

40-Hz ASSR, and gap-ASSR at 5-, 10-, and 23 days after NIHL.  

Chapter 5 was written and published in 2019, titled Genetic reduction of MMP-9 in 

the Fmr1 KO mouse partially rescues prepulse inhibition of acoustic startle response 

(Kokash et al. 2019). This study showed how MMP-9 regulation alters behavioral output 

in a Fragile X Syndrome (FXS) mouse model. We found that MMP-9 expression was 

increased in the FXS KO group compared to wild-type in the inferior colliculus, which is 

an integral region in the central auditory and pre-pulse inhibition (PPI) pathways. By 

genetically reducing MMP-9 in a heterozygous adult mouse model, the PPI deficit was 

reversed. 

The underlying mechanism that leads to increased central auditory hyperactivity 

following NIHL, often associated with tinnitus and hyperacusis, has yet to be determined. 

Many studies outlining the consequences of NIHL in the cochlea and auditory nerve fibers 

have been identified as well as increased central gain. This dissertation aims to identify 

changes in the auditory and frontal cortex (AC, FC) over time via electrophysiological and 

molecular assays. These deficits may not be immediate and may accumulate over specific 

time courses. The proposed study will identify the trajectory of changes at both the 

molecular and population activity level within the auditory cortex that may lead to 

increased spontaneous activity and altered temporal processing underlying the central gain 

theory. Matrix metalloproteinase-9 may be the initial catalyst that leads to overall cortical 
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hyperexcitability, potentially underlying central gain. The working hypothesis of this study 

is that MMP-9 activity is up-regulated as an outcome of NIHL that triggers a cascade of 

molecular and electrophysiological changes in the auditory cortex. As a result, perineuronal 

nets (PNNs) are degraded which compromises the structural integrity of the extracellular 

space surrounding integral neurons that modulate cortical activity. This pushes the auditory 

cortex towards a hyperactive state, as the parvalbumin-positive (PV+) inhibitory 

interneurons become dysfunctional and their inhibitory output onto pyramidal cells is 

disrupted. This would manifest as increased spontaneous firing, or gain (Figure 1), 

potentially at the expense of temporal processing capabilities.  
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Chapter 2 

Cortical region-specific recovery of temporal processing following noise-induced 

hearing loss 

Abstract 

Noise-induced hearing loss (NIHL) is a major cause of auditory processing impairments. 

Studies of the central auditory system after NIHL suggest ‘the central gain model’ in which 

reduced peripheral input (deafferentation) following NIHL may lead to exaggerated 

responses, but with deficits in auditory temporal processing. These exaggerated responses 

may lead to tinnitus and hyperacusis following NIHL. Almost all NIHL studies have 

focused on the lemniscal auditory pathway, but very little is known about how different 

cortical regions recover response properties after NIHL. Here we studied response recovery 

trajectories in the auditory and frontal cortices (AC, FC) of adult mice following NIHL. 

We recorded electroencephalography (EEG) responses from awake, freely moving mice 

before and following NIHL to quantify response magnitude and temporal processing. 

NIHL was verified by measuring the auditory brainstem response (ABR) before and at 1-, 

10-, 23-, and 45-days after noise-exposure. Resting EEG, event related potentials (ERP), 

auditory steady state responses (ASSR), and a novel gap-ASSR were recorded on the same 

days to perform within-subject analyses of the trajectory of EEG changes following NIHL. 

The inter-trial phase coherence (ITPC) of the ASSR quantified the ability of AC and FC to 

synchronize responses to short gaps of varying intervals embedded in noise, as a measure 

of temporal processing. Despite an absence of click-evoked ABRs up to 90 dB SPL and up 

to 45-days post-exposure – indicating permanent hearing loss – ERPs from the AC and FC 
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showed recovery in ~50% of the mice between 1- and 10 days post-NIHL, with full 

recovery to pre-NIHL levels in both AC and FC. This suggests that there is some residual 

signal that is received centrally and amplified in some of the mice. The ITPC of gap-ASSR 

was reduced following NIHL in both AC and FC in all the mice on day 1 after NIHL. 

Interestingly, the AC showed full recovery of temporal processing over the course of 45 

days, but the FC did not. Despite ERP recovery, the FC does not show any recovery of 

ITPC in the gap-ASSR. These results suggest post-NIHL plasticity that emphasizes sound 

detection with strong cortical region-specific trajectories in temporal processing recovery. 

The lack of temporal processing recovery in the FC has implications for the interactions 

between hearing loss and cognitive decline. 

Introduction  

Noise induced hearing loss (NIHL) is a major cause of communication impairments 

that arises from occupational (Nelson et al. 2005) and recreational (Henderson, Testa, and 

Hartnick 2011; Chung et al. 2005) noise exposures. Previous studies have shown how noise 

exposure damages the cochlea (Liberman and Kujawa 2017), leading to deafferentation of 

central auditory regions. While extensive studies have been done to show the damage noise 

exposure causes in the periphery, it is also becoming clear that there are compensatory 

changes occurring in the central auditory system. The ‘central gain model’ may explain a 

number of central auditory processing changes after NIHL. The central gain model purports 

that compensatory changes emerge in higher auditory regions through amplification of 

residual inputs following NIHL (Noreña & Eggermont, 2003; Seki & Eggermont, 2003). 

The abnormal elevation in activity may be linked to tinnitus and hyperacusis (Eggermont 
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and Roberts 2004; Salvi et al. 2017; Sun et al. 2012). While a number of studies have 

quantified response magnitude changes following cochlear damage (Resnik and Polley 

2021, 2017; Sun et al. 2012), few have looked at how temporal processing is affected, 

particularly within multiple cortical regions. Chambers et al. (2016) found that central gain 

is a mechanism that emphasizes sound detection following peripheral damage, at the 

expense of temporal processing. They found that temporal coding did not recover in the 

auditory cortex despite increases in response magnitude and improved sound detection over 

a number of days following peripheral damage. In the rat AC, sound evoked potentials 

increased 1 hour after noise exposure along with spike rate to a tone burst (Sun et al. 2012). 

Although ABR threshold shifts were temporary, cochlear synpatopathy was found to last 

2 weeks after noise exposure and corticollicular response gain remained elevated after the 

same amount of time (Asokan et al. 2018). Spontaneous firing rates and bursting activity 

in the AC remained elevated up to 3 months in rats with putative tinnitus after blast 

exposure (Luo et al. 2014).  

The main goal of the present study was to determine whether different cortical 

regions show a similar pattern of response gain and temporal processing changes in the 

auditory cortex. Another goal was to develop a pre-clinical NIHL model with outcomes 

measured using EEG recordings that can be relatively more easily translated to human 

work. To achieve these goals, we tracked response magnitude and temporal processing 

across the auditory cortex (AC) and frontal cortex (FC) of awake, freely moving mice over 

a number of days following NIHL using EEG recordings and a within-subject design. We 

chose to compare auditory with the frontal cortex because hearing loss is a major midlife 
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factor for increased age-related dementia (Livingston et al. 2020) and cognitive decline. It 

is possible that communication deficits associated with hearing loss leads to social isolation 

and cognitive decline in humans (Bernabei et al. 2014; Lin et al. 2013; Moore et al. 2014). 

Frontal cortex function and cognition are also impacted by hearing loss. The severity of 

hearing loss affects FC responses to visual stimuli measured by EEG and correlated with 

auditory behavioral measures (Campbell and Sharma 2020). Understanding speech in noise 

is difficult for older listeners with lower working memory capabilities and higher hearing 

thresholds (Giroud, Keller, and Meyer 2021). To understand the relationship between 

hearing loss and cognitive decline, studies in rodent models have examined behaviors such 

as working memory tasks and found deficits in spatial learning and memory in mice 3 

months after noise exposure  as well as in rats 15 days after noise exposure (Shukla et al. 

2019). We recorded EEG signals from the FC, and compare those to AC responses, to 

obtain functional markers that may have implications for cognitive decline following 

hearing loss.  

The acoustic steady state response (ASSR) is a measure used to evaluate speech 

perception, which relies on frequency and amplitude modulations (Zeng et al. 2005). 

Studies have linked ASSRs and speech processing through word recognition scores 

(Dimitrijevic, John, and Picton 2004) and phase-locking capabilities (Leigh-Paffenroth and 

Fowler 2006). We used the 40-Hz ASSR stimulus to provide insight to the relationship 

between NIHL and temporal processing in mice. More challenging tasks of speech 

understanding through varying degrees of noise negatively affected perceived effort in both 

young and old adults, particularly those with hearing impairments (Larsby et al. 2009). By 
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using a novel gap-ASSR stimulus, that inserts varying gap durations in continuous noise, 

we can understand if and how temporal processing in challenging conditions recover in the 

FC and AC after NIHL.  

Permanent hearing loss was induced in mice using acute noise exposure and was 

tracked using auditory brainstem responses (ABRs) to clicks and cortical resting EEG, 

ERPs, and ASSRs for up to 45 days after noise exposure. Despite a persistent lack of ABRs, 

approximately half of the NIHL mice had recovered responses to noise bursts, as measured 

by ERP amplitudes in both the AC and FC. However, there was a cortical-region specific 

difference in recovery of temporal processing as evaluated by using the 40-Hz gap-ASSR 

stimuli. Recovery of pre-NIHL ASSR temporal fidelity was seen in only the AC, but not 

the FC. Together, these data suggest plasticity in a cortical region-specific manner to sound 

detection despite a diminished input from the periphery.  

Methods 

Overview.  

A longitudinal, within-subject design was used to study the impact of NIHL on 

resting and sound evoked EEG responses in the auditory and frontal cortex (AC, FC). 

Recordings were obtained before the induction of NIHL (‘pre-NIHL’) and on a number of 

days post-NIHL (1, 10, 23, and 45 days after NIHL). Auditory brainstem responses (ABR) 

were recorded on the same days to ensure NIHL was present at least until the final day of 

EEG recordings.  
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Mice.  

All procedures were approved by the Institutional Animal Care and Use Committee 

at the University of California, Riverside. Sighted FVB mice (FVB.129P2−Pde6b+Tyrc-

ch/AntJ) were received from Jackson Laboratories, bred in-house and housed in an 

AALAC accredited vivarium with 12:12h light:dark cycle. One to four mice were housed 

in each cage with food and water available ad libitum. Male and female mice were used 

between postnatal day (P)74 and P120 (mean age: P102, s.d: 12 days).  

Surgery.  

The EEG electrode implant surgical procedures have been previously described in 

detail (Lovelace et al., 2018; Rumschlag et al., 2021). Briefly, mice were anesthetized with 

a ketamine/xylazine/acepromazine (80/10/1 mg/kg, i.p.) mixture and temperature was 

regulated (FHC, Inc., Maine) at ~37° throughout the procedure. Three ~1mm diameter burr 

holes were drilled (Foredom dental drill) in the skull above the frontal, auditory, and 

occipital cortex. The frontal hole was placed at the junction between the frontal sinus and 

sagittal suture over the right hemisphere and the occipital hole was placed just rostral to 

the lambdoid suture and lateral to the sagittal suture in the left parietal bone. The right 

hemispheric auditory hole was placed -2mm posteriorly and +5 laterally from Bregma. 

1mm stainless steel screws were carefully inserted into the burr holes while attached to a 

3-channel electrode post (P1 Technologies, Roanoke, VA) and held in place with cured 

dental cement. Post-operational care included one dose of analgesic injection of Ethiqa-

XR (3.25 mg/kg body weight) (Fidelis Pharmaceuticals, NJ) and observation over the 
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course of 48 hours. Each mouse was singly housed after surgery to prevent damage to the 

implant. 

Auditory Brainstem Response.  

Hearing loss was measured using ABR recordings in response to clicks from mice 

anesthetized with ketamine/xylazine/acepromazine (80/10/1 mg/kg, i.p.). Once an 

anesthetic plane was verified via toe-pinch reflex test, the mouse was placed on a bite bar 

in an anechoic chamber (Gretch-Ken Industries, OR) and 3 Grass platinum needle 

electrodes (Grass Technologies, RI) were inserted subdermally. The recording electrode 

was placed at the vertex, the ground electrode in the left cheek, and reference electrodes 

were placed in the right cheek. The MF1 Multi-Field Magnetic Speaker (Tucker-David 

Technologies, FL) was placed 10cm away from the left ear and the TDT RZ6 multi I/O 

processor delivered the sound stimulus during the recording. The TDT software BioSigRZ 

was used to generate 512 click presentations at a 21Hz repetition rate of alternating +/- 

1.4V (duration 0.1ms) at each sound level. Each protocol began at 90dB SPL and decreased 

in 5dB steps to 10dB SPL. Click ABRs were used to verify hearing loss and were recorded 

pre-NIHL and after each subsequent EEG recording. Hearing threshold was defined as a 

visible waveform at the lowest sound level within the first 7ms of the ABR.  

Noise-exposure paradigm. 

NIHL was caused using a noise-exposure paradigm in which a narrowband noise 

(6-12kHz) at ~120 dB SPL was played continuously over 3 hrs to awake mice. The NIHL 

stimulus was generated using Tucker Davis Technologies (TDT) software RPvdsEx and 
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delivered via the RZ6 multi I/O processor. The NIHL stimulus was presented using a 

Fostex FT96H horn tweeter that was suspended 6 inches above the cage. NIHL stimulus 

was presented immediately after the pre-NIHL EEG recording.   

Auditory Stimuli.  

Auditory stimulus presentation procedures were similar to those described in 

Rumschlag and Razak (2021). A TDT MF1 speaker was mounted 20cm above the plastic 

arena and used to present noise stimuli that was generated with a TDT RZ6. All sound 

stimuli were presented at 90dB SPL for all time points. For ERPs, a train of noise bursts 

(100ms, 5ms rise/fall time, 0.25Hz repletion rate, 120 repetitions) was presented. The 

ASSR was evoked at 40Hz using a pulsed noise stimulus (200 repetitions, 8ms duration, 

2ms rise/fall time, 40Hz, 1-2 s random inter-stimulus interval) for a total duration of 12 

minutes.  

A 40 Hz gap-ASSR stimulus was used to measure the ability of the cortex to 

consistently respond to rapid short gaps in noise. The gap-ASSR is elicited by presenting 

10 gaps repeated at 40 Hz (25 msec period) in continuous noise. The duration of the gap is 

varied randomly between 3 and 9 msec (1 msec resolution). A 75% modulation depth was 

used.  A single stimulus began with 250 ms of continuous noise, followed by 250 ms of 

gap-interrupted noise, followed by continuous noise, and so on, for a total of 10 

presentations of the gap-interrupted noise. The stimulus ended with 250 ms of continuous 

noise, followed by a silent ISI of 500 ms. For each 250 ms segment, the gap width was 

randomly selected from a parameter space, consisting of 3-9 ms gaps. Each stimulus was 
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presented at least 200 times over the 30-minute presentation period. If each gap in a 250 

ms stimulus elicits a measurable response, then the recording will show a robust 40 Hz 

oscillatory signal. The strength of the gap-ASSR varies with gap width (Rumschlag and 

Razak, 2021). 

Electroencephalography (EEG) recording.  

Mice were awake and freely moving during the EEG recordings while tethered via 

the EEG implant that was connected to a freely rotating commutator. The TDT RA4LI/PA 

headstage and preamplifier was connected to the TDT RZ6 I/O device via optic fiber cable. 

Clean bedding was used for each mouse in a plastic arena during each recording placed 

inside a wire mesh Faraday cage. The entire set up was housed in an anechoic, sound 

attenuating chamber (Gretch-Ken Indusrtries, OR). The signal was recorded at 24.414 kHz 

and down-sampled to 1024 Hz using linear interpolation. 

Data Analysis.  

All EEG analyses were done using custom MATLAB (Math-Works, Natick, MA) 

scripts (Rumschlag and Razak, 2021). Graphpad Prism was used for statistical analysis. 

The specific statistical tests used are described in the sections below. Each comparison was 

done separately in the AC and FC. 

Resting EEG Spectral Analysis.  

To quantify changes after NIHL in EEG power spectral distribution, we measured 

resting EEG power across canonical frequency bands in both AC and FC across the various 

time points from 1- to 45 days post-NIHL, and compared with pre-NIHL values. The 



 
 

30 

phrase ‘resting EEG’ is used to describe data collected when there was no specific auditory 

stimulation. Five minutes of resting EEG was recorded from each mouse. The traces from 

each condition were split into Hanning-windowed 1-second segments with 50% overlap, 

which were then transformed to the frequency domain via Fourier transform. The average 

power spectrum was calculated by averaging the spectra from each of the 1-second 

segments. Each average power spectrum was then split into EEG frequency bands (theta: 

3– 7 Hz, alpha: 8–13 Hz, beta: 14–29 Hz, low gamma: 30–59 Hz, high gamma: 61–100 

Hz, and high-frequency oscillations (HFO): 101–250 Hz). Delta band power was not 

analyzed because the pre-amplifier had a built-in high-pass filter at 2.2 Hz. The average 

power from each frequency band was calculated. One-way ANOVA mixed-effects 

repeated measures was used to compare for spectral power at each time point for each of 

the frequency bands (Graphpad Prism) with the resulting p-values adjusted for multiple 

comparisons within each region. 

ERP analysis.  

To measure ERPs, the EEG trace was split into trials, using TTL pulses marking 

the sound onset. Each trial was baseline-corrected, such that for each trial, the mean of the 

250 ms baseline period was subtracted from the trial trace. Each trial was then de-trended 

(MATLAB detrend function). To extract the ERP, all of the trials were averaged together. 

ERPs recorded from mice have distinct peaks, which are analogous to those seen in human 

ERPs (Umbricht et al., 2004). For each mouse, the peak magnitudes and latencies were 

measured as the local minimum or maximum within a physiologically relevant range, e.g. 

the P1 component was the local maximum between 15 ms and 30 ms following stimulus 
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onset. Each NIHL group was compared via mixed-effect analysis for P1 and N1 amplitude 

and latency with the time point as a factor in each region (AC and FC).  

Pulse-ASSR analysis.  

The pulse-ASSR was analyzed by calculating the average consistency of the 40 Hz 

response during the last 1000 ms of the 2000 ms stimulus. This was done to capture the 

steady-state response while avoiding the onset response. To that end, the trace was 

transformed to the time-frequency domain via dynamic complex Morlet wavelet transform. 

The ASSR can be characterized using multiple measurements, including the amplitude of 

the oscillation frequency in the frequency transform (FFT) of the signal (Parthasarathy et 

al., 2010), the amplitude of the Hilbert transform of the filtered signal, the vector strength 

of the signal with the original oscillatory stimulus, the phase-locking of FFTs (PLI) 

(Yokota and Naruse, 2015), or the inter-trial phase clustering (ITPC) at the oscillation 

frequency (Lovelace et al., 2020). ITPC provides both time and frequency information, and 

it is a direct measure of the degree of response consistency across trials, so it was used to 

assess ASSRs in this study. ITPC was calculated for each time-frequency point as the 

average vector of phase unit vectors across trials. If the phase response is consistent at a 

particular time- frequency point, it will have a high ITPC value. The ITPC calculations 

showed a high degree of phase consistency at 40 Hz during the pulse-ASSR stimulus. The 

ITPC values at 40 Hz were averaged to extract one value for each mouse, representing the 

phase consistency of the 40 Hz ASSR. A mixed-effects model was used to examine main 

effects of each time point for AC and FC.  
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Gap-ASSR analysis. The gap-ASSR was analyzed similarly to the pulse-ASSR, in which 

the consistency of the 40 Hz response was calculated using the ITPC. For the gap-ASSR, 

the consistency was calculated for each of the stimuli (7 gap widths, 3-9 msec). The EEG 

trace was transformed using a dynamic complex Morlet wavelet transform. The trials 

corresponding to each gap were grouped together, and the ITPC was calculated. A band of 

high ITPC appears at 40 Hz. The average ITPC value at 40 Hz during the stimulus was 

extracted for each stimulus for each mouse. The gap-ASSR compared ITPC mean using 

the mixed-effect model with gap-width (3-9 ms) and time point (pre, 1-, 10-, 23-, 45 days) 

were used as factors, for each region. By reducing gap duration, the temporal processing 

ability of the auditory system can be quantified.  

Results 

i. NIHL mice had increased thresholds up to 45 days after noise-exposure  

Click ABRs were measured from all mice before and on multiple days after NIHL. 

The pre-NIHL ABR threshold was on average ~45 dB SPL, consistent with prior studies 

in the FVB strain (Rumschlag and Razak, 2022; Rumschlag et al., 2022). Following NIHL, 

none of the mice showed any click ABR responses up to 90 dB SPL on the day after NIHL 

and up to 45 days after NIHL, suggesting a permanent threshold shift, or permanent hearing 

loss (Figure 1). 
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Figure 1. None of the NIHL mice showed any ABR up to 90dB SPL and hearing loss 
lasted at least 45 days after noise exposure. A) Example of ABR traces from one mouse 
before NIHL, threshold is ~50 dB SPL. B) Example of ABR traces from the same mouse 
45 days after NIHL showing threshold has increased to above 90 dB SPL. C) Across the 
population, the average ABR threshold increased from ~45 dB SPL to >90dB SPL at all 
post-NIHL days tested. 

 

ii. Approximately half the NIHL mice fully recovered auditory ERPs despite the lack of 

ABR 

ERPs were recorded from the AC and FC from all mice showing NIHL. Although 

no click ABRs were apparent, in 16 of 29 mice, robust ERPs appeared in response to 90 

dB SPL at 1-10 days after NIHL. Representative ERP traces spanning the recording 

timeline show from one mouse there is robust and enhanced recovery over time (Figure 

2A-B). The remaining 13 mice had diminished ERPs up to 45 days after NIHL, with 

another representative set of ERP traces from a mouse with no recovery illustrating the 

difference of no recovery of sound detection in this group (Figure 2C-D). Due to 

differences in recovery of ERP, the NIHL mice were separated into two subgroups – 

response recovery (RR) and no response recovery (NR). 

In the RR group, AC P1 peak amplitude significantly decreased from baseline (pre) 

to 1 day after NIHL (F (2.063, 27.85) = 10.90, p=0.0003; pre vs 1d: p=0.0007), but returned 
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to baseline values by 10 days and stayed at that that level at 23 and 45 days after NIHL 

(Figure 3A). FC P1 peak amplitude significantly decreased 1 day after NIHL (F (2.050, 

27.68) = 9.314, p=0.0007; pre vs 1d: p<0.0001), but returned to baseline by 10 days after 

NIHL (Figure 3B). The N1 amplitude in the AC significantly decreased at 1 day after NIHL 

and returned to baseline within 10 days after NIHL and stayed at that level for up to 45 

days (F (3.152, 63.04) = 6.924, p=0.0003) (Figure 3C). The N1 amplitude in the FC also 

decreased significantly 1 day after NIHL, but returned to baseline by 10 days after NIHL 

(F (2.901, 58.60) = 5.554, p=.0022) (Figure 3D). Auditory cortex (F (2.332, 31.48) = 14.90, 

p <0.0001) and FC (F (2.775, 47.88) = 12.91, p<0.0001) P1 latency significantly increased 

beginning 1 day after NIHL and persisted up to 45 days after NIHL (Figure 3E-F). The N1 

latency in the AC (F (2.519, 34.01) = 6.190, p=0.0029) and FC (F (2.749, 37.11) = 10.38, 

p<.0001) increased and remained elevated beginning 1 day after NIHL (Figure 3G-H). 

These data indicate that although no ABR was present up to 90 dB SPL, robust cortical 

evoked responses to 90 dB noise stimuli were present within 10 days after NIHL in 

approximately 50% of the mice. However, ERP component latencies did not recover to 

pre-NIHL levels. 
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Figure 2. Example ERP traces of an illustrative RR mouse and illustrative NR mouse 
recorded before and on multiple days after NIHL. These mice showed no ABRs at 
levels up to 90 dB SPL post-NIHL. (A, B) The ERP amplitudes in this mouse increased 
above pre-levels at 10-, 23-, and 45 days post-NIHL in both AC (A) and FC (B). (C, D) 
The ERPs showed no recovery in this NR mouse example in the AC (C) or FC (D) up to 
45 days after NIHL. 
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Figure 3. In mice that showed ERP response recovery after NIHL, P1 and N1 
amplitude return to baseline in the AC and FC, but latency does not. The P1 and N1 
peak amplitudes and latencies were extracted for each RR mouse and averaged (with +/- 
SEM) at each time point. A-D) RR P1 and N1 amplitudes decreased significantly after 1 
day, but returned to baseline by 10 days in both AC and FC. E-H) RR P1 and N1 latencies 
increased significantly after NIHL and remained elevated. *, p<0.05; **, p<0.01; ***, 
p<0.001; ****, p < 0.0001 

 

In the NR group, NIHL reduced both P1 and N1 amplitudes in the AC (P1: F (1.176, 

11.17) = 28.79, p=0.0001; N1: F (1.731, 21.64) = 70.93, p<0.0001)) and FC (P1:F (1.187, 

11.28) = 50.99, p<0.0001; N1: F (1.467, 13.94) = 36.04, p<0.0001)) (Figure 4A-D). The 

amplitudes did not recover up to 45 days post-NIHL. These data indicate that in a subset 

of mice experiencing NIHL, no response recovery was evident based on ERPs.  
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Figure 4. ERP P1 and N1 amplitudes remained diminished after noise-exposure in 
the NR group. P1 and N1 latency remained elevated. The P1 and N1 amplitudes and 
latencies maximum peaks decreased after NIHL and did not recover. This was used as the 
criterion for categorizing this subset of mice into the no recovery group. A-D) At each time 
point after NIHL, there was significant decrease in P1 and N1 amplitude compared to pre-
NIHL in AC and FC. **, p<0.01; ***, p<0.001; ****, p < 0.0001 

 
Directly comparing RR and NR group ERP peak amplitudes showed a clear 

difference in enhancement after NIHL between the two groups. A ratio of post- to pre- was 

calculated for 1- and 45 days after NIHL for both groups. The RR group had higher 

responses post-NIHL compared to NR, indicating there was more residual responses and 

input from the periphery. A two-way ANOVA was performed for all ratio comparisons. 

AC P1 amplitude had a main effect of group (F (1, 40) = 29.44; p<0.0001) and timepoint 

(F (1, 40) = 21.71; p<0.0001) as well as interaction between the two factors (F (1, 40) = 

11.01; p=0.0019) with RR group significantly increased at 45 days after NIHL compared 

to NR (Bonferroni’s: 45-day, p<0.0001) (Figure 5A). FC P1 amplitude group comparisons 

showed similar differences in regards to group comparison (F (1, 40) = 22.48; p<0.0001), 

time point (F (1, 40) = 13.07; p=0.0008), and interaction (F (1, 40) = 8.068; p=0.0071) with 

RR amplitude larger than NR at 45 days (Bonferroni’s: 45-day, p<0.0001) (Figure 5B). 

There was a group effect (F (1, 40) = 57.00, p<0.0001) for AC N1 amplitude and effect of 

time point (F (1, 40) = 22.93, p<0.0001) as well as interaction (F (1, 40) = 20.35, p<0.0001) 
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with significant differences in amplitude between RR and NR at both time points 

(Bonferroni’s: 1-day, p=0.0204; 45-day, p<0.0001) (Figure 5C). Lastly, FC N1 amplitude 

was different between groups (F (1, 27) = 46.26; p<0.0001) and time points (F (1, 13) = 

27.85; p=0.0001) with an interaction between them (F (1, 13) = 21.16; p=0.0005) where 

the enhancement was seen in RR group (Bonferroni’s: 45-day, p<0.0001) (Figure 5D). This 

data highlights the response enhancement of the AC and FC post-NIHL in the RR group.  

 
Figure 5. RR group P1 and N1 amplitude increased past baseline by 45 days after 
NIHL, but NR group did not. A ratio of post-NIHL day ERP amplitude was calculated 
compared to pre-NIHL amplitude. A value of 1 indicates equal post- and pre-NIHL values 
equal to pre-NIHL. A-B) AC P1 and N1 amplitudes were significantly increased by 45-
days in RR compared to NR group. C) AC N1 amplitude was significantly different at 1- 
and 45-days between RR and NR groups. D) RR FC N1 amplitude was significantly 
enhanced compared to NR. p < 0.0001. 

 
iii. EEG spectral power distribution differences between the RR and NR groups 

Resting EEG power was quantified from 5 minutes EEG recordings in the absence 

of auditory stimuli. This analysis was performed to probe spontaneous neural oscillations 

after NIHL. Figure 6 shows the RR and NR group power spectral density pre-NIHL in 

comparison to 1- and 45-days post-NIHL. Figure 7 shows the ratio of absolute power for 

all the post-NIHL timepoints in comparison to pre-NIHL and 1-day post-NIHL, with mixed 

effects analysis one-way ANOVA used to analyze across the time points. In the RR group, 
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the low and high gamma spectral bands in the AC showed significant differences with time 

as a factor. In the post-hoc analysis with Bonferroni’s multiple comparisons test, 23-day 

post-NIHL was significantly increased from 1-day post-NIHL in the low and high gamma 

frequency bands. There was also a significant increase in the beta band in the FC. This may 

indicate that there was an increase in spontaneous activity over time in the AC following 

NIHL. (See Table 1 and Table 2 for full statistical comparisons).  

Figure 8 shows the NR group resting EEG spectral power in AC and FC. Nearly all 

frequency bands showed a main effect of time. Not all the significant differences in 

frequency bands and time point comparisons were similar between the two cortical regions. 

Both regions showed significant increases in beta, high gamma, and HFO. Theta was 

increased only in the AC while low gamma was increased only in the FC (See Table 1 and 

Table 2 for full statistical comparisons). These changes indicate that there was an overall 

increase in absolute power in both cortices. 

In summary, RR group had few changes in power over time with the main effects 

seen mainly in the gamma frequency bands in AC. NR resting EEG spectral power was 

increased in both cortical regions over time in a non-specific manner.  
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Figure 6. Power spectral density of response recovery (RR) and no recovery (NR) 
groups show changes in EEG power over time. Mice were divided into 2 groups: RR 
and NR, based on whether ERPs recovered over time after NIHL. Each panel shows the 
average power spectral density in the pre-NIHL and 1-, 45-day post-NIHL AC or FC. 
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Figure 7. The power spectral density in the RR group showed few significant changes 
over time. Each panel shows the power in a frequency band at a specific day after NIHL 
as a ratio of the pre-NIHL power for the same frequency band. A ratio of 1 indicates no 
change. Ratios higher than 1 indicate an increase in the post-NIHL recorded timepoint in 
comparison to pre-NIHL. The only significant change was in beta power 1 day after NIHL. 
*p<0.05; **p<0.01, ***, p < 0.0001. 
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Figure 8. The power spectral density in the NR group showed a number of significant 
region-specific changes over post-NIHL time with increasing power being the main 
direction of change. *p<0.05; **p<0.01 
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Table 1. Full statistical results table from EEG resting power analysis.  Mixed-effects 
analysis one-way ANOVA compared the effect of time within each cortical region for RR 
and NR groups. Bold values indicate significance.  
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Table 2. Post-hoc analysis from EEG resting power analysis. Bonferroni’s multiple 
comparisons test was used to compare post-NIHL time points with pre-NIHL timepoints 
in the first four columns. The last three columns compare 1-day post-NIHL with later time 
points. Significant adjusted p-values are in bold. 
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iv. 40 Hz Auditory Steady State Response recovers in the AC, but not FC, in the RR group 

A 40 Hz pulsed noise stimulus was presented at 90 dB SPL to generate an auditory 

steady state response (ASSR). The inter-trial phase coherence (ITPC) measured the 

cortex’s ability to consistently phase lock to the stimulus across trials, with mean ITPC 

compared between timepoints in the RR (Figure 9) and NR groups. The mean ITPC showed 

that the FC did not recover after NIHL, but the AC did. In the RR group, the AC ITPC 

decreased significantly 1 day after NIHL (F (2.123, 19.11) = 9.813, p=0.001; Dunnett’s 

multiple comparisons test – pre vs 1-day: p=0.0422) (Figure 10A). The FC had reduced 

ITPC mean values beginning at 1 day after NIHL and remained lowered up to 45 day (F 

(1.286, 11.57) = 29.17, p<0.0001; Dunnett’s multiple comparisons test – pre vs 1-day: 

p=0.0001, pre vs 10-day: p=0.0017, pre vs 23-day: p=0.0029, pre vs 45-day: p=0.0028) 

(Figure 10B). ITPC group averages were compared across timepoints by repeated measures 

1-way ANOVA. These data show cortical-region specific differences in recovery of ASSR 

post-NIHL.  
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Figure 9. Example 40 Hz ASSR from one RR mouse shows recovery in the AC, but 
not the FC. Each panel shows after ITPC across trials from each region (AC, FC) for the 
RR mouse across a number of time points relative to NIHL. While the ASSR consistency 
clearly recovered after NIHL in the AC (A), there was no significant recovery in the FC 
(B) even up to 45 days after NIHL. 
 

 
Figure 10. The ITPC mean remained diminished over time in the frontal cortex, but 
recovered in the auditory cortex by 10 days after NIHL. The group average ITPC was 
compared at each timepoint with +/- SEM. A) Auditory cortex ITPC mean for RR group 
showing ITPC mean returns to baseline levels by 10 days. B) RR frontal cortex ITPC mean 
does not recover over time. 
 

v. Temporal processing recovers above pre-NIHL levels in the AC, but not FC, after NIHL 

Gap-ASSR is a more challenging stimulus for the cortex to follow and consistently 

synchronize to, particularly as gap-width is reduced. Prior to NIHL, the AC in the RR group 

responds robustly at 9ms and the ITPC steadily decreases as the gap widths decreased 

(Figure 11). There was a significant decrease in ITPC at 1 day (F (1.310, 11.79) = 9.921, 
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p=0.006) after NIHL compared to baseline particularly at the longer gap durations (F 

(2.284, 20.56) = 58.71, p<0.0001) (gap duration x timepoint: F (4.338, 37.78) = 3.683, 

p=0.011); Dunnett: pre vs 1 day after NIHL; 5-, 7-, 8-, 9 ms; p<.001), but the mean ITPC 

was only significantly different from pre-NIHL values at 3- and 4 ms at 45 days after NIHL 

(Dunnet: p=0.03; p=-.0036, respectively) but not at the longer gap durations (Figure 12A).  

In the FC of the RR group, however, the gap-ASSR did not recover after NIHL at 

any of the gap durations (F (1.599, 14.39) = 23.57, p<0.0001) or time points (F (1.243, 

11.19) = 33.94, p<0.0001). The FC of the RR group showed that ITPC mean remained 

diminished over time after NIHL across gap widths (gap duration x timepoints: F (4.835, 

42.11) = 7.980, p<0.0001; Dunnett: all gap widths and time points, p=<0.01) (Figure 12B). 

These data show that there is a cortical-region specific difference in recovery of temporal 

processing after NIHL.  

 
 

Figure 11. Example Gap-ASSR ITPC from one RR mouse from pre- to 45 days after 
NIHL. A) Auditory cortex gap durations increasing from 3 ms to 9 ms (right to left) from 
pre-NIHL (top row) shows an enhancement by 45 days after NIHL (bottom row). B) 
Frontal cortex gap-ASSR shows that ITPC does not recover to baseline (top row) even by 
45 days after NIHL (bottom row) even at 9 ms gap duration (left columns). Heatmap scale 
warmer color indicates greater ITPC.  
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Figure 12. Average gap-ASSR ITPC values across gap-widths and post-NIHL time 
points show region-specific differences in recovery. In the AC (A), the ITPC values 
decrease considerably the day after NIHL, but recover above pre-NIHL levels at 45 days 
post-NIHL. On the other hand, average ITPC values in the FC (B) do no recover after 
NIHL even though the ERPs in this region were back to pre-NIHL levels.  
 

Discussion 

This study examined the longitudinal effects of NIHL on resting power and sound 

evoked responses in adult FVB mice. We found changes that indicate central gain after 

noise-exposure. Key findings over 45 days post-NIHL were as follows: 1) all mice had 

increased ABR thresholds >90 dB SPL at every time point measured post-NIHL, 2) despite 

the lack of ABRs, approximately half of the mice showed response recovery (RR group) 

to noise stimuli at 90 dB as measured by ERPs in both AC and FC, 3) resting EEG spectral 

power density was relatively more affected in the NR group AC and FC than the RR group, 

4) there was a cortical region-specific recovery in the AC ITPC for 40 Hz ASSR and gap-

ASSR, but not FC. We interpret the recovery of ERP amplitude as evidence for some 

residual hearing in the RR group, undetected by click ABR, that is amplified post-NIHL. 

This is supported by ERP amplitudes that were ~40% of pre-NIHL levels on day 1 post-
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NIHL in the RR group. The pre-NIHL ERPs were also recorded at 90 dB SPL, but this 

sound level was ~45 dB above ABR thresholds. The post-NIHL ERPs were also recorded 

at 90 dB SPL, which is likely closer to the threshold of any residual hearing that was 

undetected by click ABRs. The post-NIHL ERP amplitudes, however, recovered to pre-

NIHL amplitudes despite the relative sound levels being considerably different pre- vs 

post-NIHL. The recovery of ERPs therefore suggests central amplification of the residual 

signal, consistent with central gain models. This is also supported by the improved auditory 

cortex ITPC for ASSR for the RR group, which showed a larger ITPC at 45 days post-

NIHL compared to pre-NIHL. However, despite the ERPs recovering in the FC, there was 

no recovery of ITPC in the ASSR and gap-ASSR paradigms in this cortical region. Taken 

together, our data provide support for the central gain model, with regional differences in 

recovery of temporal processing after NIHL.  

Although our NIHL paradigm induced permanent threshold shifts and non-

detectable click ABRs, some mice had residual hearing which indicate some residual 

hearing remained that may have been amplified at the level of the cortex. Schrode et al. 

(2018) tested adult CBA/CaJ click and tone ABRs following 2 hours of broadband 100 dB 

SPL sound exposure and reported elevated threshold shifts with no strong effect of 

frequency likely due to the broadband exposure stimulus. This potentially explains why 

approximately half of our mice showed sound evoked responses despite the absence of 

click ABRs, we predict that the tone ABRs would have showed responses at higher 

intensities. Many studies have compared enhanced gain in the auditory cortex and inferior 

colliculus (IC), but the temporal dynamics and recovery of responses often show there is 
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stronger enhancement in the AC (Chambers et al., 2016; Resnik & Polley, 2021). We chose 

to focus on the AC as it has been shown that there was persistent gain for long periods of 

time and descending projections from the cortex could underlie the compensatory plasticity 

that manifests after hearing loss (Asokan et al. 2017). Gap-detection was found to be 

impaired in C57BL/6 mice up to 10 days after noise exposure, but not in FVB mice 

(Zinsmaier et al. 2020). In line with these findings, our FVB mice only showed recovered 

ITPC to both ASSR protocols, which can be used as a way to measure temporal processing, 

in the AC of the RR group. Our data may provide weight to central gain as seen in the 

sound evoked responses, but temporal processing recovers but is not enhanced in the AC. 

Mechanistically, it is likely that reduced inhibition because of NIHL may underlie 

enhanced central gain. Hyperactivity has been attributed to an imbalanced cortical circuit, 

with inhibition being impacted after NIHL. Fast-spiking inhibitory interneurons are a prime 

suspect to be causing the skew towards hyperexcitability. Parvalbumin inhibitory 

interneurons (PV) had limited sound evoked recovery after cochlear nerve degeneration 

whereas putative pyramidal cells had near-complete recovery in the AC, netting in 

hyperexcitability (Resnik & Polley, 2021). At the synaptic level, NIHL also impacts 

vesicular glutamate transporters (VGLUT) by decreased expression of VGLUT1 in rat AC, 

while PV + perineuronal net (PNN) stained cells also decreased (S. Park et al. 2020). This 

further implicates E/I imbalance post-NIHL as a potential cause of central gain.  

Hearing loss has been linked with cognitive decline and other neurological 

pathologies, though the mechanisms and implications of disconnecting AC and FC are not 

as well understood. Humans with hearing loss are more likely to be diagnosed with 
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dementia and cognitive decline (Lin, 2011; Uhlmann, Larson, Rees, Koepsell, & Duckert, 

1989). Lin (2011) suggested that hearing loss may be related to cognitive decline through 

exhaustion of cognitive reserves. Under difficult listening conditions (hearing loss and gaps 

in noise), more cognitive resources may be allocated to basic auditory processing at the 

expense of frontal cortex executive functions. That is, there is a reallocation of cortical 

resources possibly leading to reduced cognition at the expense of sensory detection. Our 

data supports this interpretation in that the auditory cortex provides the substrates for 

improved detection and temporal processing following NIHL, but the frontal cortex is 

unable to phase lock reliably to short gaps in noise. To the extent that temporal processing 

in the frontal cortex is linked to cognitive functions (Emmons et al., 2017; Kim et al., 2017; 

Olton, Wenk, Church, & Meck, 1988), active listening (Hall et al., 2000), and descending 

control of sensory cortices, these data predict abnormal cognition following NIHL. Future 

studies should include NIHL and gap detection tasks under active and passive listening 

conditions to determine if the absence of frontal cortex recovery has implications for 

temporal processing. 

In a rodent model of NIHL, Wieczerzak et al. (2021) found a clear cortical region-

specific increase was found in sound evoked activity in the AC of awake rats compared to 

prefrontal cortex after noise exposure. Although their rat model had smaller threshold shifts 

than the mice in the present study, they also showed decreases in intertrial phase coherence 

of the 40 Hz steady state response only in the prefrontal cortex as well as impaired spatial 

learning. Moreover, they reported reduced phase-locking value between the AC and 

prefrontal cortex speculating that the functional connectivity between the two cortical 
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regions was impacted after NIHL. Despite the difference in animal model and hearing loss 

induction, these temporal processing findings were consistent with the cortical region-

specific differences we found in the ASSR and gap-ASSR data. Further, prefrontal cortex 

has been speculated to be involved with sensory gating of auditory information and can be 

disrupted following hearing loss (Barry, Robertson, and Mulders 2017; De Vis, Barry, and 

Mulders 2022). It is unknown whether the mechanistic changes are occurring in the AC 

are similar to what is occurring in the FC. We speculate that the clear difference in cortical-

region recovery during temporal processing post-NIHL could indicate a disruption between 

AC and FC communication and connectivity. Phase-amplitude or phase-phase coupling 

between AC and FC may more clearly find the disruption between the two regions. Deficits 

in other regions may also link hearing loss to cognitive decline. For example, moderate 

noise exposure led to impaired learning and memory of mice along with oxidative stress in 

the AC, IC, and hippocampus (Cheng et al. 2011). NIHL was induced in young mice and 

recognition memory was permanently impacted along with increased p-tau expression in 

the hippocampus, indicating a link to hearing-related cognitive decline (S. Y. Park et al. 

2018). A longitudinal study of young mice showed cognitive impairment through lower 

performance during memory tasks after moderate hearing loss (S. Y. Park et al. 2016). In 

rats, spatial working memory was impaired along with increased ABR thresholds, 

diminished outer hair cells and synaptic ribbons (Shukla et al. 2019). Taken together, NIHL 

impacts not just the AC and auditory centers, but cognitive regions as well with the 

connectivity between AC and FC may be damaged leading to impaired top-down 

regulation of sensory input. 
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Hyperactivity in the auditory cortex may manifest as increased spontaneous 

activity, where the balance between excitation and inhibition is altered. Increased internal 

noise within the AC may underlie perceptual difficulties, preventing the system from 

detecting targets in noise (Resnik & Polley, 2021). Noise exposure was found to increase 

spike firing rate in AC neurons of rats soon after noise exposure as well as increased 

auditory cortex sound evoked potentials (Sun et al., 2012). Decreases in auditory nerve 

compound potentials (Salvi et al. 2017) lead to increases in auditory cortex spontaneous 

activity following noise-exposure (Auerbach, Rodrigues, and Salvi 2014). These findings 

are somewhat consistent with our resting EEG data, which show that in the RR group there 

are differences mainly in the low and high gamma frequency ranges in the AC. Wieczerzak 

et al. (2021) reported no changes in spontaneous activity in either AC or FC across the 

frequency spectrum, which may be different from our findings due to the difference in 

rodent model and pattern of hearing loss. They also only tested up to 7 days post-NIHL, 

which may not have been enough time to see any compensatory changes in the rat cortex. 

Ray and Maunsell (2011) correlate “high gamma (80-200 Hz)” with spiking activity. 

Spontaneous activity following NIHL could manifest as enhanced cortical activity in the 

absence of stimulus, which we see occurring at the purported frequency ranges linked to 

spiking and hyperactivity. Additionally, this is in line with our hypothesis that NIHL 

ultimately affects PV+ cells, for which these interneurons are purported to be highly linked 

with gamma oscillations (Bartos, Vida, and Jonas 2007; Guyon et al. 2021; Sohal et al. 

2009). Guyon et al. (2021) reported deficient PV+ inhibition was linked to enhanced 

broadband gamma power indicating asynchronous excitatory firing. We report that there is 
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a broadband gamma band enhancement in the AC from deafferentation leading to increased 

spontaneous activity. In the NR group, almost all the frequency bands are affected by NIHL 

in resting EEG power in both cortical regions recorded indicating an increase in spectral 

power across the board. This may skew the auditory system from detecting external stimuli. 

We speculate this to mean that there is an indiscriminatory circuit dysfunction. In the 

absence of peripheral input, absolute power goes up in a non-specific manner post-NIHL. 

Taken together with our data, resting EEG spectral power is differentially affected post-

NIHL depending on whether mice had residual hearing. In both cases, network activity is 

disrupted but further studies should test at the synaptic and cellular level to investigate how 

excitatory and inhibitory activity and expression are remaining. 

Conclusions 

Ultimately these outcomes may serve as a compensatory mechanism after 

deafferentation from the cochlea or sensory deprivation, where normal auditory input is 

unable to be transmitted due to peripheral damage or lack of connection coming from the 

cochlea (Cody and Robertson 1983; Haragopal et al. 2020; Kujawa and Liberman 2009). 

Compensatory gain increases were found to be beneficial for sensory processing in the 

auditory cortex (Chambers et al. 2016), however if left unimpeded the compensation of 

excessive spontaneous firing may push past homeostasis and manifest as hyperactivity 

(Möhrle et al. 2019; Rüttiger et al. 2013) that may underlie tinnitus and hyperacusis 

(Auerbach et al., 2014; Roberts et al., 2010), at the expense of fine temporal processing. 
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Chapter 3 

Matrix metalloproteinase-9 activity and perineuronal nets are not changed at specific 
time points after noise-induced hearing loss 
Abstract 

Noise induced hearing loss (NIHL) is a common form of hearing loss where exposure time 

and intensity determine the amount of hearing loss. Central auditory consequences are also 

being identified and could provide possible targets for alleviation of the cascading effects 

of NIHL, especially for long-term and comorbid consequences of NIHL. The central gain 

model purports that deafferentation following hearing loss amplifies residual signal 

causing increased spontaneous activity and response magnitudes. However, the cellular 

mechanisms underlying increased central gain is unclear. Here we test the hypothesis that 

following NIHL, an endopeptidase called matrix metalloproteinase-9 (MMP-9) activity is 

upregulated in the auditory cortex which leads to perineuronal net (PNN) degradation 

which has been associated with inhibitory interneuron activity. We found that in FVB mice, 

MMP-9 activity is unchanged 1 day after NIHL and PNN density and intensity did not 

decrease 23-45 days after NIHL.  

Introduction 

Noise-induced hearing loss (NIHL) is a major cause of auditory processing 

impairments. NIHL is an occupational hazard – with high incidence in individuals in 

construction (Oi Saeng Hong, 2005), mining (McBride, 2004), military (Yankaskas, 

2013), and airline industries (O. S. Hong & Kim, 2001) – as well as a recreational hazard, 

with the increased use of in-ear devices (Mostafapour, Lahargoue, & Gates, 1998). The 
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consequences of NIHL in the inner ear include cochlear hair cell damage (Kujawa & 

Liberman, 2009) which leads to deafferentation, or a lack of input from the periphery to 

central auditory centers. This deafferentation results in central gain, which is a 

compensatory increase in central auditory responses, and may lead to tinnitus and 

hyperacusis. The hyperexcitability in the auditory cortex may emerge from circuit 

abnormalities, particularly abnormal balance of excitation and inhibition after NIHL.  

Cortical plasticity in response to sensory deprivation has been seen in other sensory 

systems (Murase, Lantz, & Quinlan, 2017), so we hypothesize that deafferentation from 

the inner ear will lead to cellular changes that may affect normal circuit function. The 

cellular mechanisms of increased central gain are unclear. A previous study showed that 

perineuronal net (PNN) intensity is decreased at 1- and 10-days post-NIHL but recovered 

at 30-days to control levels, however the mechanism of increased PNN degradation is 

unknown (Nguyen, Khaleel, & Razak, 2017). MMP-9 is an activity-dependent protease 

that cleaves extracellular matrix (ECM) (Ethell & Ethell, 2007; Reinhard, Ethell, & Razak, 

2015), particularly PNNs, which are specialized aggregates of ECM. PNNs encase various 

neurons, but have been highly associated with parvalbumin-positive inhibitory 

interneurons (PV+) (Härtig, Brauer, & Brückner, 1992) cells and are thought to provide 

stability for the PV+ neurons, increase PV+ cell excitability, and protect them from 

oxidative stress (Wen, Binder, Ethell, & Razak, 2018). PV+ cells are mainly inhibitory, 

and are thought to generate oscillations in the gamma band (40Hz) involved in sensory 

processing (Cardin et al., 2009). With disrupted PNNs, PV+ cells may exhibit reduced 

excitability (Balmer, 2016). One of the major aims of this study was to determine if MMP-
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9 activity increased after NIHL leading to PNN degradation and enhanced responses in the 

auditory cortex. If this hypothesis is supported, therapeutic approaches such as MMP-9 

inhibitors can be used to reduce NIHL-related central gain.  

Therefore, we hypothesized that NIHL will cause an upregulation of MMP-9 that 

will lead to a degradation of PNNs which will affect inhibitory neurons activity resulting 

in cortical E/I imbalance. This study aims to determine if MMP-9 is upregulated after NIHL 

and if there is an associated change in PNNs. The PNN quantification time points in this 

study were at 23-day and 45-65 days post-NIHL. Presently, we found that 1-day post-NIHL 

did not capture any changes in MMP-9 activity. Additionally, PNN density or intensity 

remained unchanged at these later time points post-NIHL. 

Methods 

Auditory Brainstem Response.  

Hearing loss was measured using ABR recordings from mice anesthetized with 

ketamine/xylazine/acepromazine (80/10/1 mg/kg, i.p.). Once an anesthetic plane was 

verified via toe-pinch reflex test, the mouse was placed on a bite bar in an anechoic 

chamber (Gretch-Ken Industries, OR) and 3 Grass platinum needle electrodes (Grass 

Technologies, RI) were inserted subdermally. The recording electrode was placed at the 

vertex, the ground electrode in the left cheek, and reference electrodes were placed in the 

right cheek. The MF1 Multi-Field Magnetic Speaker (Tucker-David Technologies, FL) 

was placed 10cm away from the left ear and the TDT RZ6 multi I/O processor delivered 

the sound stimulus during the recording. The TDT software BioSigRZ was used to generate 
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512 click presentations at a 21Hz repetition rate of alternating +/- 1.4V (duration 0.1ms) at 

each sound level. Each protocol began at 90dB SPL and decreased in 5dB steps to 10dB 

SPL. ABRs were used to verify hearing loss and were recorded before noise-exposure and 

after each subsequent EEG recording. Hearing threshold was defined as a visible waveform 

at the lowest sound level within the first 7ms of the ABR.  

Noise-exposure paradigm.  

NIHL was caused using a noise-exposure (NE) paradigm in which a narrowband 

noise (6-12kHz) at ~120 dB SPL was played continuously over 3 hrs to awake mice. The 

NE stimulus was generated using Tucker Davis Technologies (TDT) software RPvdsEx 

and delivered via the RZ6 multi I/O processor. The NE stimulus was presented using a 

Fostex FT96H horn tweeter that was suspended 6 inches above the cage. NE was presented 

immediately after the first (pre) EEG recording or 1-2 days after pre-ABRs (MMP-9 mice).  

A separate group of mice, termed ‘control’, went through all the same procedures, but 

without NIHL.    

WFA Staining.  

After NIHL and EEG recordings, mice were sacrificed and transcardially perfused 

with 4% paraformaldehyde. Whole brains were harvested and fixed overnight then 

cryoprotected in 30% sucrose. Tissue slices were obtained via cryostat at 40um thickness. 

The tissue was quenched in 50mM ammonium chloride for 15 minutes and rinsed with 

PBS. The incubation period in 1:500 wisteria floribunda agglutinin (WFA) (Thermo Fisher 

Scientific, Waltham, MA) lasted for 3 hours at room temperature. Slices were then blocked 
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with a 5% normal serum and 1% bovine serum albumin solution for an hour. Washes with 

0.5% Tween-20 and PBS were done before slices were mounted onto slides and cover 

slipped. 

Dye-quenched zymography.  

A separate group of mice (n=18) were sacrificed and transcardially perfused with 

Accustain (Sigma-Aldrich, Burlington, MA) 1-day after NIHL. Whole brains were 

harvested and fixed overnight in Accustain. Tissue slices were obtained via microtome for 

50um thickness. For zymography, slices were mounted onto charged slides and covered 

with DI water in a hydrophobic area surrounding the tissue. They were incubated at 37°C 

for 40 minutes. The Dye-Quenched (DQ) gelatinase (Thermo Fisher Scientific, Waltham, 

MA) substrate was prepared from a 1mL stock tube to make a 1:50 dilution and filtered 

prior to incubation. A specific MMP-9 blocker, SB3CT (Sigma-Aldrich, Burlington, MA), 

was used as a negative control (15.3ug/1mL). Slices were then incubated with the DQ 

working substrate at the same temperature for 40 minutes. Several rinses were done with 

DI water and then a 15 minute room temperature incubation was done with 4% 

paraformaldehyde. The last rinses were with PBS prior to mounting with DAPI Vectashield 

(Newark, CA) and cover slipped.    

Statistical analysis.  

Image quantification for MMP-9 and PNNs was done manually in Fiji. A 400um 

wide region of interest (ROI) was located from pia to bottom of layer VI in the auditory 

cortex. For PNN analysis, intensity was done with background subtraction by measuring 
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the mean intensity of a 40um2 box in L1, which is a distinct area lacking PNNs and 

subtracting the value from the ROI total area. Superficial and deep layers are separated by 

measuring the length of the cortex and dividing in half. Putative PNNs are counted from 

LII to LVI. MMP-9 intensity is measured by taking the mean intensity from LII to LVI 

within the ROI.  

All statistical analysis was done in Graphpad Prism (San Diego, CA). Mixed-effects 

ANOVA was performed for both MMP-9, and 1-way ANOVA for PNN intensity and 

density comparisons. 

Results 

i. Click ABR thresholds were decreased 1 day after NIHL and remained decreased over 

time 

Click ABR thresholds were significantly increased post-NIHL for mice used in the 

MMP-9 quantification compared to control mice. A 2-way ANOVA was performed to 

compare time (F (1, 26) = 833.5, p<0.0001) and group (F (1, 26) = 730.6, p<0.0001), both 

had main effects and interaction (F (1, 26) = 796.0, p<0.0001). Bonferroni’s multiple 

comparisons test showed a correct p-value for noise-exposed group (p<0.0001) (Figure 1). 

This data indicated that no peripheral hearing was present 1-day post-NIHL. 

For mice used in PNN quantification, click ABRs remained elevated up as 

measured 45-65 days post-NIHL. There was a main effect of time (F (2, 32) = 710.4, 

p<0.0001) and group (F (1, 32) = 2713, p<0.0001) and interaction (F (8, 128) = 694.1, 

p<0.0001). A Tukey’s post-hoc analysis indicates RR and NR groups are significantly 
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different from CTL groups at each corresponding time point (p<0.0001) (Figure 2). This 

data indicated no peripheral hearing was present in the RR or NR groups. 

 
Figure 1. Click ABR thresholds are elevated 1-day post-NIHL in mice used for MMP-
9 quantification. Compared to Control mice, noise-exposure significantly elevated 
threshold levels. ****, p<0.0001. 

 

 
Figure 2. ABR thresholds remained elevated for mice used in PNN quantification. 
Both RR and NR groups’ threshold levels increased over time. Control ABRs did not 
change. 

 

ii. MMP-9 activity does not change 1 day after NIHL 

MMP-9 activity was quantified by using a Dye-Quenched Gelatinase substrate. 

Once the enzyme is digested by MMP proteins, it releases an attached fluorophore that can 
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be measured (Figure 3). We used in vitro fixed tissue slices to quantify the intensity of 

MMP-9. SB3CT was used as negative control to block MMP-9 specific activity (Figure 4). 

We found that there was no difference in MMP-9 activity 1 day after 3 hours of silence or 

noise-exposure at any of the ROIs (Layers: F (2.257, 15.80) = 22.78, p<0.0001; ROI: F 

(1.016, 7.114) = 47.88, p=0.0002; Dunnett: LII-VI, CTL SB3CT vs NIHL 1d – p=0.0164; 

CTL SB3CT vs NIHL SB3CT – p=0.0059; L II-IV, CTL SB3CT vs NIHL 1d – p=0.0087; 

CTL SB3CT vs NIHL SB3CT – p=0.0128; L V-VI, CTL SB3CT vs NIHL 1d – p=0.0394; 

CTL SB3CT vs NIHL SB3CT – p=0.0044). In summary, MMP-9 activity does not change 

after 1 day of noise-exposure, a timepoint at which previous study (Nguyen et al., 2017) 

showed that PNN intensity is decreased.  
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Figure 3. MMP-9 activity representative images. Auditory cortex region of interest 
spanning from superficial to deep layers for control (A) and NIHL (B) example slices. 

 
 

 
Figure 4. There is no difference in MMP-9 intensity between control and NIHL 
groups 1 day after noise-exposure. A 40um box was placed in L1 to measure background 
intensity. The whole slice ROI includes LII-LVI. The cortical layers were divided between 
superficial (L II-IV) and deep (L V-VI). The negative SB3CT control shows lower intensity 
in all measurements. *, p<0.05; **, p<0.01. 
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iii. PNN density and intensity is not changed long term after NIHL 

PNN density and intensity was measured from mice that had undergone NIHL and 

EEG recordings and sacrificed after the last day of EEG recordings (See Chapter 3). All 

statistics performed for PNN measurements were 1-way ANOVAs. Layer specific 

quantification was done for density measurements (Figure 5).  

There were no changes in PNN density at either 23- or 45–65-day post-NIHL across 

the cortical length (Fig. 6A). When looking into layer specific differences, superficial nor 

deep layers showed any changes in post-NIHL timepoints (Fig. 6B-C). There were no 

differences in PNN density in the NR group in any of the layers (Fig. 6D-F). 

Intensity measurements across LI-VI for RR and NR did not show any changes. 

The RR group did not have any significant differences in either post-NIHL timepoints 

compared to control (Fig. 7A). The NR group did was not different at 23- or 45–65-day 

post-NIHL (Figure 7B). Taken together, PNN density and intensity are not different from 

controls at later timepoints post-NIHL.  
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Figure 5. PNN representative images from the auditory cortex. Region of interest in 
the auditory cortex from LI-VI for control (A) and NIHL (B) slices used to measure density 
and intensity. 
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Figure 6. PNN density is not altered after 23-days or later post-NIHL in RR or NR 
group. RR and NR groups do not show any difference in PNN density across the cortical 
length (A, D) nor when splitting superficial (B, E) and deep layers (C, F).  

 

 
Figure 7. PNN intensity is not significantly different post-NIHL. Intensity across the 
cortical length is not different from controls in the RR (A) or NR (B) groups.  
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Discussion 

This study examined whether MMP-9 activity is elevated and PNNs are altered 

after NIHL. We found that 1) at 1-day post-NIHL, MMP-9 activity was not different from 

controls, 2) at 23 or 45-65 days post-NIHL, PNN density or intensity was not different 

across cortical layers. Taken together, if there are any changes in MMP-9 activity or PNNs 

after NIHL, these timepoints did not capture them. There may be cellular recovery over 

time. 

The intensity of PNNs may be associated with the level of degradation (Enwright 

et al., 2016) that is independent of PNN+ cell density. In Nguyen, Khaleel, and Razak 

(2017), PNN intensity was reduced beginning 1-day and up to 10-days post-NIHL, but no 

changes in density were seen. This led us to hypothesize that PNNs are degraded following 

NIHL but recover over time. Our current PNN findings align with Nguyen’s in that PNN 

density and intensity are unchanged at later time points. Although the previous study used 

CBA/CaJ mice, our FVB strain is similar in their resistance to age-related hearing loss. Our 

23-day time point may indicate that PNN recovery occurs between earlier than 3 weeks 

post-NIHL. Our 45–65-day post-NIHL timepoint is consistent with Nguyen’s 30-day post-

exposure recovery.  

Due to the change in PNN intensity, we hypothesized that there must be a 

concurrent protease activated post-NIHL. MMP-9 is a prime suspect as it has been shown 

to cleave ECM (Ethell & Ethell, 2007) and its genetic reduction rescues PNN formation 

(Wen, Afroz, et al., 2018). Although it is not NIHL, one study showed that cerebral 
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ischemia caused a significant ABR threshold shift in conjunction with elevated MMP-9 

expression levels 24-hours after injury (Kamat, Kalani, Metreveli, Tyagi, & Tyagi, 2015). 

Other neurological pathologies show central increases in MMP-9, therefore NIHL may also 

exert a similar effect on weakened extracellular matrices. Inconsistent with our findings, a 

study using rats showed that NIHL decreased brevican – a major component of PNNs – 

and PV+WFA cells in the auditory cortex of rats, along with elevated MMP-9 expression 

(Park, Lee, Lee, Lee, & Kim, 2020). This discrepancy may be due to the age and species 

used, where they targeted the precritical period that already has plasticity occurring in 

cortex. 

For the timing of MMP-9 upregulation and activation, an earlier time point seemed 

the most reasonable to initially test. MMP-9 secretion and neuroinflammatory markers are 

highly interconnected after injury, even in the periphery (Nam & Kwon, 2014; Pathak, 

Goldofsky, Vivas, Bonagura, & Vambutas, 2011). Microglia is a secretor of matrix 

metalloproteinase-9 (MMP-9) (Kauppinen & Swanson, 2005; Könnecke & Bechmann, 

2013) which subsequently acts as a second player in neuroinflammation.  Zinsmaier et al. 

(2020) further reported that microglial activation is upregulated in C57BL6 mice after 

noise exposure in auditory cortex. Wang et al. (2019) found that neuroinflammation in the 

auditory cortex following NIHL was upregulated, specifically various proinflammatory 

cytokine expression at different times – 12 hours, 1-, 3-, and 10 days. Since PNN intensity 

was decreased at 1-day post-exposure, we asked if MMP-9 activity was upregulated at the 

same time. It seems that MMP-9 elevation can occur earlier than the time point we currently 

observed. Future studies should be done that targets 12-hours or earlier. In the auditory 
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cortex of rats 2 hours after NIHL, several neuroinflammatory markers were upregulated 

indicating that MMP-9 may also be upregulated almost immediately post-NIHL (Lee, Kim, 

Lee, Lee, & Kim, 2021). 

SB3CT is a selective inhibitor of gelatinases MMP-2 and MMP-9 (Kleifeld et al., 

2001). In cerebral ischemia, treatment with SB3CT rescued neuronal cell death and 

prevented increased levels of MMP-9 in mice (Cui et al., 2012). In rats, SB3CT was used 

to reverse behavioral deficits and secondary effects post-injury (Jia et al., 2014). In a rat 

NIHL model, Lee et al. (2021) reported that after NIHL MMP-9 protein expression was 

upregulated but reduced with SB3CT administration. Our results show that although there 

were no differences in MMP-9 intensity between control and NIHL, the SB3CT treated 

slices used as negative controls were significantly different from the experimental groups. 

Control group should have baseline levels of active MMP-9, so with SB3CT+Control, there 

should be little active gelatinases including MMP-2. This makes sense where we see the 

reduction in SB3CT+Control compared to NIHL, but not compared to Control alone as 

there should be no gelatinases in these conditions. However, the SB3CT+NIHL group was 

reduced the most – this indicates that the drug works and is impacting MMPs specifically. 

The marked reduction in SB3CT+NIHL should indicate that there was an increase in 

MMP-9 activity that the antagonist was able to work on inhibiting. Potentially the 

combination of MMP-2 and MMP-9 showed up as the enhanced reduction in intensity.  

Alternatively, if MMP-9 is not directly or continuously degrading PNNs, another 

pathway may be involved after initiation. The receptor for advanced glycation end-

products (RAGE) has been implicated in neuroinflammation in a schizophrenia model, 
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where MMP-9 triggered RAGE shedding leading to cytokine secretions ultimately 

impacting PV+ and PNN maturation (Dwir et al., 2019). In this study, MMP-9 inhibition 

rescued these changes despite additional oxidative stress. However, RAGE can also be 

activated by a disintegrin and metalloprotease (ADAM10) (Raucci et al., 2008). 

Potentially, MMP-9 may have a more direct role in activity dependent plasticity that is 

closer to critical period or at a younger age. The mice we used were adults (mean age: 

P102, s.d: 12 days). Future studies should not only investigate earlier time points post-

NIHL, but also RAGE and ADAM10 expression.  

Conclusions 

We targeted specific time points to determine if changes in MMP-9 activity or PNN 

degradation had occurred after NIHL. We found that 1 day after NIHL, MMP-9 activity 

was not different from the control group and that several weeks after NIHL did not show 

significant PNN degradation. Future studies need to track both MMP-9 at multiple time 

points post-NIHL as well as other potential proteases that degrade PNNs. 

Neuroinflammation may be a secondary or indirect mediator following NIHL, 

immunohistochemistry studies should be performed to determine if any upregulation 

occurs in the AC as well. 
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Chapter 4 

Minocycline treatment reduces cortical central gain following noise-induced hearing 

loss  

Abstract 

Noise-induced hearing loss (NIHL) has been purported to enhance ‘central gain’ as a 

compensatory mechanism for decreased input from the peripheral auditory structures. The 

mechanism underlying this phenomenon is unknown, however we hypothesize that an 

activity dependent mediator – matrix metalloproteinase-9 (MMP-9) – as well as 

neuroinflammation, may be the beginning of the molecular cascade leading to enhanced 

cortical responses following NIHL. These upstream effectors may be prime targets to treat 

following NIHL. We measured sound evoked responses, resting spectral power, and 

acoustic steady state responses (ASSR) to 40 Hz and novel gap stimulus via 

electroencephalography. Mice were treated with 5 days of minocycline after hearing loss 

was induced. Minocycline did not affect auditory brainstem response thresholds but 

increased evoked response potentials in the auditory (AC) and frontal cortices (FC). There 

were cortical region-specific differences in 40 Hz ASSR and gap-ASSR, which were 

enhanced in the AC for both saline and minocycline treated groups, but FC did not recover. 

Taken together, minocycline may enhance sound detection responses but not temporal 

processing after NIHL. 

 

 



 
 

82 

Introduction 

Noise-induced hearing loss (NIHL) can lead to compensatory enhanced responses 

in the central auditory regions, a phenomena termed ‘central gain’ (Eggermont & Komiya, 

2000; Seki & Eggermont, 2003). Central gain may act as a compensatory mechanism after 

deafferentation to enhance sound detection, but aberrant activity in central auditory regions 

may underlie issues like tinnitus and hyperacusis (Auerbach, Radziwon, & Salvi, 2019; 

Radziwon et al., 2019; Salvi et al., 2017). However, because the underlying cellular 

mechanisms of central gain remain mostly unclear, there is no therapeutic avenue to reduce 

aberrant auditory activity resulting from NIHL. A previous study in our lab has shown 

PNN intensity was reduced beginning 1 day and lasted at least up to 10 days following 

NIHL (Nguyen, Khaleel, & Razak, 2017), indicating perineuronal net (PNN) integrity was 

impacted following sound exposure. Several studies have suggested loss of activity in fast-

spiking inhibitory interneurons as mediators of central gain enhancement (Resnik & Polley, 

2017) and reduced recovery following deafferentation (Resnik & Polley, 2021). Our 

working hypothesis is that an endopeptidase – matrix metalloproteinase-9 (MMP-9) – is 

upregulated causing PNN degradation which decreases parvalbumin-positive inhibitory 

interneurons (PV+) activity leading to circuit level excitatory/inhibitory (E/I) imbalance.  

If enhanced central gain is the consequence of a cascade of changes occurring after 

NIHL, targeting an upstream effector may prevent the changes seen after sound exposure. 

We predict that by inhibiting MMP-9 activity following NIHL, electroencephalography 

(EEG) measurements to sound evoked-stimuli and acoustic steady state responses (ASSR) 

will be reversed. Minocycline is an FDA approved antibiotic that inhibits MMP-9 
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(Dziembowska et al., 2013; Machado et al., 2006; Modheji, Olapour, Khodayar, Jalili, & 

Yaghooti, 2016; Switzer et al., 2011), amongst other effects like neuroinflammatory 

protection (Elewa, Hilali, Hess, Machado, & Fagan, 2006; Schmidt, Raposo, Torres-Espin, 

Fenrich, & Fouad, 2021) and antiapoptosis (Chen, Yin, Hwang, Tang, & Yang, 2012; 

Mishra & Basu, 2008). Minocycline’s anti-inflammatory function may also aid in reversing 

molecular and cellular effects of NIHL, if neuroinflammation acts as a possible second 

mediator after noise-exposure. Lin et al. (2020) reported that noise-exposure induced 

neuroinflammatory marker upregulation and cognitive impairment in adult mice but acute 

minocycline treatment attenuated these effects. In a number of Fragile-X syndrome (FXS) 

studies, acute and chronic minocycline treatment attenuates audiogenic seizures and other 

behavioral improvements (Bilousova et al., 2009; Dansie et al., 2013) as well as increased 

gamma band phase locking to auditory stimuli and reduced sound-evoked power 

(Lovelace, Ethell, Binder, & Razak, 2020). This drug was a prime candidate to initially test 

with NIHL due to its public accessibility and connection with other neurological 

pathologies linked to MMP-9 as well as its neuroprotective abilities.  

In the present study, NIHL was achieved in a cohort of mice. Event related 

potentials (ERPs) and intertrial phase coherence (ITPC) were quantified before and after 5 

days of minocycline administration. We found that acute minocycline treatment enhanced 

auditory (AC) and frontal cortex (FC) ERP amplitudes beginning 5 days and lasting up to 

23 days post-NIHL but did not differently affect ITPC of ASSR or gap-ASSR compared 

to saline controls. However, there was a cortical-region specific difference between AC 

and FC in consistency to ASSR stimuli for both saline and minocycline treated groups. 
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Methods 

Overview.  

We used a longitudinal, within-subject design to study the impact of minocycline 

treatment on hearing loss and EEG responses recorded from the auditory and frontal cortex 

(AC, FC). Epidural EEG recordings were obtained to measure auditory event related 

potentials (ERP) and temporal processing before noise induced hearing loss (NIHL) and 

on a number of days post-NIHL (5, 10, and 23 days after NIHL). Mice either received 5 

days of saline or minocycline administration. Auditory brainstem responses (ABR) were 

recorded before and after NIHL, at multiple time points to measure the time course of acute 

drug administration at least until the final day of EEG recordings.   

Mice.  

All procedures were approved by the Institutional Animal Care and Use Committee 

at the University of California, Riverside. Sighted FVB mice (FVB.129P2−Pde6b+Tyrc-

ch/AntJ) were received from Jackson Laboratories, bred in-house and housed in an 

AALAC accredited vivarium with 12:12h light:dark cycle. One to four mice were housed 

in each cage with food and water available ad libitum. Male and female mice were used 

between postnatal day (P)63 and P98 (mean: 72, s.d: 9.7 days) between the two treatment 

groups.  
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Drug Administration.  

Minocycline hydrochloride (45mg/kg) was prepared in 0.9% NaCl and frozen in 

aliquots until time of use. Minocycline or saline was administered through i.p. injections 

daily for 5 days after NIHL. The first dosage was given immediately after NIHL and post-

NIHL ABR. No EEGs were recorded during drug administration and post-NIHL 

recordings were obtained after the last day of injections. 

Surgery.  

The aseptic EEG electrode implant surgical procedures have been previously 

described in detail (Lovelace, Ethell, Binder, & Razak, 2018; Rumschlag & Razak, 2021). 

Briefly, mice were anesthetized with a ketamine/xylazine/acepromazine (80/10/1 mg/kg, 

i.p.) mixture and temperature was regulated (FHC, Inc., Maine) at ~37° throughout the 

procedure Three ~1mm diameter burr holes were drilled (Foredom dental drill) in the skull 

above the frontal, auditory, and occipital cortex. The frontal hole was placed at the junction 

between the frontal sinus and sagittal suture over the right hemisphere and the occipital 

hole was placed just rostral to the lambdoid suture and lateral to the sagittal suture in the 

left parietal bone. The right hemispheric auditory hole was placed -2mm posteriorly and 

+5 laterally from Bregma. 1mm stainless steel screws were carefully inserted into the burr 

holes while attached to a 3-channel electrode post (P1 Technologies, Roanoke, VA) and 

held in place with cured dental cement. Post-operational care included one dose of 

analgesic injection of Ethiqa-XR (3.25 mg/kg body weight) (Fidelis Pharmaceuticals, NJ) 
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and observation over the course of 48 hours. Each mouse was singly housed after surgery 

to prevent damage to the implant. 

Auditory Brainstem Response.  

Hearing loss was measured using ABR recordings from mice anesthetized with 

ketamine/xylazine/acepromazine (80/10/1 mg/kg, i.p.). Once an anesthetic plane was 

verified via toe-pinch reflex test, the mouse was placed on a bite bar in an anechoic 

chamber (Gretch-Ken Indus- tries, OR) and 3 Grass platinum needle electrodes (Grass 

Technologies, RI) were inserted subdermally. The recording electrode was placed at the 

vertex, the ground electrode in the left cheek, and reference electrodes were placed in the 

right cheek. The MF1 Multi-Field Magnetic Speaker (Tucker-David Technologies, FL) 

was placed 10cm away from the left ear and the TDT RZ6 multi I/O processor delivered 

the sound stimulus during the recording. The TDT software BioSigRZ was used to generate 

512 click presentations at a 21Hz repetition rate of alternating +/- 1.4V (duration 0.1ms) at 

each sound level. Each protocol began at 90dB SPL and decreased in 5dB steps to 10dB 

SPL. ABRs were used to verify hearing loss and were recorded before noise-exposure and 

after each subsequent EEG recording. Hearing threshold was defined as a visible waveform 

at the lowest sound level within the first 7ms of the ABR.  

Noise-exposure paradigm.  

NIHL was caused using a noise-exposure paradigm in which a narrowband noise 

(6-12kHz) at ~110-115 dB SPL was played continuously over 3 hrs to awake mice. The 

NIHL stimulus was generated using Tucker Davis Technologies (TDT) software RPvdsEx 
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and delivered via the RZ6 multi I/O processor. The NE stimulus was presented using a 

Fostex FT96H horn tweeter that was suspended 6 inches above the cage. Noise exposure 

stimulus was presented immediately after the first (pre) EEG recording.   

Auditory Stimuli.  

Auditory stimulus presentation procedures were similar to those described in 

Rumschlag and Razak (2021). A TDT MF1 speaker was mounted 20cm above the plastic 

arena and used to present noise stimuli that was generated with a TDT RZ6 with a sampling 

rate of 24.414kHz. All sound stimuli were presented at 90dB SPL for all timepoints. For 

event-related potentials (ERPs), a train of noise bursts (100ms, 5ms rise/fall time, 0.25Hz 

repletion rate, 120 repetitions) was presented. The auditory steady-state response (ASSR) 

was evoked at 40Hz using a pulsed noise stimulus (200 repetitions, 8ms duration, 2ms 

rise/fall time, 40Hz, 1-2 s random inter-stimulus interval) for a total duration of 12 minutes. 

A 40 Hz gap-ASSR stimulus was used to measure temporal processing before and after 

NIHL.  

The gap ASSR is elicited by presenting gaps repeated at 40 Hz (25 msec period) in 

continuous noise. The duration of the gap is varied randomly between 3 and 9 msec (1 

msec resolution). A 75% modulation depth was used. The gap-ASSR stimulus uses gaps 

in continuous noise to elicit an ASSR. The stimuli consisted of continuous noise 

periodically interrupted by 10 gaps placed 25 ms apart from onset to onset (for a 

presentation frequency of 40 Hz). A single stimulus began with 250 ms of noise, followed 

by 250 ms of gap-interrupted noise, followed by continuous noise, and so on, for a total of 
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10 presentations of the gap-interrupted noise. The stimulus ended with 250 ms of 

continuous noise, followed by a silent ISI of 500 ms. For each 250 ms segment, the gap 

width was randomly selected from a parameter space, consisting of 3-9 ms gaps (1 ms 

intervals). Each stimulus was presented at least 200 times over the 30-minute presentation 

period.  

 The gap-ASSR stimulus consisted of 5.75-second trains of noise, alternating 

between 250 ms of noise and 250 ms of noise interrupted by gaps spaced 25 ms apart, from 

onset to onset. These 250 ms periods of noise interrupted by gaps elicit an ASSR at 40 Hz, 

the strength of which varies with gap width and modulation depth. If each gap in a 250 ms 

stimulus elicits a measurable response, then the recording will show a robust 40 Hz 

oscillatory signal, and this response will be consistent across trials, yielding a high ITPC 

value. If some gaps in a stimulus fail to produce a response, then the ITPC value will be 

significantly lower. The gap-ASSR is a measurement of the ability of the cortex to 

consistently respond to rapid short gaps in noise.  

Electroencephalography (EEG) recording.  

Mice were awake and freely moving during the EEG recordings while tethered via 

the EEG implant that was connected to a freely rotating commutator. The TDT RA4LI/PA 

headstage and preamplifier was connected to the TDT RZ6 I/O device via optic fiber cable. 

Clean bedding was used for each mouse in a plastic arena during each recording placed 

inside a wire mesh Faraday cage. The entire set up was housed in an anechoic chamber 
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(Gretch-Ken Indusrtries, OR). The signal was recorded at 24.414 kHz and down-sampled 

to 1024 Hz. 

Data Analysis.  

Graphpad Prism was used for statistical analysis. Each comparison was done 

separately in auditory and frontal cortex. Rumschlag and Razak (2021) described in detail 

the auditory response analyses that was also used in the present study. All responses were 

measured using custom MATLAB (Math-Works, Natick, MA) scripts. The EEG signals 

were recorded at 24.414 kHz and down-sampled to 1024 Hz using linear interpolation. All 

analyses were performed on signals collected from both the AC and the FC. 

ERP analysis.  

To measure ERPs, the EEG trace was split into trials, using TTL pulses marking 

the sound onset. Each trial was baseline corrected, such that for each trial, the mean of the 

250 ms baseline period was subtracted from the trial trace. Each trial was then detrended 

(MATLAB detrend function). To extract the ERP, all of the trials were averaged together. 

ERPs recorded from mice have distinct peaks, which are analogous to those seen in human 

ERPs (Umbricht et al., 2004). For each mouse, the peak magnitudes and latencies were 

measured as the local minimum or maximum within a physiologically relevant range, e.g. 

the P1 component was the local maximum between 15 ms and 30 ms following stimulus 

onset.  

Each group was compared via mixed-effect analysis 2-way ANOVA for P1 and N1 

amplitude and latency with the timepoint and treatment as a factor in each region (AC and 
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FC). With all timepoints factors and saline versus minocycline, we tested for main effects 

and interactions. Dunnett’s multiple comparisons test compared pre-NIHL vs post-NIHL 

ERP values for each treatment group. 

Resting EEG Spectral Analysis.  

To quantify changes after NIHL in EEG power spectral distribution, we measured 

resting EEG power across canonical frequency bands in both AC and FC across the various 

time points from 5- to 23 days post-NIHL, and compared with pre-NIHL values. The 

phrase ‘resting EEG’ is used to describe data collected when there was no specific auditory 

stimulation. Five minutes of resting EEG was recorded from each mouse. The traces from 

each condition were split into Hanning-windowed 1-second segments with 50% overlap, 

which were then transformed to the frequency domain via Fourier transform. The average 

power spectrum was calculated by averaging the spectra from each of the 1-second 

segments. Each average power spectrum was then split into EEG frequency bands (theta: 

3– 7 Hz, alpha: 8–13 Hz, beta: 14–29 Hz, low gamma: 30–59 Hz, high gamma: 61–100 

Hz, and high-frequency oscillations (HFO): 101–250 Hz). Delta band power was not 

analyzed because the pre-amplifier had a built-in high-pass filter at 2.2 Hz. The average 

power from each frequency band was calculated. Two-way ANOVA mixed-effects 

repeated measures was used to compare for spectral power at each time point for each of 

the frequency bands (Graphpad Prism) with the resulting p-values adjusted for multiple 

comparisons within each region. 
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Pulse-ASSR analysis.  

The pulse-ASSR was analyzed by calculating the average consistency of the 40 Hz 

response during the last 1000 ms of the 2000 ms stimulus. This was done to capture the 

steady-state response while avoiding the onset response. To that end, the trace was 

transformed to the time-frequency domain via dynamic complex Morlet wavelet transform. 

The ASSR can be characterized using multiple measurements, including the amplitude of 

the oscillation frequency in the frequency transform (FFT) of the signal (Parthasarathy, 

Cunningham, & Bartlett, 2010), the amplitude of the Hilbert transform of the filtered 

signal, the vector strength of the signal with the original oscillatory stimulus, the phase-

locking of FFTs (PLI) (Yokota & Naruse, 2015), or the inter-trial phase clustering (ITPC) 

at the oscillation frequency (Lovelace et al., 2020). ITPC provides both time and frequency 

information, and it is a direct measure of the degree of response consistency across trials, 

so it was used to assess ASSRs in this study. ITPC was calculated for each time-frequency 

point as the average vector of phase unit vectors across trials. If the phase response is 

consistent at a particular time- frequency point, it will have a high ITPC value. The ITPC 

calculations showed a high degree of phase consistency at 40 Hz during the pulse-ASSR 

stimulus. The ITPC values at 40 Hz were averaged to extract one value for each mouse, 

representing the phase consistency of the 40 Hz ASSR.  

A mixed-effects 2-way ANOVA analysis was used to examine interactions and 

main effects of each timepoint for AC and FC between saline and minocycline. Dunnett’s 
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multiple comparisons test compared pre-NIHL vs post-NIHL ITPC values for each 

treatment group. 

Gap-ASSR analysis.  

The gap-ASSR was analyzed similarly to the pulse-ASSR, in which the consistency 

of the 40 Hz response was calculated. For the gap-ASSR, the consistency was calculated 

for each of the 40 stimuli (1 modulation depth x 7 gap widths). The EEG trace was 

transformed using a dynamic complex Morlet wavelet transform. The trials corresponding 

to each stimulus were grouped together, and the ITPC was calculated. A band of high ITPC 

appears at 40 Hz, which is clearly visible in the responses from all of the HL and CTL 

mice. The average ITPC value at 40 Hz during the stimulus was extracted for each stimulus 

for each mouse. The gap-ASSR compared ITPC mean using the mixed-effect model with 

gap-width (3-9 ms) and timepoint (pre, 5-, 10-, 23-days) were used as factors, for each 

region.  

Results 

i. A threshold shift was achieved 

Click ABRs were tested in all mice pre-NIHL and after each EEG recording, 

including immediately after noise exposure. Click ABR threshold levels were significantly 

elevated post-NIHL threshold levels when compared to pre-NIHL with a main effect of 

time (2-way ANOVA: F (1.712, 28.24) = 154.1, p<0.0001; Dunnett’s multiple 

comparisons test – all post-NIHL time points were different than pre-NIHL level, 

p<0.0001), but there was no effect of saline or minocycline treatment and no interaction 
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between the time and treatment (Figure 1). However, the threshold shifts at later time points 

were reduced compared to immediately post-NIHL indicating a threshold shift, but no 

effect of minocycline as they were not different from saline ABR thresholds. 

 

 
Figure 1. Click ABR thresholds remained elevated post-NIHL in saline and 
minocycline treated groups. All post-NIHL time points were significantly different from 
pre-NIHL.  

 

ii. Minocycline enhances ERP P1 and N1 amplitudes in the AC and FC 

The event related potential (ERP) was recorded from the auditory cortex and frontal 

cortex from all mice. Mice received either saline or minocycline administration daily for 5 

days after NIHL.  

A 2-way ANOVA was performed to compare time and treatment on sound-evoked 

responses following NIHL. There was a main effect of time (F (3, 47) = 4.697, p=0.006) 

in the AC P1 amplitude (Figure 2A) specifically in the minocycline treated group 

(Dunnett’s: pre vs 5d – p=0.0143; pre vs 10d – p=0.047; pre vs 23d, p=0.029), but no effect 

of treatment. There were no differences in N1 AC amplitude in either saline or minocycline 

groups (Figure 2B). P1 FC amplitude (Figure 2C) had a main effect across timepoints (F 
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(3, 47) = 3.196, p=0.0319) with increased amplitudes in the minocycline group (Dunnett’s: 

pre vs 5d, p=0.0273; pre vs 10d, p=0.0420). N1 FC amplitude (Figure 2D) remained 

elevated up to 23 days after NIHL (F (3, 47) = 3.079, p=.00364; Dunnett’s: pre vs 5d, 

p=0.044; pre vs 10d, p=0.0382; pre vs 23d, p=0.0115). There were no changes in latency 

in AC or FC for either treatment groups (Figure 2E-H). Taken together, 5 days of acute 

minocycline administration increased most ERP amplitudes in the AC and FC after NIHL. 

 
Figure 2. Minocycline treatment increased P1 and N1 amplitudes in the AC and FC. 
The P1 and N1 amplitudes and latencies maximum peaks were extracted for each RR 
mouse and averaged (with +/- SEM) at each time point. A) The P1 amplitude in the AC 
was significantly increased from baseline after minocycline administration, but saline did 
not show significant differences. B) There were no changes in either treatment group in N1 
AC amplitude. C) Only 5d and 10d were significantly increased from pre-levels in P1 FC 
with minocycline. D) N1 FC amplitude remained elevated with minocycline up to 23 days 
post-NIHL. E-H) There were no changes in amplitude for either saline or minocycline 
treatment. 

 
iii. Minocycline attenuates exaggerated spontaneous activity in the AC and FC 

Absolute spectral power was quantified from 5 minutes resting EEG recordings in 

the absence of auditory stimuli. This analysis was performed to probe spontaneous neural 

oscillations after NIHL and minocycline treatment, with saline used as a control. Two-way 
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ANOVA mixed effects analysis was performed to compare drug treatment and time, with 

Bonferroni’s multiple comparisons test used to discern significant differences over time 

for saline and minocycline in both cortical regions. In the AC (Figure 3A), there were only 

main effects of time in the lower frequency bands – theta and alpha, with significant 

decrease in spectral power from pre-NIHL at 10-days post-NIHL in both the saline treated 

and minocycline groups. This suggests that spectral power remains decreased in lower 

frequency ranges despite, with no effect of minocycline. However, both high gamma and 

HFO had main effects of time and treatment, with HFO having a significant interaction 

between the two factors (See Table 1 and Table 2 for detailed statistics). Over time, spectral 

power increases in the higher frequency ranges compared to pre-NIHL, but the main effect 

of treatment indicates a difference in enhanced power. These results suggest that 

spontaneous activity is enhanced after hearing loss, but minocycline attenuates these 

effects. 

In the FC (Figure 3B), there is a main effect of treatment for low gamma, high 

gamma, and HFO. Only high gamma and HFO also had main effects of time, with HFO 

having a significant interaction between the two factors. There was a significant 

enhancement in spectral power in the saline group over time at the higher frequency ranges 

(See Table 1 and Table 2 for detailed statistics). This indicates that minocycline prevented 

increased resting EEG power in the FC over time. Both cortical regions had attenuated 

exaggerated spontaneous activity following NIHL.  
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Figure 3. Spectral power after minocycline treatment is attenuated compared to 
saline. Spectral frequency bands show decreased resting EEG power in the lower 
frequencies and increased power in the AC (A) and only increased power in the higher 
frequency ranges in the FC (B). *, p<0.05; **, p<0.01. 
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Table 1. Full statistics for each frequency band spectral power comparing treatment of 
saline versus minocycline, over time. 

 

 
Table 2. Bonferroni’s multiple comparisons test for each treatment over time. 
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iv. Auditory cortex ITPC mean is enhanced in saline and minocycline treated groups, but 

FC remains reduced over time. 

A 40Hz pulsed noise stimulus was presented at 90 dB SPL to generate an auditory 

steady state response (ASSR). This stimulus was used to measure how temporal processing 

was affected after NIHL and drug treatment. The intertrial phase coherence (ITPC) 

measured the cortex’s ability to consistently respond to the stimulus across trials, with 

mean ITPC compared between timepoints and drug condition groups. 

In the AC, there was a main effect of time (F (3, 48) = 7.193, p=0.0004) with an 

increase from pre-levels (Figure 4A) in both the saline (Dunnett’s: pre vs 23d, p=0.0373) 

and minocycline groups (Dunnett’s: pre vs 10d, p=0.0131; pre vs 23d, p=0.0045). The 

ITPC mean in the FC (Figure 4B) showed a main effect of time (F (3, 48) = 5.188, 

p=0.0035) where there was a decrease in ITPC mean at 5 days in the saline group 

(Dunnett’s: pre vs 5d, p=0.0038). Taken together, NIHL affected the AC with an 

enhancement in ITPC in both minocycline and saline treated groups. The FC did not show 

the same enhancement. 
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Figure 4. There was an increase in ITPC mean in the AC, but not in the FC for both 
saline and minocycline treatment groups in response to a 40-Hz ASSR stimulus. A) 
The AC showed an increase in ITPC for the saline group at 23 days after NIHL. The 
minocycline group had significant increases at 10- and 23 days after NIHL. B) There was 
a significant decrease at 5 days in the saline group from baseline, but no other ITPC mean 
changes were seen in either group in the FC.  
 

v. Gap-ASSR ITPC mean is enhanced past baseline across all gap-durations in the AC 

Gap-ASSR was used to measure temporal processing in the AC and FC, measuring 

the cortex’s ability to follow and respond consistently to varying gap widths across trials. 

It was elicited by introducing varying gap widths in continuous noise. The longer the gap 

width, the better the cortex’s ability to consistently entrain a response at 40 Hz across 

repeated presentations. This was quantified using ITPC, with the mean ITPC across trials 

are shown in the data below. Mixed effect 2-way ANOVA was used to compare treatment 

(saline vs minocycline) and time points. The 3 ms gap duration was not used in further 

comparisons. 

In the AC, there was a main effect of time for each gap duration (4-9 ms), but no 

effect of treatment or interaction between the two factors (Fig 5). Both saline and 

minocycline had significantly elevated ITPC means compared to pre-NIHL by 23-days 
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post-NIHL, indicating that it was not the drug treatment that affected response consistency 

in the AC (See Table 3 and Table 4 for full statistics). 

The FC had a main effect of time from the 4-9 ms gap durations. However, only 

the 8 ms and 9 ms gaps had an effect of treatment as well, but no interactions (See Table 3 

for full statistics). There were significant elevations at the longer gap durations, 8 ms in the 

saline group and at 9 ms for the minocycline treated group (Figure 6, See Table 4 for full 

post-hoc analysis). Taken together, there is a cortical-region specific difference in response 

consistency over time, but little effect of minocycline. 

 
Figure 5. ITPC mean is enhanced in both the saline and minocycline treated groups 
in the AC. ITPC mean was averaged from the same mice at each timepoint (with +/- SEM) 
for each gap width (3-9 ms). All gap durations show an enhancement of ITPC across up to 
23 days after NIHL in the AC. *, p<0.05; **, p<0.01; ***, p<0.001; ****, p < 0.0001. 
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Figure 6. ITPC mean was not enhanced in either treatment groups in the FC. There 
were no significant differences in the FC at any time points for the shorter gap durations 
for either treatment group. At 8- and 9-ms, there were enhancements at 23 days in the saline 
and minocycline groups, respectively. *, p<0.05. 

 

 
Table 3. Two-way ANOVA comparing ITPC with minocycline verses saline treatment 
over time. 
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Table 4. Adjusted p-values with Dunnett’s multiple comparisons test for treatment 
and time. 
 
Discussion 

The present study examined the effects of minocycline administration on ABR and 

sound evoked responses following NIHL. Threshold shifts were induced following noise 

exposure. Key findings were as follows: 1) minocycline did not alter ABR thresholds after 

NIHL, 2) minocycline enhanced ERP amplitudes in the AC and FC, 3) minocycline 

attenuated exaggerated resting EEG spectral power compared to saline, 4) enhanced ITPC 

for 40 Hz ASSR only in the AC for both saline and minocycline treated groups, 5) increased 

ITPC for gap-ASSR across all gap-widths in AC for saline and minocycline treated groups 

over time, but not in the FC. We interpret the enhancements of ERP amplitudes to be a 

drug effect, but phase locking consistency increases are likely due to deafferentation and 
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compensatory cortical amplification. The attenuation of higher frequency resting EEG 

power suggests that minocycline rescues aberrant spontaneous activity. Taken together, 

minocycline treatment may assist with sound evoked response recovery and hyperactivity 

after noise-exposure, but temporal processing effects are due to gain recovery after NIHL. 

Future studies need to be done on permanent and full hearing loss to assess minocycline’s 

true effects.  

Few studies have investigated minocycline treatment after NIHL, though there is a 

consensus that administration attenuates and protects against hearing loss. A study using a 

rat model found that 5 days of minocycline treatment attenuated ABR thresholds and outer 

hair cell loss (Zhang, Song, Tian, & Qiu, 2017) after noise exposure. They reported that 

although click ABR thresholds of minocycline treated rats were still elevated 14 days post 

noise exposure, the thresholds were still significantly lower than saline treated rats. This is 

inconsistent with our ABR threshold shifts, but that may be due to species differences. To 

our knowledge, our study is the first investigation of central processing and minocycline 

administration following NIHL in mice. The present study reports both saline and 

minocycline treated groups had the same pattern of hearing loss – increased thresholds, 

indicating that minocycline did not influence ABR thresholds. 

Spontaneous activity has been theorized to underlie tinnitus and hyperacusis. A 

series of Eggermont studies have purported that noise exposure in cats leads to increased 

firing rates and burst firing (Huetz, Guedin, & Edeline, 2014; A. J. Noreña & Eggermont, 

2003; Seki & Eggermont, 2003) as well as altered inhibition (Arnaud J. Noreña, Tomita, 

& Eggermont, 2003). Although the mechanistic changes are not well understood, central 
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gain is thought to be due to abnormal excitatory/inhibitory balance (Resnik & Polley, 2017) 

leading to enhanced and exaggerated responses in higher auditory centers (Chambers et al., 

2016; Radziwon et al., 2019b; Salvi et al., 2017b). Our resting EEG data suggests that 

NIHL leads to enhanced spectral power in the higher frequency ranges (80-250 Hz), which 

are purported to be linked to spiking activity (Ray & Maunsell, 2011) as seen by the saline 

treated results. However, when minocycline was administered for 5 days, the enhancement 

of spectral power was reduced in AC and FC. This suggests that minocycline influences 

spontaneous activity, particularly on attenuating central gain. It may have an alternate 

effect on sound detection, seen in the amplification of ERP amplitudes in both cortical 

regions. This rescuing may come at the expense of temporal processing abilities.  

NIHL has also been shown to increase neuroinflammation, which can be a 

secondary mediator in molecular changes, like PNN degradation, and circuit imbalance. 

Microglial activation increases (Zinsmaier, Wang, Zhang, Hossainy, & Bao, 2020) after 

NIHL as well as proinflammatory cytokine markers in the AC (Wang et al., 2019). 

Targeting upregulated MMP-9 and inflammatory lends credence to minocycline’s potential 

usage as a therapeutic treatment. Additional studies have looked at minocycline’s 

protective role in ototoxic drug induced hearing loss. In gerbils, minocycline protected 

spiral ganglion neurons from deteriorating along with lower threshold increases after 

receiving intratympanic neomyocin (Robinson, Vujanovic, & Richter, 2015). Cisplatin 

treatment increased threshold shift in gerbils, but this change was reduced with 

minocycline administration (Lee, Shin, & Cho, 2011). Even in cochlear cultures, 

minocycline reduced the amount of gentamicin induced hair cell damage from neonatal 
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rats (Corbacella, Lanzoni, Ding, Previati, & Salvi, 2004). In a human study with 

minocycline treatment, residual hearing was preserved after cochlear implantation 

compared to age-matched individuals who did not receive minocycline. Future studies can 

be done to parse out minocycline’s role in molecular changes after NIHL, investigating 

whether neuroinflammatory markers are reduced along with PNN fidelity.  

Conclusions 

Minocycline has some enhancing effects on sound detection and attenuating effects on 

spontaneous activity, but no effect on temporal processing after NIHL. With higher ABR 

thresholds, peripheral sound detection is altered and may lead to compensatory changes in 

the central auditory regions. With both cortical regions showing higher ERP amplitudes, 

there may be a compensatory amplification with minocycline treatment to improve sound 

detection centrally. However, temporal processing is not impacted by minocycline 

treatment in either AC or FC suggesting that recovery of spontaneous activity and sound 

detection at the expense of temporal processing. Conversely, spontaneous activity is 

attenuated with minocycline administration suggesting central gain can be reduced with a 

therapeutic treatment. Future studies should be performed to investigate minocycline’s 

impact on permanent and full hearing loss. 
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Chapter 5 

Genetic reduction of MMP-9 in the Fmr1 KO mouse partially rescues prepulse 

inhibition of acoustic startle response 

Abstract 

Sensory processing abnormalities are consistently associated with autism, but the 

underlying mechanisms and treatment options are unclear. Fragile X Syndrome (FXS) is 

the leading known genetic cause of intellectual disabilities and autism. One debilitating 

symptom of FXS is hypersensitivity to sensory stimuli. Sensory hypersensitivity is seen in 

both humans with FXS and FXS mouse model, the Fmr1 knock out (Fmr1 KO) mouse. 

Abnormal sensorimotor gating may play a role in the hypersensitivity to sensory stimuli. 

Humans with FXS and Fmr1 KO mice show abnormalities in acoustic startle response 

(ASR) and prepulse inhibition (PPI) of startle, responses commonly used to quantify 

sensorimotor gating. Recent studies have suggested regulation of matrix metalloproteinase-

9 (MMP-9), which is abnormally high in FXS, as a potential mechanism of sensory 

abnormalities in FXS. Here we tested the hypothesis that genetic reduction of MMP-9 in 

Fmr1 KO mice rescues ASR and PPI phenotypes in adult Fmr1 KO mice. We measured 

MMP-9 levels in the inferior colliculus (IC), an integral region of the PPI circuit, of WT 

and Fmr1 KO mice at P7, P12, P18, and P40. MMP-9 levels were higher in the IC of Fmr1 

KO mice during early development (P7, P12), but not in adults. We compared ASR and 

PPI responses in young (P23-25) and adult (P50-80) Fmr1 KO mice to their age-matched 

wildtype (WT) controls. We found that both ASR and PPI were reduced in the young Fmr1 
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KO mice compared to age-matched WT mice. There was no genotype difference for ASR 

in the adult mice, but PPI was significantly reduced in the adult Fmr1 KO mice. The adult 

mouse data are similar to those observed in humans with FXS. Genetic reduction of MMP-

9 in the Fmr1 KO mice resulted in a rescue of adult PPI responses to WT levels. Taken 

together, these results show sensorimotor gating abnormalities in Fmr1 KO mice, and 

suggest the potential for regulating MMP-9 as a therapeutic target to reduce sensory 

hypersensitivity. 

Introduction 

 Fragile X syndrome (FXS) is a leading genetic cause of intellectual disability and 

autism. In conjunction with learning, anxiety, communication, and social deficits (Hatton 

et al., 2006), individuals with FXS are often hypersensitive to sensory stimuli. FXS is 

linked to a genetic mutation in the X chromosome with varying degrees of severity, due to 

the expansion of CGG repeats in the Fragile X mental retardation-1 (Fmr1) gene (Snow et 

al., 1993). If the repeated sequence exceeds ~200 repeats, this can lead to a full mutation 

and methylation of the Fmr1 gene which in turn causes transcriptional suppression of the 

Fmr1 gene and the loss of Fragile X mental retardation protein (FMRP). Loss of FMRP 

has been associated with abnormal protein synthesis, particularly those involved with 

synaptic plasticity and maturation (Huber et al., 2002; Sidorov et al., 2013). 

 Debilitating sensory hypersensitivity is a common symptom in humans with FXS 

(Tsiouris and Brown, 2004), manifesting as intolerance to even mild sensory inputs. An 

animal model of FXS, the Fmr1 knock out (Fmr1 KO) mouse, shows many of the core 

abnormalities of FXS including sensory hypersensitivity (Rais et al., 2018; Sinclair et al., 
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2017). Sensorimotor gating is a low-level (pre-attentive) sensory filtering mechanism to 

reduce sensory overload reaching cortical areas. Abnormal sensorimotor gating may 

contribute to hypersensitivity in autism spectrum disorders (Scott et al., 2018), including 

FXS (Sinclair et al., 2017). Acoustic startle response (ASR) and prepulse inhibition (PPI) 

of ASR are behavioral outcomes used to test sensorimotor gating in humans and rodents. 

The circuits underlying these behaviors are present in the brainstem and midbrain of the 

auditory system. FMRP, the protein product of Fmr1 gene, is expressed across all levels of 

the central auditory system, including strong expression in the cochlear nucleus and other 

regions of the brainstem (Zorio et al., 2017). Abnormal functions of these regions in Fmr1 

KO mice have been reported (Garcia-Pino et al., 2017; Mott and Wei, 2014; Wang et al., 

2018) and both humans with FXS and Fmr1 KO mice show altered ASR and PPI responses 

(human: Frankland et al., 2004; Yuhas et al., 2011; Hessl et al., 2009; mouse: Chen and 

Toth, 2001; Nielsen et al., 2002; Renoux et al., 2014; Yun et al., 2006).  

 One of FMRP’s translational targets is matrix metalloproteinase-9 (MMP-9), an 

endopeptidase important in CNS development through extracellular matrix remodeling and 

synaptic plasticity (Reinhard et al., 2015). Increased MMP-9 levels are seen in the Fmr1 

KO mouse and FXS human brains (Bilousova et al., 2009; Dziembowska et al., 2013; 

Sidhu et al., 2014). Genetic reduction of MMP-9 levels in the Fmr1 KO mouse restored 

auditory cortex responses to WT levels (Lovelace et al., 2016; Wen et al., 2018), rescued 

dendritic spine abnormalities in the hippocampus and reduced anxiety-like behaviors 

(Sidhu et al., 2014). Beneficial effect of MMP reduction on synaptic arborization is seen 

in the drosophila model of FXS (Siller and Broadie, 2011). Inhibition of MMP-9 with 
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minocycline reduces multiple symptoms in the Fmr1 KO mice and humans with FXS 

(Bilousova et al., 2009; Dziembowska et al., 2013; Schneider et al., 2013). However, it is 

not known if MMP-9 levels are high in circuits involved in sensorimotor gating (Li et al., 

1998) and if reduction of MMP-9 in FXS reduces sensorimotor gating abnormalities. In 

this study, we focused on the IC because the pre-pulse activates the IC, which then initiates 

a long duration inhibition of the ASR circuit, resulting in the PPI of startle (Fendt et al., 

2001). We found increased MMP-9 levels in the IC during development, but not in adults. 

The second aim was to determine if ASR and PPI responses in Fmr1 KO mice were 

different from WT mice from a young age. We found reduced PPI in the Fmr1 KO mice 

compared to WT mice in both age groups tested: young (P23-25) and adult. A genotype 

difference in ASR was found only in the young age group. Finally, we tested the hypothesis 

that genetic reduction of MMP-9 in Fmr1 KO mice would alleviate PPI abnormalities in 

the Fmr1 KO mice. For this purpose, we generated Fmr1 KO mice, which were 

heterozygous for MMP-9 and found that these mice show ASR and PPI responses that are 

comparable to the WT mice.  

Methods 

Mice.  

FVB.129P2 − Pde6b+Tyrc-ch/AntJ controls (WT) and FVB.129P2 − 

Fmr1tm1Cgr/J (Fmr1 KO) mice were received from Jackson Laboratories and housed on 

a 12:12 light/dark cycle, with standard lab chow and water given ad libitum in the vivarium. 

To generate the Mmp9 +/−/Fmr1 KO mice, FVB.Cg−Mmp−9tm1Tvu/J mice were 

backcrossed with Fmr1 KO mice. These mice had a reduced expression of MMP-9 in the 
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auditory cortex (Sidhu et al.., 2014 and Wen et al.., 2018). Genotypes of mice were verified 

by sending tail samples to Transnetyx (Cordova, TN). There were two age groups tested: 

young (“Y”, PND 23-25) and adult (“A”, PND 50-80). Table 1 provides information about 

the age and average weight of each group. Weights between genotypes were not 

significantly different in either the young (t(16)=1.792, p=0.092) or adult (F(2,24)=0.71, 

p=0.502) groups. All procedures were approved by the Institutional Animal Care and Use 

Committee at the University of California, Riverside. Each experimental group consisted 

of n=9 mice. All mice tested were males.  

Apparatus  

Acoustic Startle. The Coulbourn Animal Acoustic Startle System (Coulbourn 

Instruments, Whitehall, PA) was used to measure the ASR. The apparatus consisted of a 

single subject anechoic startle chamber with a ventilating fan built into the ceiling to 

provide background noise (68dB SPL). A weight-sensitive startle platform was centered 

inside of the chamber. The A10-21B Startle Controller Software was used to generate the 

PPI protocol and measure ASR peak magnitude. Each mouse was placed into individual 

ventilated holding cages.  

Procedures.  

Mice habituated for 20 minutes in their home cages after being transported to the 

lab. Afterwards, each mouse was weighed, and allowed to habituate for 10 additional 

minutes in the holding cage, before being placed in the startle chamber. A five-minute 

delay was built into the program to allow the animal to acclimate to the chamber prior to 

the stimulus presentation. The built-in fan provided background noise of 68dB SPL, 
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measured with a digital sound level meter (BK Precision, Model 732A). Table 2 provides 

information on the various trials used. Trial type 1 consisted of the initial six and final five 

trials, which presented only 115dB SPL startle stimulus. These trials were used to calculate 

the ASR and habituation. Between the stimulus alone trials, eight of each prepulse trials 

were presented in pseudorandom order, with the prepulse – 75, 85, or 95dB SPL – 

preceding the startle stimulus by 100ms. Duration of the prepulse sound was 20ms and 

duration of the startle pulse was 40ms. Additional prepulse trials were excluded from 

analysis, due to being of similar sound levels to the startle stimulus (105dB). The inter-trial 

interval ranged from 15-25s to minimize anticipation of the startle stimulus delivery. 

Gelatin Zymography.  

Inferior colliculus (IC) tissue samples were taken from P7, P12, P18, and P40 mice. 

The mice were euthanized with isoflurane, the IC was dissected and immediately flash 

frozen over dry ice then stored at -80°C. The gelatin zymography protocol was performed 

as previously described in Wen et al., 2018. The zymography buffer used to resuspend the 

IC included 100 μL of 100 mM Tris-HCl (pH = 7.6), 150 mM NaCl, 5 mM CaCl2, 0.05% 

Brij35, 0.02% Na3N, 1% Triton X-100, 100 μM PMSF and protease inhibitor cocktail 

(Sigma, catalog# P8340). Gelatin agarose beads (Sigma, catalog# G5384) were added to 

the sample lysates to pull down MMP-9 on 10% Tris-Glycine gel with 0.1% gelatin as the 

substrate (Life Technologies). Once pulled down, the gels were placed in renaturing buffer 

(Life Technologies, catalog# LC2670) for 90 minutes and developing buffer (Life 

Technologies, catalog# LC2671) for 96 hours. Gels were then stained with Commassie 

blue overnight and de-stained for subsequent analysis. Total protein concentration was 
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measured per lysate using the BCA colorimetric protein assay (Pierce, 23 235). Levels of 

MMP-9 protein were analyzed using Photoshop CS4. All samples were normalized to the 

WT values per each individual age group (n=3-7).  

Data analysis. 

Weight comparisons were done by independent t-tests to compare the young groups 

and one-way ANOVA was used to compare the adult groups. One-tailed unpaired t-test 

was used to compare WT and Fmr1 KO MMP-9 levels. ASR was calculated by averaging 

the peak magnitude of the startle stimulus alone responses and across the 11 Trial Type 1 

responses. Percent habituation was calculated as %Habituation=100 x (average last five 

Trial Type 1 responses/average first five Trial Type 1 response). Percent PPI was 

calculated as %PPI=1-(average startle amplitude from prepulse trial/average startle 

amplitude from startle stimulus alone trial) x 100. To compare PPI across genotypes, a two-

way ANOVA was used with prepulse intensity (75, 85, 95 dB) and genotype (KO, WT) as 

factors. One-way ANOVA was used for comparison of ASR across genotypes separately 

for each age group tested. Standard error is shown by the error bars in all figures. Age was 

not tested as a factor in any analysis. Post-hoc tests are as described in the Results section.   
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Results 

 

Table 1. Summary of genotype and age studied.  

 

Table 2. Trial types for acoustic startle and prepulse inhibition. In trials looking at 
prepulse inhibition, the inter-stimulus interval was 100ms. The inter-trial interval ranged 
from 15-25 seconds.  
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i. Gelatin Zymography for MMP-9 levels in the inferior colliculus 

Gelatin zymography was used to measure MMP-9 levels in the IC of WT and Fmr1 

KO mice at four different ages: postnatal day (P) 7, 12, 18, and 40. As seen in Figure 1, at 

P7 (t(4)=-2.47, p=0.0345) and P12(t(7)=-2.054, p=0.0395), Fmr1 KO mice showed greater 

MMP-9 levels compared to WT. There was no genotype difference in MMP9 levels at P18 

(t(8)=-0.267, p=0.398) and P40 (t(8)=-0.299, p=0.772). These results show that as in the 

forebrain (Lovelace et al., 2016), loss of FMRP in the midbrain also causes an increase in 

MMP-9 levels.  

 

Figure 1. MMP-9 levels in IC differ between WT and adult Fmr1 KO mice at P7 and 
P12, but not P18 or P40. There was an increase in MMP-9 levels in Fmr1 KO mice earlier 
in development (P7: t(4)=-2.47, p=0.0345); P12: t(7)=-2.054, p=0.0395). However, at later 
ages there was no difference between the two genotypes (P18: P18 (t(8)=-0.267, p=0.398); 
P40 (t(8)=-0.299, p=0.772). Standard error is shown in the bar graphs.  
 
 
ii. Acoustic startle response and prepulse inhibition 

The ASR was measured in young and adult mice. Young (P23-25) Fmr1 KO mice 

showed a significant reduction in ASR compared to age-matched WT mice (one-way 

ANOVA, F(1,16)=6.190, p=0.024) (Figure 2A). To examine PPI, two-way ANOVA was 

used with prepulse intensity and genotype as factors. PPI was significantly reduced in 
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young Fmr1 KO mice compared to WT mice (Genotype: F(1,48)=9.226, p=0.004) (Figure 

2B). While prepulse intensity affected PPI (Intensity: F(2,48)=3.267, p=0.047; Tukey 

HSD, 75dB vs 85dB, p=0.596; 75dB vs 95dB, p=0.038; 85dB vs 95dB, p=0.273), there 

were no significant interactions between genotype and prepulse intensity 

(Genotype*Intensity: F(2,48)=0.499, p=0.610). This suggests that the genotype difference 

in PPI is not due to change in any specific intensity tested.  

 The ASR was not different between adult (P50-80) WT, Fmr1 KO, and MMP-9+/-

/Fmr1 KO mice (one-way ANOVA, F(2,24)=1.019, p=0.376) (Figure 3A). A two-way 

ANOVA with genotype and prepulse intensity as factors showed that there was a main 

effect of genotype (F(2,72)=5.583, p=0.006), and prepulse intensity (F(2,72)=8.156, 

p=0.001), but no significant interactions (F(4,72)=0.401, p=0.807) (Figure 3B). Post hoc 

Tukey HSD analyses revealed that Fmr1 KO PPI was significantly reduced compared to 

WT (WT vs. Fmr1 KO, p=0.004) as seen in the young mice. There was no difference in 

PPI responses between WT and MMP-9+/- /Fmr1 KO (WT vs. MMP-9+/- /Fmr1 KO, 

p=0.427) or between MMP-9+/- /Fmr1 KO and Fmr1 KO mice (Fmr1 KO vs. MMP-9+/- 

/Fmr1 KO, p=0.106). Additionally, prepulse intensity post hoc analysis revealed that as the 

sound intensity increased, the PPI increased as well (75dB vs 85dB, p=0.044; 75dB vs 

95dB, p=0.000431, 85dB vs 95dB, p=0.267). One potential methodological concern is that 

the mice could have shown startle response to the pre-pulse, particularly at 85 and 95dB 

SPL (Valsamis et al., 2011).  However, because the ASR itself was not different at this age, 

it is unlikely that the genotype PPI differences were due to startle to the pre-pulse. In 

addition, the biggest genotype effects are seen for the 75dB prepulse, which is unlikely to 



 
 

121 

cause startle by itself. Indeed a one-way ANOVA analyses of PPI just for the 75dB prepulse 

(F(2,24)=3.446, p=0.048) shows that the MMP-9+/- /Fmr1 KO mice were similar to WT 

(WT vs. MMP-9+/- /Fmr1 KO, p=0.720), and both showed higher PPI than the Fmr1 KO 

mice. Taken together, these data suggest that genetic reduction of MMP-9 in the Fmr1 KO 

mice, provides a rescue of the PPI deficit, without impacting the baseline ASR.  

 

Figure 2. Startle is reduced in Fmr1 KO mice at young, but PPI is not different from 
WT. A) The baseline acoustic startle response was significantly different between young 
WT and Fmr1 KO mice (one-way ANOVA - F(1,16)=6.190, p=0.024). B) Two-way 
ANOVA with prepulse intensity and genotype as factors in the young mice revealed that 
PPI increased with sound intensity (Intensity – F(2,48)=3.267, p=0.047; Tukey HSD - 
75dB vs 85dB, p=0.596; 75dB vs 95dB, p=0.038; 85dB vs 95dB, p=0.273) and was 
reduced in Fmr1 KO compared to WT mice (Genotype – F(1,48)=9.226, p=0.004). There 
were no significant interactions between genotype and prepulse intensity 
(Genotype*Intensity – F(2,48)=0.499, p=0.610). Standard error is shown in the bar graphs. 
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Figure 3. Genetic reduction of MMP-9 in Fmr1 KO mice partially rescues the PPI 
deficit. A) In adult mice, there was no statistical difference in baseline startle across the 
three genotypes (one way ANOVA - F(2,24)=1.019, p=0.376). B) Two way ANOVA with 
genotype and prepulse intensity as factors shows that in adult mice, there was a significant 
effect of genotype (F(2,72)=5.583, p=0.006; Tukey HSD – WT vs Fmr1 KO, p=0.004; WT 
vs MMP9+/-Fmr1 KO, p=0.427; Fmr1KO vs MMP9+/-Fmr1 KO, p=0.106) and intensity 
(F(2,72)=8.156, p=0.001; Tukey HSD – 75dB vs 85dB, p=0.044; 75dB vs 95dB, 
p=0.000431; 85dB vs 95dB, p=0.267) alone, but no interactions (Genotype*Intensity - 
F(4,72)=0.401, p=0.807). Standard error is shown in the bar graphs. 
 
 
iii. Habituation 

 Habituation of electrophysiological response to repeated stimulation is reduced in 

both humans with FXS and the Fmr1 KO mice (Ethridge et al., 2016; Lovelace et al., 2016; 

Schneider et al., 2013). Genotype differences in ASR may arise due to differences in 

habituation to startle stimuli. Therefore, we examined whether ASR habituation is altered 

in the Fmr1 KO mice. Habituation was calculated by dividing the average of the final five 

ASR values by the average first five ASR values (see Methods). There was no genotype 

difference in habituation in young (F(1,16)=0.316, p=0.582) (Figure 4A) or adult 

(F(2,24)=0.368, p=0.696) (Figure 4B) mice. This suggests that in the young mouse, 

genotype differences in ASR do not occur because of altered habituation.   
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Figure 4. Habituation to ASR stimuli is normal in both young and adult Fmr1 KO 
mice. A) Young WT and Fmr1 KO mice did not show any significant difference in 
habituation from the beginning of the protocol to the end (F(1,16)=0.316, p=0.582). B) 
There was no significant difference in percent habituation between any of the adult age 
groups (F(2,24)=0.368, p=0.696). Standard error is shown in the bar graphs. 
 
 
Discussion 

We found that in young, but not in adult Fmr1 KO mice, there was a significant 

reduction in ASR amplitude compared to age matched WT mice. In both age groups, PPI 

was significantly reduced in the Fmr1 KO mice compared to WT mice, suggesting that 

sensorimotor gating abnormalities present in young Fmr1 KO mice are maintained into 

adulthood. We also found increased MMP-9 levels in the IC of the developing, but not 

adult, Fmr1 KO mice. This suggests that abnormal MMP-9 levels in the IC may be 

associated with reduced PPI. While WT and Fmr1 KO mice were significantly different 

from each other in terms of PPI, the MMP-9+/- /Fmr1 KO mice were not different from 

either WT or Fmr1 KO mice. We interpret this to mean that there was a partial rescue of 

the PPI phenotype when MMP-9 was reduced in the Fmr1 KO mice. It is not possible to 

interpret any intensity specific effects because there was no interaction between genotype 

and prepulse intensity. The partial correction implies other mechanisms in the ASR/PPI 
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pathway such as abnormal ion channel function may be involved in sensorimotor gating 

dysfunction in FXS (Deng et al., 2013; Zaman et al., 2017). The adult mouse data are 

consistent with data from humans with FXS who show no differences in ASR and reduced 

PPI suggesting that these sensorimotor gating measures can be used as potential biomarkers 

(Frankland et al., 2004; Hessl et al., 2009). Together these results strongly suggest that 

increased MMP-9 in FXS underlies abnormal sensorimotor gating and may cause sensory 

hypersensitivity. This conclusion is consistent with studies which over-expressed MMP-9 

in mice and found FXS-like symptoms (Gkokas et al., 2014).  

ASR in Fmr1 KO mice has been examined by a number of groups, but the results 

are mixed in a manner indicating sensitivity of measures to variations in stimulus 

parameters, age, and genetic background. Chen and Toth (2001) showed that ASR is 

significantly reduced in 7-10 weeks old Fmr1 KO mice compared to WT mice on the FVB 

background. Yun et al. (2006) showed reduced ASR in Fmr1 KO mice compared to WT 

in FVB strain mice older than 4 weeks, but ASR was not different in mice younger than 3 

weeks. In the C57B6/J genetic background, ASR was shown to be higher in the Fmr1 KO 

mice compared to WT for stimuli in the 70-80 dB range (Nielson et al., 2002). However, 

when a 120dB startle stimulus was used, the WT mice showed stronger ASR than the Fmr1 

KO mice. Frankland et al. (2004) tested C57B6/J mice and found no difference in ASR for 

stimuli <90dB SPL. However, for >95dB SPL, ASR was stronger in the WT mice 

compared to Fmr1 KO mice. Ding et al. (2014) and Veeraragavan et al. (2011) showed no 

genotype difference in ASR. Together the preponderance of evidence suggest that ASR is 

either not different between the genotypes, or decreased in Fmr1 KO mice compared to 
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WT. Our data are consistent with this trend, with young Fmr1 KO mice showing reduced 

ASR and adults showing no genotype difference, although the mechanisms for age-

dependent genotype differences in ASR are unclear. There were no significant differences 

in average weight of mice between the two genotypes in either young or adult ages, 

suggesting that this is not a factor in the age effect on genotype difference in ASR. It is 

possible that the muscle tone is different in young mice. Largo and Schinzel (1985) 

suggested a developmental delay in motor function, with boys with FXS showing reduced 

muscle tone. But, very little is known about development of muscle function in the Fmr1 

KO mice. Future studies should examine electromyographic responses in these mice to 

determine potential delays in muscle function. The difference between young and adult 

ASR responses should, however, not be surprising because developmentally transient 

genotype differences appear to a prominent feature in FXS (see Meredith et al., for a 

review).  

 Several studies have examined PPI in Fmr1 KO mice, also with mixed results. Chen 

and Toth (2001) showed PPI was increased in Fmr1 KO mice compared to WT (FVB 

background) at both 75dB and 85dB SPL prepulse intensities. The differences with our PPI 

result may arise from different protocols used in the two studies. We included all prepulse 

intensities in one session, whereas, Chen and Toth (2001) tested the lower intensity a month 

prior to testing the higher intensity. Nielson et al. (2002), Frankland et al. (2004), and Ding 

et al. (2014) also reported increased PPI in Fmr1 KO mice on the C57B6/J background. 

Veeraragavan et al. (2011) reported no difference and De Vrij et al. (2008) used eye-blink 

response and reported decreased PPI in the Fmr1 KO mice. Despite this evidence 
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suggesting increased PPI in the Fmr1 KO mouse, humans with FXS show significantly 

reduced PPI (Frankland et al., 2004 and Hessl et al., 2009), which is consistent with our 

results. 

A novel finding of this paper is that abnormal MMP-9 activity may underlie 

sensorimotor gating abnormalities in FXS. MMP-9 is one of the targets of FMRP, so with 

the absence of FMRP, there is an upregulation of MMP-9 (Dziembowska et al., 2013) in 

several regions of the brain in FXS. The ASR pathway consists of the auditory nerve input 

to the ventral cochlear nucleus, which connects to the caudal pontine reticular nucleus, 

from there synapsing onto the motor neurons of the spinal cord whose activity elicits the 

startle response (Koch and Schnitzler, 1997). We show here that MMP-9 levels are 

increased in the IC of Fmr1 KO mice as well. The IC is a major hub of both the ascending 

and descending auditory pathway, and is critically involved in PPI (Fendt et al., 2001). The 

activation of the IC by the prepulse sound is rapidly relayed as a long duration inhibition 

of the neurons of the pontine reticular nucleus neurons, which are involved in the ASR. 

The inhibition generated by the IC reduces ASR, leading to the classic PPI of startle 

response. Interestingly we found increased MMP-9 in the IC at P7 and P12, but not at P18 

or P40. We found reduced PPI at ~P23 and ~P50, when MMP-9 levels in the IC are similar 

to WT. This suggests that MMP-9 plays a crucial role in the development of IC, and any 

abnormalities in early development are sustained into adulthood, even though MMP-9 

levels are normalized. This makes the crucial prediction that any pharmacological 

treatment through MMP-9 manipulation to reduce sensorimotor gating abnormalities 



 
 

127 

would be more effective if given during the P7-P12 window, rather than in adulthood. 

Future studies will test this prediction.  

Conclusions 

 In findings similar to those seen in humans with FXS, we provide evidence for 

reduced PPI in the Fmr1 KO mice. PPI, may therefore, be developed as biomarker for 

pursuit of translation-relevant therapeutic avenues in FXS. Reduced PPI was seen in both 

adult and young Fmr1 KO mice, suggesting early developmental origin of sensorimotor 

gating abnormalities in FXS and the necessity to provide treatment early in development. 

Finally, our data suggest a potential target for reducing sensory hypersensitivity in FXS 

through a reduction of MMP-9 levels using specific inhibitors and at specific 

developmental time points.  
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Chapter 6 

Conclusions 

The central NIHL changes at the molecular and population activity levels builds 

upon previous research on central gain. These studies aimed to identify mechanistic 

changes higher auditory centers and specific time course that is modulated by NIHL.  

In chapter 2, to test the hypothesis that there is enhanced central gain and cortical 

activity at the expense of temporal processing, electroencephalography (EEG) screw 

electrodes were implanted over the dura to measure the trajectory of changes in resting 

EEG spectral power, evoked response potentials (ERPs), and the auditory steady state 

response (ASSR) in the auditory and frontal cortices. The strength of this approach was a 

longitudinal measurement of EEG changes pre- and post-NIHL (10-, 23-, and 45 days) in 

the same animals. We found that all mice had a persistent elevated threshold shift past 90 

dB SPL up, which was the sound level that all sounds were tested at. During resting 

measurements, higher frequency power was elevated in RR group, potentially indicating 

elevated spontaneous activity. For sound evoked responses, there was recovery in both AC 

and FC which indicates recovered and potentially amplified sound detection from residual 

hearing. There was a cortical region-specific difference in how temporal processing 

recovered in the AC, which may be indicative of central gain at the expense of a major 

cognitive region. Changes in temporal processing are not identical between the AC and 

FC, where there is recovery in the first region that potentially occurs at the expense of the 
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latter. This aligns with the literature following diminished cognition as it relates to hearing 

loss and enhanced or recovered central gain in the AC. 

In chapter 3, to test the hypothesis that MMP-9 activity increased 1-day post NIHL 

after noise exposure and PNN degradation lasted over time, we measured these molecular 

components at specific time points. We did not find any changes from their respective 

control groups in either MMP-9 activity or PNN measurements. This may indicate that the 

time points we chose to measure at were too late to capture the specific molecular changes 

occurring post-NIHL. For MMP-9, if neuroinflammation occurs immediately after NIHL 

we may have to examine MMP-9 activity within a day after noise exposure. Alternatively, 

neuroinflammation may be acting as a secondary mediator and investigating 

proinflammatory cytokine regulations may elucidate their role in the AC following NIHL. 

Our PNN data align with our lab’s previous study, though in a different mouse model, that 

PNN intensity has recovered over time. We tested PNN density and intensity at 23- and 

45-65 days post-NIHL, indicating that PNN degradation likely recovered between 10-23 

days after noise exposure. MMP-9 abundance and activity may regulate multiple regions 

within the central auditory pathway that influence behavioral and potentially neuronal 

circuitry. With our findings post-NIHL, however, we may not have targeted the correct 

time to see any enhancements in MMP-9 activity. Neuroinflammation markers are 

upregulated around 12-hours after noise exposure, which may indicate that MMP-9 activity 

also fluctuates around this time and returns to baseline by 1-day post-NIHL. 

In chapter 4, to test the hypothesis that minocycline can reverse the effects of NIHL, 

sound evoked and ASSR EEG recordings were measured after NIHL. Our data found that, 
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after threshold shifts, minocycline increased ERP amplitudes in AC and FC compared to 

pre-NIHL up to 23-days post-NIHL. However, with temporal processing there was also a 

cortical region-specific difference to where both minocycline and saline treated groups had 

enhanced ITPC means by 23-days post-NIHL to 40 Hz ASSR stimulus. For the gap-ASSR 

analysis, there were also cortical differences – AC had enhanced ITPC at every gap 

duration by 23-days post-NIHL, but FC had an effect of treatment at 8- and 9 ms. With 

these findings, minocycline enhanced sound evoked responses, but may not have been the 

influencing factor in enhanced temporal processing to mice with hearing loss. Minocycline 

can still be used to target MMP-9 in a permanent hearing threshold model. We would 

expect to see similar cortical region-specific recovery in temporal processing with only 

minocycline treatment and a stronger enhancement of central gain. 

I carried out an investigation of whether genetically reduced MMP-9 in a Fragile X 

Syndrome knock-out (KO) mouse influences behavioral outcomes before beginning the 

investigation of the central effects of NIHL. Specifically, we measured their acoustic startle 

response (ASR) and pre-pulse inhibition (PPI) compared to wild type and full knock-out 

age matched mice. We found that in young KO mice, ASR and PPI were reduced. 

However, adult KO mice PPI was significantly reduced from both WT and heterozygous 

MMP-9/KO mouse. This indicated that MMP-9 reduction rescued a behavioral phenotype 

in a FXS mouse model and could act as a therapeutic target. 




