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ABSTRACT 
 

Tinnitus is the phantom perception of sound without a corresponding external 

stimulus. Tinnitus incidence is associated with cochlear trauma and the response 

of central auditory structures following trauma is thought to play a role in tinnitus 

development. Commonly after cochlear trauma, there is the development of 

abnormal neural activity along the central auditory pathway. However, cochlear 

trauma and central auditory abnormal neural activity do not always lead to 

tinnitus. Therefore, it has been proposed that multiple brain areas make up a 

neural mechanism responsible for the maintenance of non-phantom perceptions. 

Alterations in this mechanism via frontostriatal circuitry would then contribute 

to abnormal central auditory neural activity becoming tinnitus. Therefore, we 

investigated the effects of frontostriatal areas on the auditory thalamus in Wistar 

rats. In normal anaesthetized animals, bipolar electrical stimulation was 

delivered to the nucleus accumbens (NAc) while recording single neuron activity 

in the medial geniculate nucleus of the thalamus (MGN). NAc electrical 

stimulation caused a change in the firing rates MGN neurons collected, with the 

majority showing a reduction of spontaneous firing rates. In another series of 

experiments, electrical stimulation was delivered to the prefrontal cortex (PFC) 

while recording single neuron activity in MGN of normal anaesthetized animals. 

In response to electrical stimulation of the PFC, 81% of MGN neurons showed a 

change in their spontaneous firing rate with varied combinations inhibitory and 

excitatory effects on spontaneous firing rate. We then investigated the effects of 

an acoustic trauma (AT) paradigm, to induce cochlear trauma, on MGN 

spontaneous firing rates in Wistar rats with and without behavioural evidence of 

tinnitus. Burst firing but not spontaneous firing rate was found to be significantly 

different and decreased in animals which received an AT compared to the sham 

group, whoever this was independent of whether the animal showed behavioural 

evidence of tinnitus. In a follow-up series of experiments, we revisited electrical 

stimulation of PFC while recording from MGN and investigated effect of AT on 

frontostriatal circuitry. We found significantly larger inhibitory responses in 
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animals which underwent AT. Taken together, these studies provide the first 

evidence for a frontostriatal circuit that is altered after cochlear damage. 

Understanding how this circuit acts on the auditory thalamus normally and after 

AT is an important step towards how it may be involved in tinnitus. 
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CHAPTER 1 

1.1 Introduction 

Tinnitus is a phantom perception of sound. Its occurrence in the absence of a 

corresponding environmental sound stimulus, presents a challenge to our 

understanding of sensation and perception. Additionally, tinnitus affects many, 

with approximately 50 million Americans reporting having had some incidence 

of tinnitus (Shargorodsky et al. 2010). Tinnitus sufferers may also report a range 

of debilitating effects such as distress, anxiety, sleep disturbances, cognitive 

impairment and depression (Tyler and Baker 1983; Folmer and Griest 2000; 

Folmer et al. 1999). Often tinnitus sufferers find these effects so severe that they 

seek medical care, or they may even experience suicidal ideation. Hence there is 

a strong argument for the identification of the underlying neural mechanisms that 

generate tinnitus (Davis and El Rafaie, 2000).  

 

Tinnitus has been found to be highly associated with hearing loss. While tinnitus 

prevalence has been steadily increasing amongst the general population, specific 

groups such as war veterans, DJs and the elderly are all more likely to experience 

tinnitus than members of the general population suggesting that certain factors 

within these demographics are likely to predispose individuals to the 

development of tinnitus (Axelsson and Ringdahl 1989; Shargorodsky et al. 2010). 

The predominant factor within these high incidence groups appears to be hearing 

loss, a reduction in the ability to detect sound. It has been shown that as high as 

90% of those with tinnitus also have some degree of hearing loss (Husain and 

Schmidt 2014; Lockwood et al., 2002). Additionally, both tinnitus and hearing 

loss have been shown to be age related with their highest prevalence amongst the 

elderly population (Pearson et al. 1995; Ahmad and Seidman 2004; Shargorodsky 

et al. 2010). These figures strongly support the neural mechanisms which 

underlie hearing loss as a major precipitating factor in the development of 

tinnitus. 
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The case for the involvement of similar neural mechanisms is further 

strengthened by studies which have found evidence of hearing impairment in 

those with tinnitus but without hearing loss. The current and most common way 

of clinically measuring hearing loss is by obtaining a pure tone audiogram. For 

this type of audiogram, a patient is asked to respond to a range of frequencies 

where the lowest sound intensity for which patients respond to is designated as 

threshold. Many studies have found normal thresholds for individuals with 

tinnitus using this method (Shargorodsky et al. 2010; Mrena et al. 2009; Rubak 

et al. 2008). However, it has been recently revealed that other methods of hearing 

assessment are able to detect hearing impairments which are overlooked by 

audiometry which only measures pure tone sound thresholds. Weisz et al. (2006) 

administered two tests which probe functioning of the inner hair cells of the 

cochlea, the Threshold Equalizing Noise (TEN) test and a pitch scaling task 

(Moore 2004; Moore et al. 2011; Huss and Moore 2005) and found deficits in 

patients with tinnitus and normal audiograms. Additional studies also report 

hearing impairments in tinnitus sufferers, such as difficulty understanding 

speech in noise and oversensitivity to sound, despite some having normal 

audiograms (Plack et al. 2014). These findings, taken together with the fact that 

tinnitus is a known side effect of nearly every form of ear pathology, strongly 

suggest that hearing impairments contribute to tinnitus development but that a 

pure tone audiogram is not comprehensive enough to detect all forms of hearing 

impairment which may result in tinnitus development (Eggermont 1990; Weisz 

et al. 2006; Plack et al. 2014; Liberman et al. 2016). 

 

Noise-induced hearing loss (NIHL) is one of the most common forms of hearing 

impairment (Flamme et al. 2009; Phillips and Mace 2008; Konings et al. 2007; 

Knipper et al. 2013; Lu et al. 2005; Stanbury et al. 2008).  The characteristics of 

an individual’s loud noise exposure have been shown to relate to the features of 

their hearing loss and tinnitus (Shargorodsky et al. 2010). From human studies, 

psychometric testing of patients with tinnitus has shown that an individual’s 

tinnitus is correlated with the region of hearing loss (Noreña et al. 2002; Moore 

et al. 2010). Noreña et al. (2002) characterised the pitch components of the 
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participant’s perceived tinnitus and found that frequencies which were reported 

to contribute to tinnitus were also regions of hearing loss. Hearing assessments 

give insight into where along the auditory pathway noise exposure is causing 

damage. From a pure tone audiogram, researchers can assess the shape of the 

audiogram and determine the type of hearing loss and its possible causes. For 

tinnitus patients without hearing loss, the TEN test is similar to a pure tone 

audiogram but with the addition of background masking noise. The TEN test tests 

specifically for impairment in regions of cochlea that a pure tone audiogram is 

unable to detect. It is from these data that the cochlea, the peripheral sense organ 

of the auditory system, became of interest as a generator of tinnitus. 

1.2 The cochlea and acoustic trauma 

The cochlea contains hair cells which participate in the mechanotransduction of 

sound to electrical energy. As pure tone audiogram thresholds largely reflect the 

functioning of outer hair cells (OHC) of the cochlea, and the dysfunction of these 

cells has been determined to be a cause of NIHL (Chen and Fechter 2003). OHCs 

act to nonlinearly amplify the movements of the basilar membrane of the cochlea 

in response to low intensity sounds and play a crucial role in hearing sensitivity 

and frequency selectivity (Eggermont 1990; Ashmore 2008; Knipper et al. 2013). 

After mild noise exposure, hearing thresholds become temporarily elevated and 

then recover (Miller et al. 1963). This temporary elevation of hearing thresholds 

has been shown to correspond with reversible damage to the hair bundles of OHC 

(Miller et al. 1963; Schneider et al. 2002). Repeated or prolonged noise exposure 

can result in permanent NIHL and is likely due to OHC death (Spoendlin 1985). 

However, when OHC death can be prevented this does not prevent tinnitus 

development (Suckfuell et al. 2007). Additionally, as previously discussed, 

tinnitus can present in the absence of an abnormal pure tone audiogram. Taken 

together, these findings do not suggest a primary role for OHCs in the 

development of tinnitus.  
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Inner hair cells (IHC) are the primary cells of the cochlea and transduce temporal 

and intensity characteristics of sound into electrochemical activity (Buran et al. 

2010; Robles and Ruggero 2001). While IHCs are less vulnerable to loud noise 

exposure, they still show evidence of damage, such as damage to stereocilia 

(Robertson 1982; Robertson and Johnstone 1980) an altered number of 

transmitter release sites (Kujawa and Liberman, 2009). IHC are innervated by 

nerve fibers, which comprise the auditory nerve, and the dendrites of these fibers 

are also affected by loud noise exposure and undergo degeneration (Glowatzki 

and Fuchs 2002; Kujawa and Liberman 2009; Lin et al. 2011; Robertson 1983; 

Zuccotti et al. 2012). These fibers can be classified by their spontaneous firing rate 

(SFR) as high (>18 spikes/s), medium or low (<0.5 spikes/s) spontaneous rate 

fibers (Liberman and Kiang 1978; Heinz and Young 2004). Even moderate noise 

exposure can cause degeneration and deafferentation, especially for low SFR 

fibers (Knipper et al. 2013). However, the contribution of the damage to these 

nerve fibers to tinnitus is unclear. Studies report that after noise exposure and 

cochlear trauma the SFR of auditory nerve fibers can either increase, decrease or 

remain unchanged (Salvi and Ahroon 1983; Müller et al. 2003; Stypulkowski 

1990) and when there is total ablation of the auditory nerve fibers, tinnitus can 

still occur. These discrepancies make it difficult to interpret these results in the 

context of tinnitus. However, the TEN and pitch scaling test can be used to assess 

IHC function and it has been found that in those with tinnitus but without hearing 

loss, as measured by pure tone audiogram, there are deficits (Weisz et al. 2006). 

This suggest that loud noise exposure causes cochlear trauma, specifically 

impacting IHCs and causing auditory nerve degeneration, which initiates events 

leading to the development of tinnitus. 

1.3 Central auditory response  

In tinnitus patients, abnormal neural activity has been shown in various parts of 

the auditory pathway (Gu et al. 2010; Lanting et al. 2009). In the central auditory 

pathway, neural activity ascends from the auditory nerve to the major auditory 

nuclei, such as the cochlear nucleus (CN), inferior colliculus (IC), medial 
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geniculate nucleus (MGN) and auditory cortex (AC). Animal models have 

elucidated that after acoustic trauma there are abnormal neural changes in the 

spontaneous firing rates (SFR) of neurons, the pattern of neural firing (burst 

firing), neural synchrony and cortical reorganization (Vogler et al. 2011; Dong et 

al. 2009; Dong et al. 2010; Eggermont 2003; Eggermont and Komiya 2000; 

Finlayson and Kaltenbach 2009; Mulders and Robertson 2009; Noreña and 

Eggermont 2003).  

1.3.1 Spontaneous firing rates  

Unlike in the auditory nerve (Liberman and Dodds 1984), higher central auditory 

structures show elevated spontaneous activity (hyperactivity) after acoustic 

trauma (AT; exposure to loud noise). From animal experiments, hyperactivity has 

been shown to develop after AT in the dorsal cochlear nucleus (DCN) (Kaltenbach 

2006), ventral cochlear nucleus (Vogler et al. 2011), central nucleus of the inferior 

colliculus (IC) (Dong et al., 2009, 2010), medial geniculate nucleus (Kalappa et 

al. 2014) and primary and secondary auditory cortices (AC) (Noreña and 

Eggermont 2003; Basura et al. 2015). Hyperactivity can develop even in the 

absence of a loss of sound threshold (hearing loss) after acoustic trauma 

(Eggermont and Komiya 2000; Eggermont 2005; Kaltenbach 2000). As tinnitus 

can also appear without a hearing loss, it has been suggested that hyperactivity in 

the auditory pathway might underlie tinnitus. 

 

Hyperactivity is found throughout the auditory pathway, but it is not present in 

all auditory neurons (Kaltenbach et al. 1998; Mulders and Robertson 2009; 

Noreña and Eggermont 2003). The auditory pathway is tonotopically organized, 

with sounds of similar frequency being represented near one another (Robertson 

and Irvine 1989; Roberts et al. 2010). The sound characteristics of an AT and the 

corresponding hearing loss have been shown to correlate with the area where 

frequency restricted hyperactivity manifests (Mulders and Robertson 2011).  This 

was found to be the case for neurons in the DCN, IC and primary and secondary 

cortices (Noreña and Eggermont 2003; Kaltenbach 2006; Mulders and 

Robertson 2009). These findings are in line with human studies which report that 
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the perceived frequency of tinnitus matches the frequencies of an individual’s 

hearing loss (Noreña et al. 2002; Moore et al. 2010). These results further support 

loud noise exposure being able to cause specific cochlear damage that manifests 

as tonotopically restricted hyperactivity and suggest a role for hyperactivity in the 

perceived frequency of tinnitus.  

 

Hyperactivity is also found in the auditory pathway of animals with behavioral 

evidence of tinnitus. However, the incidence of behavioural evidence of tinnitus 

after AT is lower than of hyperactivity (Middleton et al. 2011; Kalappa et al. 2014; 

Mulders et al. 2014). This causes consideration of whether hyperactivity is purely 

a central response to AT or also an essential substrate for tinnitus development. 

Human studies also report tinnitus which can fluctuate in and out of conscious 

perception (Nondahl et al. 2002). This observation again does not support 

hyperactivity or hearing loss as leading generator of tinnitus as these are always 

present, unlike fluctuating and quickly developing types of tinnitus. On the other 

hand, the observation of frequency restricted hyperactivity and perceived tinnitus 

matching areas of hearing loss does support the notion that hyperactivity is 

involved in tinnitus development, though it may not be the sole cause.  

1.3.2 Burst firing 

Spontaneous firing rate can be categorized as stochastic or burst firing. Animal 

studies have shown that animals with behavioural evidence of tinnitus also have 

burst firing in DCN, IC, MGN and AC (Noreña and Eggermont 2003; Pilati et al. 

2012; Coomber et al. 2014; Kalappa et al. 2014). Studies have found that central 

neuron synapses respond unreliably to stochastic firing but are responsive to 

burst firing (Lisman 1997). This response may serve to filter irrelevant single 

spike activity and represent a mechanism for the propagation of relevant neural 

information. In many studies reporting hyperactivity, stochastic and burst firing 

are not distinguished. This makes it difficult to know, at present, the specific 

contributions that these neural activities make to tinnitus development. Kalappa 

et al. (2014) showed in MGN a correlation of both burst firing and overall 

spontaneous firing rate with the presence of tinnitus.  
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1.4 Non-auditory neuroanatomical changes in tinnitus  

There have been many documented changes in various areas of the brain in 

subjects with chronic tinnitus. Human studies have shown structural and 

functional changes in auditory areas such as the inferior colliculus, medial 

geniculate nucleus, and in the primary and secondary auditory cortices (Mülhlau 

et al. 2006; Adjamian et al. 2014; Aldhafeeri et al. 2012; Boyen et al. 2013; Husain 

et al. 2011; Landgrebe et al. 2009; Lanting et al. 2009; Mahoney et al. 2011; 

Schneider et al. 2009). Perhaps surprisingly, there have also been found to be 

changes in non-auditory brain structures in those with chronic tinnitus 

(Lockwood et al. 1998; Adjamian et al. 2014; Eichhammer et al. 2007; Lanting et 

al. 2009).  These changes in non-auditory brain structures have been suggested 

as new areas of research investigation.  

1.4.1 Grey matter changes  

Grey matter changes have been shown to occur in various non-auditory areas. 

Using voxel-based structural MRI (VBM), numerous studies have shown a 

reduction of grey matter in the ventromedial prefrontal cortex (vmPFC) of those 

with tinnitus compared to non-tinnitus subjects, regardless of whether hearing 

loss was present (Mülhlau et al. 2006; Aldhafeeri et al. 2012; Leaver et al. 2011; 

Mahoney et al. 2011). Mülhlau et al. (2006) identified a change in grey matter in 

this area in 28 participants with normal hearing, no history of loud noise exposure 

and bilateral tinnitus. Mülhlau et al. (2006) also found decreased grey matter in 

the nucleus accumbens (NAc) of tinnitus patients. However, they made no 

comparison to a hearing loss group without tinnitus and only compared to a 

control group with normal hearing. Three later studies overcame this limitation 

by using participants with matched hearing losses and replicated the finding of 

decreased vmPFC grey matter when tinnitus was present (Leaver et al. 2011; 

Leaver et al. 2012; Mahoney et al. 2011). However, other studies have not been 

able to replicate these findings (Landgrebe et al. 2009; Adjamian et al. 2012; 

Diesch et al. 2012; Melcher et al. 2013; Schneider et al. 2009).  
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The reason for the apparent discrepancy between these studies is not clear. One 

possible reason may be that grey matter changes are a reflection of hearing loss 

rather than tinnitus, as many of the studies conducted had participants with both 

tinnitus and hearing loss (Adjamian et al. 2014), although Mülhlau et al. (2006)’s 

study was performed in participants with tinnitus and without hearing loss and 

suggests that grey matter vmPFC changes are specific for tinnitus rather than 

hearing loss. However, as there is growing evidence for brain changes in response 

to a type of cochlear trauma undetected by traditional pure tone clinical 

audiogram, it is difficult to determine if these changes are related to tinnitus or a 

form of undetected cochlear trauma that is not being measured by clinical hearing 

assessment. In agreement with this, Melcher et al. (2013) conducted a study on 

tinnitus and control patients with normal hearing and found that vmPFC grey 

matter volume was negatively correlated with high frequency hearing loss, which 

is not routinely tested for in previous VBM tinnitus studies (Mülhlau et al. 2006; 

Landgrebe et al. 2009). Melcher et al. (2013) therefore suggest that vmPFC grey 

matter findings may be a reflection of high frequency hearing loss and not 

tinnitus. This issue potentially confounds any imaging study which relies on 

hearing assessment by conducting only the traditional clinical audiogram 

assessment of pure tone hearing thresholds. As undetected high frequency 

hearing loss has only recently come under investigation it is difficult to evaluate 

whether vmPFC grey matter decreases are associated with undetected hearing 

loss or tinnitus itself, however the results suggest altered vmPFC structure after 

hearing damage is, at the very least, consistent with hearing loss and tinnitus 

models. 

 

Other limbic brain areas have also been reported to have grey matter alterations 

in tinnitus patients, but the results are less clear. Different studies provide a 

different level of anatomical detail and in addition, results can vary significantly 

between studies. Boyen et al. (2013) report decreases in grey matter in frontal 

areas but do not identify if these are restricted to vmPFC. Indeed, grey matter 

changes have also been found in nearby frontal areas such as the dorsolateral 

prefrontal cortex (dlPFC). dlPFC is near to vmPFC and, similarly, decreases have 
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also been reported in those with tinnitus and hearing loss (Aldhafeeri et al. 2012; 

Leaver et al. 2012). However, unlike in vmPFC, increased grey matter has also 

been reported in dlPFC (Husain et al. 2011) and several studies have suggested 

that grey matter changes in dlPFC are instead associated with hearing loss and 

not tinnitus (Boyen et al. 2013; Melcher et al. 2013). The prefrontal cortex area 

and anterior cingulate cortex have also been reported to show decreased 

(Aldhafeeri et al. 2012) or increased (Husain et al. 2011) grey matter in those with 

tinnitus. Aldhafeeri et al. (2012) did not include a hearing loss group for 

comparison to the tinnitus group, however Husain et al. (2011) did include a 

hearing loss group and found a correlation between hearing loss and the grey 

matter increase of anterior cingulate cortex (ACC) suggesting increased grey 

matter in this region may correlate with hearing loss rather than tinnitus.  The 

posterior cingulate (PCC) cortex has been described to decrease in volume in 

those with tinnitus (Aldhafeeri et al. 2012) however, others have found the grey 

matter change of this area to be correlated with hearing loss (Melcher et al. 2013). 

Hippocampal (HC) grey matter decreases in tinnitus have also been reported but 

notably may also be related to hearing loss rather than tinnitus (Landgrebe et al. 

2009; Boyen et al. 2013). These results come from much fewer studies than the 

vmPFC data. Variations in the results of any of these VBM studies may also be 

due to differences in participants’ characteristics or in the technical details of 

VBM which all may contribute to the conflicting results. As most of these studies 

match tinnitus and control patients for age and gender, the volume changes in 

brain areas may be the cumulative effect of differences in hearing loss, tinnitus 

lateralization or severity and technical details and may could account for the 

discrepancy of results reported.  Moreover, VBM itself as a neuroimaging analysis 

technique has its own flaws (artefacts, misalignment and misclassification of 

structures) and lacks the ability to identify distinct sub regions of vmPFC which 

may also confound results (Rauschecker et al. 2015). Despite the variability of 

VBM results (Table 1.1), there is an emerging view implicating various structures 

associated with the limbic system in hearing loss and tinnitus. 
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1.4.2 Other changes 

In addition to grey matter changes, abnormalities in white matter, local brain 

activity and network activity have also been found in those with tinnitus. Two 

studies using diffusion tensor imaging, have reported enhanced white matter 

connectivity in those with tinnitus (Benson et al. 2014; Seydell-Greenwald et al. 

2014). Benson et al. (2014) investigated two groups that were age and hearing loss 

matched between participants with and without tinnitus. They reported increased 

white matter connectivity from prefrontal cortex to inferior fronto-occipital 

fasciculus in those with tinnitus. Seydell-Greenwald et al. (2014) also found 

increased white matter in prefrontal areas, specifically in vmPFC in tinnitus 

patients compared to non-tinnitus controls. However, although their groups were 

age-matched, their participants differed on auditory characteristics, such as 

hearing loss and sensitivity to noise.   A contradictory third study reported 

decreased white matter in these areas in those with tinnitus (Aldhafeeri et al. 

2012).  However, in this latter study, there was no mention of how differences in 

age, tinnitus distress, loudness or duration were controlled for, which could 

possibly explain the different results. To better understand the effect of tinnitus 

lateralization, distress, duration and loudness as factors in imaging studies, 

Vanneste et al. (2015) used a combination of VBM and quantitative EEG 

techniques to study brain differences in a large sample (154) of tinnitus patients. 

Table 1.1 Voxel-based morphometry 
grey matter results in human studies of 
tinnitus. Adapted from Adjamian et al. 
(2014) 

 

A) Mülhlau et al. (2006) 
B) Leaver et al. (2011) 
C) Mahoney et al. (2011) 
D) Aldhafeeri et al. (2012) 
E) Leaver et al. (2012) 
F) Boyen et al. (2013) 
G) Husain et al. (2011) 
H) Landgrebe et al (2009) 
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Their whole brain analysis found that changes in those with tinnitus only occurred 

in the cerebellum; however, this finding did not remain when hearing loss was 

included. Importantly, their study also showed that tinnitus lateralization, 

distress, loudness and duration all influence the outcome of results and minor 

differences in the populations used in different studies may explain the differing 

results. Their results suggest that these factors are important to consider when 

reporting results as they influence the outcome of results. 

 

In addition to structural changes, there are also activity changes seen in those 

with tinnitus. Schlee et al. (2009), using magnetoencephalography, have showed 

the increased involvement of non-auditory structures, specifically prefrontal and 

orbitofrontal cortex, with duration of tinnitus. In line with these reported changes 

in limbic system activation in tinnitus patients, resting state fMRI studies have 

also shown changes in functional brain connectivity, specifically an increase in 

interactions between auditory and limbic areas (Schlee et al. 2008; Maudoux et 

al. 2012). Also using fMRI, Leaver et al. (2011) showed sound evoked NAc 

hyperactivity in patients with tinnitus. This hyperactivity was shown to be specific 

for sounds similar to the person’s perceived tinnitus frequency and, interestingly, 

was independent of hearing loss and tinnitus distress. From all these human 

studies, there is clear evidence for abnormalities occurring in non-auditory areas 

in those with tinnitus, but it is less clear if their involvement is due to hearing loss 

or tinnitus. 

1.5 Frontostriatal gating of tinnitus  

While evidence strongly suggest that limbic structures are altered in patients with 

hearing loss and tinnitus, it is uncertain how these structures interact with the 

auditory pathway and how their alteration may bring about tinnitus. Rauschecker 

et al. (2010) proposed that a neural circuit involving frontostriatal areas of the 

brain converge on auditory thalamus to gate sensory information. In this model, 

vmPFC and NAc are of interest due to the outcome of human studies, previously 

discussed, and their anatomical position. Activation of these regions has been 
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implicated in unpleasantness of music (Blood et al. 1999), which is in line with 

reported unpleasantness associated with the perception of tinnitus. vmPFC and 

NAc are interconnected and contain dopaminergic pathways that have been 

found to play a role in reward and avoidance learning (McCullough et al. 1993), 

as well as serotonergic neurons involved in modulating emotion-related systems. 

vmPFC and NAc receive projections from the amygdala, which receives direct and 

indirect projections from the central auditory pathway (Sah et al. 2003; LeDoux 

2007; Mohedano-Moriano et al. 2007; Munoz-Lopez et al. 2010; Winer 2006). 

This anatomical relationship puts vmPFC and NAc (frontostriatal) in a key 

location to be vulnerable to the abnormal neural activity that develops in the 

central auditory pathway in response to loud sound exposure and the ensuing 

cochlear damage.  

 

This frontostriatal circuitry also projects back to the auditory pathway at the level 

of the medial geniculate nucleus (MGN), via the inhibitory thalamic reticular 

nucleus. It has been suggested that the frontostriatal circuitry works to gate 

sensory information before it reaches the auditory cortex via these connections.  

In tinnitus, any impairment within this frontostriatal circuitry could cause this 

sensory gating mechanism to fail to compensate for the abnormal neural activity 

which develops after cochlear trauma (Figure 1.1), resulting in the abnormal 

neural activity being brought to conscious perception and becoming tinnitus. 

However, as yet it is not known which structures of this circuitry are vulnerable 

to cochlear trauma and therefore, may be involved in tinnitus.  
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Figure 1.1 Proposed frontostriatal gating mechanism in tinnitus.  From Rauschecker et 
al. (2010) 

1.6 Neural circuitry 

The MGN is anatomically positioned to be modulated by PFC and/or NAc input 

via proposed frontostriatal gating.  The thalamus is a driver of rhythmic 

thalamocortical oscillations which that have been proposed to integrate sensory 

information into perception. In line with a role for the MGN in tinnitus 

generation, is evidence that there are altered thalamocortical oscillations 

(dysthymia) in those with tinnitus (De Ridder et al. 2015). Thalamocortical 
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dysthymia is generated by the T—type calcium channels of thalamic neurons and 

is characterised by a slowing of alpha to theta with gamma activity appearing in 

areas surrounding theta areas (Cain and Snutch 2013; De Ridder et al. 2015). 

Additionally, thalamic lesioning has also been shown to reduce tinnitus and alter 

thalamocortical dysthymia in patients with tinnitus (Jeanmonod 2003; Adjamian 

et al. 2012; De Ridder et al. 2011). These results suggest a role for the MGN in 

tinnitus. 

1.6.1 Medial geniculate nucleus  

The MGN receives sensory input from brainstem auditory nuclei, CN and IC and 

projects to the AC. However, the interactions between these brain areas are much 

more complicated than a simple relay of sensory information along the auditory 

pathway Brozoski et al. (2007) demonstrated, using manganese-enhanced 

magnetic resonance imaging, that despite an overall elevation of activity in the 

auditory brainstem structures, MGN activity was reduced demonstrating that 

when there is an elevation of auditory brainstem activity this is not just faithfully 

transmitted to the cortex by the MGN. Interestingly, this result supports a role of 

the frontostriatal circuitry of which the MGN is a crucial component in preventing 

the translation of abnormally elevated neural activity. 

 

There are three major subdivisions of the MGN (Table 1.2). The ventral division 

(vMGN) is tonotopically organized by frequency and receives most of it 

projections from the central nucleus of the IC and projects to primary AC (Kudo 

and Niimi 1980; Arnault and Roger 1990; Calford and Aitkin 1983; LeDoux et al. 

1985; Winer et al. 1999). There are 2 cells types in the vMGN, however the bushy 

tufted cell type is much more prevalent than the small stellate. The dorsal division 

of the MGN (dMGN) displays little to no tonotopy, receives input from the dorsal 

division of the IC and also projects to AC (Kudo and Niimi 1980; LeDoux et al. 

1987; LeDoux et al. 1985; Shi and Cassell 1997; Winer et al. 1999; Winer and 

Morest 1983). Interestingly, dMGN has 3 cell types and receives lateral 

tegmentum inputs (LeDoux et al. 1987). The medial MGN (mMGN) is multimodal 

with inputs from not only the external cortex of IC, but from many non-auditory 
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nuclei such as spinal cord, vestibular nuclei, superior colliculus and 

hypothalamus (Kudo et al. 1983; LeDoux et al. 1985). The mMGN has 5 cell types, 

is roughly tonotopically organized and projects not only to AC but also to the 

amygdala and striatum (Ryugo and Killackey 1974; LeDoux et al. 1985; Veening 

1978). These limbic structures (amygdala, caudate and putamen) are part of a 

series of parallel neural circuits which include NAc and PFC (O’Donnell et al. 

1997). The output of these circuits occurs via the thalamic reticular nucleus 

(TRN), which surrounds the thalamus and has inhibitory projections to each 

subdivision of the MGN (Jones 1975; Montero 1983). While these anatomical 

connections have been shown to exist, so far no one has demonstrated the 

functional effects of activation of the different structures (PFC, NAc, amygdala) 

on MGN neural activity.  

  



32 
 

Table 1.2 Properties of MGN subdivisions. Adapted from Bartlett (2013). 
 

MGV MGD MGM 

Main cell type Bushy tufted Small stellate Small 

stellate/magnocellular 

Cell types Bushy tufted, 

small stellate 

Tufted, radiate, 

small stellate 

Magnocellular, wide 

field, tufted spindle, 

horizontal, small stellate 

Tonotopic 

organization? 

Yes No Yes, weaker than MGV 

Calcium-

binding 

proteins 

Parvalbumin +++, 

Calbindin +,++, 

Cytochrome 

oxidase +++ 

Calbindin +++, 

Parvalbumin 

+ Cytochrome 

oxidase+ 

Calbindin ++,+++, 

Parvalbumin +,++, 

Cytochrome oxidase ++ 

Main IC input IC-central nucleus IC-dorsal cortex IC-external cortex 

Major non-IC 

inputs 

(besides 

cortex) 

Neuromodulators 

(acetylcholine, 

serotonin, etc.) 

Lateral 

tegmentum, 

sagulum 

neuromodulators 

Spinal cord, vestibular 

nuclei, hypothalamus, 

superior colliculus, 

neuromodulators 

Cortical 

target 

A1, non-A1 core, 

layers 3/4 

A1, belt and 

parabelt, weak 

core, layers 3/4 

and some layers 1 

and 6 

A1, core, belt, and 

parabelt, all layers, 

Subcortical 

targets 

None Amygdala Amygdala, striatum, IC 

Cortical 

feedback 

Layer 6, core Layer 6, belt, 

layer 5, core and 

belt 

Layer 6, core, belt 

Tone 

frequency 

tuning 

Narrow, usually 

single-peaked 

Broad, inhibited, 

variable, multi-

peaked 

Heterogeneous, narrow 

and broad 

Tone latency Short Longer Heterogeneous, short 

and long 

AM response Synchronized to 

rapid modulation 

frequencies 

Often non-

synchronized or 

synchronized to 

low modulation 

frequencies 

Heterogeneous, some 

synchronized to very 

rapid modulation 

frequencies 

Receptive 

field  

Sharply tuned near 

BF, short duration 

Shift in BF to CS 

tone, lasts ⩾24 h 

Shift in BF to CS tone, 

lasts ⩾24 h 

Modulation by 

non-auditory 

input 

No Yes, visual Yes, visual and 

somatosensory 

Modulation by 

reward 

No Yes Yes 

IC EPSP 

properties 

Large, stronger 

depression, and 

small, weak 

depression or 

facilitation 

Small, weak 

depression or 

facilitation 

Small, weak depression 

or facilitation 

IC inhibition GABAA and 

GABAB 

GABAA and 

GABAB 

GABAA only 
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1.6.2 Prefrontal cortex 

vmPFC and dlPFC were found to be altered in human tinnitus studies. However, 

these divisions are not as well differentiated in rodents as the prefrontal cortex 

consists of only three subdivisions, the ACC, prelimbic cortex (PL) and infralimbic 

cortex (IL). There is however evidence of comparable functions between the 

prefrontal cortices of humans and rats. Rat ACC has been shown to be involved in 

temporal ordering of behaviours (Gisquet-Verrieret et al. 2000) and in working 

memory (Kesner 2000) functions that are attributed to human dlPFC (Kesner 

2000). Rat PL cortex has been shown to have a role in fear extinction, conditioned 

emotional responses, behavioural flexibility and attentional selection (Broersen 

and Uylings 1999; Frysztak and Neafsey 1994; Granon and Poucet 2000; Miner 

et al. 1997; Muir et al. 1996; Quirk et al. 2000) which are attributed to both vmPFC 

and dlPFC (Brown and Bowman 2002; Kesner 2000; Uylings et al. 2003).  The 

IL cortex of the rat has also been shown to be involved in fear-related response 

behaviours suggesting it has a function similar to human ventromedial PFC 

(Kesner 2000; Morgan et al. 2003; Quirk et al. 2000). These are comparable 

functions of PFC between humans and rodents and therefore, despite the less 

differentiated PFC of the rat, suggest homology between the structures. The rat 

may therefore be a useful model to investigate cellular mechanisms and 

architecture of the frontostriatal circuitry that may underlie tinnitus. 

 

All of the rat vmPFC subdivisions (ACC, PL and IL) have been implicated in 

emotional processing (Vertes 2004). ACC has been shown to be involved in 

additional various motor behaviours and contains the classical cortical cell types 

in a layered arrangement with a distinctive anterior and posterior region. The 

anterior ACC has been shown to be involved in pain and attentional processes, 

while the posterior region is involved in voluntary eye movements (Öngür and 

Price 2000). Additionally, the cytoarchitecture between these two regions differs 

which echoes these functional differences. The anterior ACC contains typical and 

inverted pyramidal, multipolar, bitufted and bipolar cells. The posterior ACC also 

contains these cells but uniquely has fusiform pyramid cells (Vogt and Peters 
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1981). Both the PL and IL subdivisions also show classical cortical cell types in a 

layered arrangement. Classification of these regions is mostly based on their 

inputs. Each subdivision receives input from the mediodorsal thalamus, a 

defining trait of a PFC area. Interestingly, the amygdala, has direct projections to 

PL and IL.  

1.6.3 Nucleus accumbens and thalamic reticular nucleus  

The NAc is a key integrator between the limbic and motor system (Pennartz et al. 

1994). It is most often divided into core and shell subdivisions, which have a 

uniform histological appearance. These regions are therefore differentiated by the 

distribution of neurotransmitters, response to pharmacological manipulation, 

membrane properties of cells and afferent and efferent projections (Van 

Bockstaele et al. 1993). The core and shell of the NAc can only be distinguished 

from each other caudally and some will refer to the undistinguishable rostral area 

as a third subdivision, the rostral pole. This rostral pole lacks a distinct boundary 

to separate it from caudate, putamen and olfactory tubule, but it contains cell 

types similar to the shell. Brog et al. (1993) demonstrated that projections to the 

shell and core regions of NAc differed. The core receives projections from dorsal 

PL of vmPFC, anterior ACC and other cortices.  The shell receives projections 

from the IL of vmPFC and other frontal cortices. The rostral pole, however, 

projects both to the core and shell. Interestingly, the hippocampus and amygdala 

innervate the NAc in a topographical manner. One of the major outputs of the 

NAc is the ventral pallidum which projects to the TRN. The TRN is a thin cellular 

sheet around the thalamus and consists of GABAergic neurons. TRN is a 

multimodal structure with neuron clusters responsive for every sensation 

(Guillery et al. 1998). The rat ventrocaudal region of the TRN is responsive to 

auditory stimuli and projects to vMGN (Shosaku and Sumitomo 1983; Kimura et 

al. 2012). This places the TRN in an optimal position to gate auditory information 

en route to the auditory cortex. Indeed, others have shown disrupted TRN gating 

of auditory information when challenged neurochemically with d-amphetamine 

(Krause et al. 2003) and a role for TRN in thalamocortical dysthymia (Llinás et 

al. 1999; Llinás et al. 2005). These results findings support a role for PFC, NAc 
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and TRN as the neural circuitry by which a frontostriatal-auditory gating 

mechanism may act (Figure 1.3). However, no studies have looked at the 

functional effects of activation of PFC and NAc on MGN.  

1.7 Aims 

This thesis sets out to investigate the functional influence of frontostriatal 

circuitry on MGN spontaneous activity as this may support the frontostriatal 

gating of tinnitus.   The specific aims to be addressed by this research are: 

 

1. To investigate the effects of activation of NAc by electrical stimulation on MGN 

spontaneous neuronal activity measured by single unit recordings in 

anaesthetized Wistar rats (Chapter 2).  

 

2. To investigate the effects of activation of PFC by electrical stimulation on MGN 

spontaneous neuronal activity measured by single unit recordings in 

anaesthetized Wistar rats (Chapter 3).  

 

 

3. To investigate spontaneous tonic and burst firing in MGN of anaesthetized 

Wistar rats with and without behavioural evidence of tinnitus following an 

acoustic trauma (Chapter 4). 

 

4.To investigate in anaesthetized Wistar rats whether the effects of activation of 

PFC, by electrical stimulation, on spontaneous firing rates in MGN are altered 

following acoustic trauma (Chapter 5).  
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4.1  Introduction 

Tinnitus is an abnormal phantom auditory perception and is a common side effect 

of cochlear trauma and hearing loss (Eggermont et al., 2004; Eggermont et al., 

2015). Tinnitus is thought to be caused by central changes and imaging studies 

have found abnormal neural activity in the auditory pathway of human tinnitus 

sufferers (Gu et al., 2010; Lanting et al., 2009; Meyer et al., 2016). In line with 

these results, procedures in animals that cause cochlear trauma have been shown 

to lead to a variety of changes in neuronal activity in a number of structures along 

the auditory pathway (Eggermont et al., 2000; Finlayson et al., 2009; Mulders et 

al., 2009; Norena et al., 2003a; Robertson et al., 1989; Vogler et al., 2011).  

 

In particular, changes in spontaneous neuronal firing described after cochlear 

trauma have been proposed to be involved in the generation of tinnitus (Norena 

et al., 2013)  These changes can be separated into elevated spontaneous neural 

firing rates (hyperactivity) and increases in spontaneous burst firing, both of 

which have been reported after cochlear trauma in the cochlear nucleus, inferior 

colliculus, medial geniculate nucleus (MGN) and auditory cortex (Basura et al., 

2015; Bauer et al., 2008; Dong et al., 2010b; Kalappa et al., 2014; Kaltenbach et 

al., 2000; Mulders et al., 2009; Norena et al., 2003a; Vogler et al., 2011).  

 

Thalamic neurons are known to switch between tonic and bursting patterns under 

the control of inhibitory and excitatory inputs (Deschenes et al., 1982). Burst 

firing patterns of thalamic neurons underlie thalamo-cortical oscillations and it 

has been proposed that abnormal oscillations (thalamocortical dysrhythmia) are 

involved in several neurological disorders including tinnitus (Llinas et al., 2006; 

Llinas et al., 1999). Thalamocortical dysrhythmia may arise through a disruption 

of sensory gating at the level of the thalamus (De Ridder et al., 2015; Llinas et al., 

2006; Llinas et al., 1999) and may allow altered activity to reach the cortex and 

lead to perception. Dysfunctional sensory gating may arise from changes in non-

auditory areas such as the insula, parahippocampus, amygdala or prefrontal 

cortex, and altered connectivity of these areas with the auditory pathway, as 
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suggested by human imaging studies (Chen et al., 2017; Gunbey et al., 2017; San 

Juan et al., 2017; Tae et al., 2018; Zhang et al., 2015). In addition, animal studies 

have shown increased GABA-ergic inhibition in the auditory thalamus, which 

could be involved in thalamocortical dysrhythmia (Sametsky et al., 2015). 

 

In line with this notion, it has recently been shown in a rat model that 

hyperactivity and elevated bursting parameters in MGN are associated with 

behavioural evidence of tinnitus after cochlear trauma (Kalappa et al., 2014), 

supported the notion of disrupted sensory gating at the level of the thalamus (De 

Ridder et al., 2014; Rauschecker et al., 2010; Rauschecker et al., 2015). However, 

this study did not incorporate control animals that were exposed to cochlear 

trauma but did not show behavioural evidence of tinnitus and hence it is unclear 

whether the changes seen were associated with tinnitus or with acoustic trauma. 

Therefore, in the present study we investigated the effects of acoustic trauma on 

the firing rates and burst firing parameters of single neurons in the MGN of 

Wistar rats with and without behavioural evidence of tinnitus. In addition, we also 

measured these parameters in Wistar rats after acoustic trauma or sham at two 

weeks after an acoustic trauma, to investigate the early development of thalamic 

changes and to obtain baseline levels in animals without acoustic trauma.   

4.2 Materials and Methods 

4.2.1 Animals 

Twenty-eight male Wistar rats, (269-627 g), were used. Experimental protocols 

complied with the Code of Practice of the National Health and Medical Research 

Council of Australia and were approved by the Animal Ethics Committee of the 

University of Western Australia. Twelve of these 28 animals were used to assess 

effects of sham or AT on ABR thresholds immediately after surgery and after 

recovery of 2 weeks. Sixteen of these 28 animals were used to investigate the effect 

of acoustic trauma (AT) and tinnitus on firing rates and patterns in MGN. Nine of 

the latter 16 animals also underwent testing for the presence of tinnitus using gap 
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prepulse inhibition of acoustic startle (GPIAS) and prepulse inhibition (PPI) (see 

section 2.6).   

4.2.2  Surgery for Acoustic Trauma and Sham controls 

All animals underwent an initial procedure for sham or acoustic trauma. They 

were anaesthetised with 5% isoflurane and maintained with 1.5–2.5% isoflurane 

for the duration of the procedure. When deep anaesthesia was obtained, as 

determined by the absence of the foot withdrawal reflex, animals were placed on 

a heating blanket in a soundproof room and mounted in hollow ear bars allowing 

visualization of the tympanic membrane. Subcutaneous electrodes were placed in 

the fore and hind paw to monitor animals’ ECG. The ear bar contralateral to the 

acoustic stimulus (right ear) was blocked with plasticine and animals were 

randomly allocated to a sham group or an AT group (continuous loud tone for 2 

h, 10 kHz, 124 dB SPL to the left ear via a closed sound system-see section 4.14 

for details). Shams were left under anaesthesia for the same time as the AT group 

but without the acoustic trauma stimulus. Following the procedure animals were 

left to recover and then returned to their home cage. 

4.2.3 Anaesthesia for Non-Recovery Experiments 

The procedures for anaesthesia induction and maintenance for final non-recovery 

electrophysiology experiments (see 4.2.4 and 4.2.5) were as described in detail in 

previous studies from our laboratory (Barry et al., 2017; Barry et al., 2015). 

Briefly, anaesthesia was induced by intraperitoneal injection of urethane (1.3 

g/kg). Ten minutes later, animals received a subcutaneous injection of 0.05 ml 

atropine sulfate (0.05 mg/ml) and an intramuscular injection of 0.1 ml Hypnorm 

(0.315 mg/ml fentanyl citrate and 10 mg/ml fluanisone). Some animals required 

an additional dose of 0.1 ml Hypnorm to maintain deep anaesthesia. When full 

depth of anaesthesia was reached as assessed by the absence of foot withdrawal 

in response to foot pinch, animals were placed on a heating blanket in a 

soundproof room. Rectal temperature was checked every hour and maintained at 

37.5oC. Animals received a tracheostomy and a plastic tracheal cannula was 

inserted for artificial ventilation later during the experiment. Animals’ ECG was 
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measured as described above (see 4.2.2). They were then mounted in a stereotaxic 

frame using hollow ear bars. Twelve of the 28 animals then underwent ABR 

recordings (see 2.4). In the other 16, the head was levelled, and a partial 

craniotomy was performed using a small dental drill at identified coordinates 

(Paxinos et al., 1982). This allowed access to medial geniculate nucleus (MGN) to 

obtain single neuron recordings from MGN (see 4.2.5). Animals also received an 

intramuscular injection of 0.1 ml pancuronium bromide (2 mg/ml) 15 min before 

data collection and were then artificially ventilated on carbogen (95% O2 and 5% 

CO2). Animals required a further intramuscular injection of 0.1 ml pancuronium 

bromide every 2 hours to maintain full paralysis. This was indicated during the 

experiment by the observation that the animals’ breathing was no longer 

dependent on the ventilator, suggesting paralysis was wearing off. In order to 

assess the animals’ level of analgesia during paralysis, ECG in response to foot 

pinch was assessed every hour. No effects on ECG were observed throughout the 

experiments.  

4.2.4 Recordings of Auditory Brainstem Response  

Twelve animals underwent ABR recordings to investigate the immediate effect of 

AT on thresholds and the effects 2 weeks after AT or a sham procedure. AT or 

sham was performed for all these animals under the non-recovery anaesthesia 

protocol to maintain the same conditions as used for the other animals used for 

electrophysiological recordings (see 4.2.2). Four of these animals underwent ABR 

assessment immediately after AT. For these animals the anaesthesia was changed 

to the non-recovery anaesthesia protocol to perform the ABR recordings. This was 

necessary as the isoflurane anaesthesia could not be maintained for enough time 

to do ABR recordings in addition to the time necessary to perform an acoustic 

trauma. The other 8 animals underwent ABR assessment two weeks after the 

sham (n=4) or AT (n=4) procedure also under the non-recovery anaesthesia 

protocol.  

 

For ABR recordings, as described by Yates and Martin-Iverson, 2014, subdermal 

wire electrodes for recording where placed at the vertex and under the procedure 
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ear and a ground was placed in the neck muscles. Electrodes were connected to a 

DAM50 differential amplifier (World Precision Instruments) with ×1,000 gain 

and with 300- to 3,000-Hz band-pass filtering. The responses were acquired by a 

PowerLab/4ST device (AD Instruments), which was then linked to a computer 

running Scope software (AD Instruments). The response was digitized (sampling 

rate of 40 kHz, 2 ms of sampling before tone onset and 10 ms after) and averaged 

over 500 stimulus presentations. All sound stimuli were presented in a calibrated 

sound system through a ½” condenser microphone driven in reverse as a speaker 

(Brüel & Kjær, type 4134). Noise and pure tone stimuli (5 or 50-ms duration, for 

ABR recordings and single neuron recordings respecitively, 1 ms rise/fall times) 

were synthesized by a computer using custom software (Neurosound MI Lloyd) 

and a DIGI 96 soundcard connected to an analog/digital interface (ADI-9 DS, 

RME Intelligent Audio Solution). Sample rate was 96 kHz. The sound system was 

calibrated using an ⅛” microphone (Brüel & Kjær, type 2670) in place of the 

animal’s eardrum and a calibrated sound source (Brüel & Kjær, type 4231) to 

measure the output of the sound system (dB SPL re 20 µPa). ABRs were evoked 

using tone bursts of 5 ms duration with a 1-ms rise-fall time presented at 10/s. 

Thresholds were assessed at 8, 10, 14 and 20 kHz. Stimuli were first presented in 

10 dB steps until the peaks were no longer visible. The sound stimulus was then 

increased by 5 dB to obtain an estimated threshold within 5 dB. The threshold 

was taken to be the decibel level of the just distinguishable ABR waveforms 

(particularly wave II and the wave III/wave IV complex (Alvarado et al., 2012)). 

After the ABR measurements, these 12 animals were euthanized with an 

intraperitoneal injection of 0.3 ml of Lethabarb.  

4.2.5 Single Neuron Recordings in Medial Geniculate Nucleus 

Sixteen animals underwent single neuron recordings while under the non-

recovery anaesthesia protocol (see 4.2.2). Sound stimuli (50-ms duration) were 

delivered to the procedure ear while electrophysiological recordings were made 

in the contralateral MGN. The non-procedure ear was blocked with plasticine.  
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Noise stimuli were used routinely as a search stimulus for single neurons in MGN 

and were interspersed with swept pure tones at frequent intervals. Single neuron 

recordings were obtained using tungsten in glass microelectrodes (Merrill et al., 

1972) or glass insulated platinum iridium electrodes (Frederick Haer & Co, USA). 

Data were recorded from all neurons that showed spikes which were clearly 

distinguishable and well isolated from background electrical activity. When a 

single neuron was isolated, its characteristic frequency (CF) and acoustic 

threshold at CF were determined audio-visually as described previously when 

recording from guinea pig inferior colliculus neurons and rat MGN neurons in our 

laboratory (Barry et al., 2017; Barry et al., 2015; Mulders et al., 2011a). Then 60 s 

traces of spontaneous firing rates of MGN neurons were obtained while input to 

the speaker was turned off to eliminate the possibility of a low-level background 

noise emanating from the sound system. These traces allowed for off-line analysis 

of burst parameters and calculation of spontaneous firing rates. At the end of the 

experiments, animals were euthanized with an intraperitoneal injection of 0.3 ml 

of Lethabarb. 

4.2.6 Behavioural Assessment of Tinnitus 

Nine of the 16 animals that underwent electrophysiological recordings in the 

MGN also underwent behavioural testing for tinnitus evaluation using gap 

prepulse inhibition of acoustic startle (GPIAS) and prepulse inhibition (PPI) as 

described in more detail in previous publications (Leggett et al., 2018; Mulders et 

al., 2014; Mulders et al., 2016). Rats were restrained in a polycarbonate animal 

holder and placed on a custom-made force transducer in a dark sound proof room 

in groups of 4 or less experimental animals. Animals were never tested on 

consecutive days or more than 3 days a week to minimize the risk of habituation 

bias. 

 

GPIAS consisted of 50 trials of randomized length (20-30s). The constant 

wideband background noise of each trial was centred on either 8 kHz (10 dB 

bandwidth 2.2 kHz) or 14 kHz (10 dB bandwidth 1.6 kHz). A single sound intensity 

was used for each test (70 or 73 dB SPL). Embedded in the background noise of 
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each trial was a startle stimulus (1 kHz centre frequency, 10 dB bandwidth 0.5 

kHz; 105 dB SPL; 50 ms duration) (speaker: Radio Shack 401278B). Half of the 

trials contained a 50 ms gap of silence inserted in the background noise 100 ms 

before the startle stimulus (“gap” trials). The other 25 trials contained no gap of 

silence (“no gap” trials). The order of gap and no gap trials was randomized. The 

background noise was generated by a separate speaker to the startle stimulus 

(Beyer DT 48). 

 

PPI also consisted of 50 trials of randomized length (20-30s) similar to GPIAS. 

The startle stimulus was identical and generated in the same way as in GPIAS 

testing. Unlike in GPIAS, there was a short prepulse (50ms duration; starting 100 

ms before startle stimulus presentation) presented as a narrowband noise centred 

at either 8 kHz or 14 kHz, with the same sound characteristics as the background 

noise in GPIAS testing, during half the trials (“prepulse” trials). The remaining 25 

trials contained no prepulse and only the startle stimulus (“no prepulse” trials). 

The order of prepulse and no prepulse trials was randomized. The startle 

responses generated by the animals during the GPIAS and PPI testing were 

recorded by the force transducer and processed by custom written software in 

LabView (courtesy N. Yates).  

 

As described previously in other studies from our laboratory (Leggett et al., 2018; 

Mulders et al., 2014; Mulders et al., 2016) the acoustic startle response was 

calculated as the ratio of the root mean square (RMS) force produced during the 

startle response to the RMS baseline force for each trial. The startle response 

ratios were compared between the two trial conditions (gap vs. no-gap for GPIAS 

tests and prepulse vs. no-prepulse for PPI tests) in each test from each animal 

using a t-test. A statistically significant difference (p<0.05) between trial 

conditions indicated a “pass”. Rats were deemed to have failed the test when there 

was no significant difference between the gap and no gap condition (GPIAS test) 

or between the prepulse and no prepulse conditions (PPI test) (p>0.05). The first 

4 of 50 trials were not included to avoid habituation bias (Dehmel et al., 2012; 

Leggett et al., 2018; Mulders et al., 2014; Mulders et al., 2016). For each test the 
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average “suppression” of the startle reflex caused by the pre-startle gap (or 

prepulse) was calculated and converted to a percentage. 

 

Animals were tested weekly after AT to establish the time-point of tinnitus 

development. Animals were deemed to have tinnitus when they failed the GPIAS 

test (see above) on two separate trials but still showed pass in the PPI test. Those 

animals that continued to show significant inhibition of their startle response, in 

both the PPI and GPIAS tests, were designated to the Non-Tinnitus group. 

4.2.7 Data analysis and statistics  

To determine the cochlear trauma after the acoustic trauma paradigm, a one-way 

ANOVA with Tukey’s post hoc analysis was used to compare the average ABR 

threshold at 3 different frequencies (8, 10 and 14 kHz) measured between the 

three groups (acute AT, chronic AT and sham exposure). In addition, an unpaired 

t-test was used to compare the average ABR threshold at 20 kHz between the 

sham and acute group only as data at this frequency were not collected in chronic 

AT animals. Mann-Whitney U tests were used to compare the GPIAS suppression 

between animals which showed behavioural evidence of tinnitus versus those 

which did not at different frequencies of background noise (see Fig. 2).  

 

Firing patterns were analysed using Lab Chart and Neuroexplorer. In Lab Chart, 

Spike Histogram was used to isolate individual neurons and assess if burst firing 

was present (coefficient of variation of the interspike interval > 1) or not 

(coefficient of variation of the interspike interval < 1) (Cocatre-Zilgien et al., 

1992). The data were then exported to Neuroexplorer and using the burst analysis 

function, data on the percentage of total spikes occurring in a burst, bursts per 

minute, burst duration and mean number of spikes in a burst were generated. 

Burst firing criteria were selected based on the literature (Kalappa et al., 2014; 

Kepecs et al., 2004; Kimura et al., 2015) and were set as follows: maximum 

interval to start burst (8 ms), maximum interval to end burst (8 ms), minimum 

interval between bursts (15 ms). Minimum duration of burst (6 ms), minimum 

number of spikes per burst (3).  
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A one-way ANOVA was used to compare the following neuronal properties in 

sham, AT, Tinnitus and Non-Tinnitus groups; average spontaneous firing rate, 

CF, threshold at CF, % of total spikes occurring in a burst, bursts per minute, burst 

duration and mean number of spikes in a burst. A Chi-squared Test was used to 

compare the percentage of neurons with bursting behaviour.   

4.3 Results 

4.3.1. Effect of AT on ABR hearing thresholds  

Peripheral thresholds as assessed by the auditory brainstem response (ABR) were 

measured in all animals just before electrophysiological recordings in the MGN 

and these are shown in Figure 4.1A. Comparison of the AT and sham groups 

indicates no permanent threshold loss due to the AT.  

 

To verify that AT was effective in causing a temporary threshold loss, 12 additional 

animals were used. Four of these 12 animals had their ABR hearing thresholds 

assessed immediately after the 2 h AT (acute) while in another 4 this was done 2 

weeks after AT (2-week AT). The remaining 4 animals had their ABR hearing 

thresholds assessed 2 weeks after a sham procedure (sham). The acute group 

showed a clear elevation of hearing threshold immediately after AT at 14kHz 

(compared to both the sham and the 2-week AT group; two-way ANOVA, Tukey’s 

multiple comparisons test, acute vs sham p<0.0001, acute vs 2-week AT p<0.001) 

and also at 20 kHz (compared to sham; paired t-test, p=0.0123) (Figure 4.1B). 

The 2-week AT group did not show evidence of a persistent hearing loss as hearing 

thresholds were not significantly different (p < 0.05) from sham animals. Hence, 

although the AT caused a temporary threshold shift, thresholds were fully 

recovered after two weeks. However, it should be noted that in the 2-week AT 

group hearing thresholds at 20 kHz were not obtained as the protocol was 
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adjusted to include 20 kHz after experiments on this group were already 

completed.  

 

 

Figure 4.1 Auditory brainstem response (ABR) thresholds (dB SPL) at different 
frequencies. A: in the 16 animals at the time of electrophysiological recordings in the thalamus 
(after sham treatment (sham) or acoustic trauma (AT) at either 2 post AT (2-week AT) or with 
tinnitus (Tinn) or without behavioural evidence of tinnitus (Non-Tinn)). B: in 3 groups of Wistar 
rats immediately after AT (acute; n=4; open circles), 2 weeks after acoustic trauma (2-week AT 
n=4, black squares) and 2 weeks after sham treatment (sham, n=4, white triangles). Non-Tinn 
and Tinn are time matched 5-8 weeks (mean= 8 ±1.93 weeks) post AT. Mean ± SEM. * denotes p 
<0.05, one-way ANOVA Bonferroni multiple comparisons test. 

4.3.2. Effect of AT on development of behavioural evidence of tinnitus 

Nine animals underwent GPIAS as well as PPI testing for behavioural evidence of 

tinnitus before and after recovery from AT. Animals were assigned to the Tinnitus 

group (n=5) if they showed no significant difference (p>0.05) in the startle 

response between their gap and no gap trials on two separate sessions trials after 

AT (see 4.2.6), whilst still showing good suppression of PPI. PPI suppression in 

these tinnitus animals was 73.0% ± 13.03 in 8kHz centred background noise and 

73.4% ± 7.97 in 14 kHz centred background noise.  

 

Those animals that continued to show significant inhibition of their startle 

response, in both the PPI and GPIAS tests, were designated to the Non-Tinnitus 

group (n=4). PPI suppression in these non-tinnitus animals was 68.3% ± 5.51 in 

8kHz centred background noise and 65.0% ± 11.49 in 14 kHz centred background 

noise. Before AT, both the Non-Tinnitus and Tinnitus group showed similar large 

amounts of startle inhibition at both frequencies of the background noise (Figure 
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4.2A, B). After the AT all animals in the tinnitus group still showed significant 

suppression of the startle response at 8kHz, but no longer showed significant gap 

suppression of startle at 14kHz. This behavioural evidence of tinnitus developed 

between 5-10 weeks (mean = 8 ±1.93 weeks) post AT. Average end date of the 

final experiment for the Non-Tinnitus group was 11±1.31 weeks (range = 9-12 

weeks). The group data are shown in Figure 4.2C and D, showing significantly less 

GPIAS only at 14 kHz in the Tinnitus group compared to the Non-Tinnitus group 

(Mann-Whitney U Test). 

 

Figure 4.2 Gap prepulse inhibition of acoustic startle in Wistar rats before (A, C) and 
after B, D) acoustic trauma at both 8 and 14 kHz. The after AT data is taken from the week 
the animals developed tinnitus for the tinnitus group and at matched time-points for the non-
tinnitus group. Tinnitus group (Tinn) n=5 and Non- Tinnitus (Non-Tinn) n=4. * = p<0.05. Mean 
± SEM. Mann-Whitney U Test. 

4.3.3 Effect of AT on MGN spontaneous firing rates  

Data were obtained on MGN spontaneous firing rates in 16 animals. In 7 of these 

animals, data on tinnitus were not collected. Four of these 7 animals received a 

sham procedure (no AT) and 3 underwent an AT and data on MGN spontaneous 
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firing rate were collected 2 weeks later. In view of the time-course of tinnitus 

development in our model (see section 4.3.2 showing tinnitus occurring 5 to 10 

weeks after AT) it is unlikely these animals had tinnitus at this time-point after 

AT or sham. The remaining 9 animals included the Tinnitus group (n=5) and the 

non-Tinnitus group (n=4). Timing of the collection of the single neuron data in 

the Non-Tinnitus group (mean = 11±1.31 weeks post AT) was similar to the 

Tinnitus group (mean = 8 ±1.93 weeks post AT). The placement of MGN 

recording electrodes was confirmed as described in previous publications from 

our laboratory (Barry et al., 2015, 2017).  

 

Mean spontaneous firing rates did not differ between the groups (Kruskal-Wallis 

test p=0.14; Figure 4.3A). Mean spontaneous firing rate for the sham group was 

2.059±0.29 spikes/s (79 neurons) and AT group was 2.20±0.28 spikes/s (73 

neurons).  Mean spontaneous firing rate of the Tinnitus group was 1.74±0.20 

spikes/s (132 neurons) and 1.82±.0.31 spikes/s for the Non-Tinnitus group (105 

neurons).  

 

In the sham group, CFs ranged from 1.8 kHz to 22 kHz (mean 12.93±0.93 kHz) 

with a threshold range of 15 to 78 dB SPL (mean 40.58±3.19 dB SPL).  For 

neurons in the 2-week AT group CFs ranged from 2.8 Hz to 44 kHz (mean 

14.95±1.78 kHz) with a threshold range of 25 to 74 dB SPL (mean 44.03±2.36 dB 

SPL). In the Tinnitus group CFs ranged from 1.9 kHz to 38.9 kHz (mean 

13.08±1.31 kHz) with a threshold range of with a threshold range of 22 to 96 dB 

SPL (mean 53.00±2.59 dB SPL). CFs in the Non-Tinnitus group ranged from 1.2 

kHz to 43.1 kHz (mean 12.22±1.82 kHz) with a threshold range of 21 to 103 dB 

SPL (mean 58.45±3.88 dB SPL). No significant differences between the CFs of the 

groups were found, however both the Tinnitus and Non-Tinnitus group had 

significantly higher mean thresholds than the Sham group and the Non-Tinnitus 

groups had higher thresholds than the 2-week AT group (Kruskal-Wallis with 

Dunn’s Multiple Comparison Tests, Figure 4.3B). 
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Figure 4.3 Mean spontaneous firing rates (A) and acoustic thresholds (B) of medial 
geniculate neurons in Wistar rats after sham treatment (sham) or acoustic trauma 
(AT) at either 2 post AT (2-week AT) or with tinnitus (Tinn) or without behavioural 
evidence of tinnitus (Non-Tinn). Sham, 4 animals, 45 neurons; 2-week AT, 3 animals, 49 
neurons; Tinn, 5 animals, 81 neurons; Non-Tinn, 4 animals, 69 neurons. * denotes p <0.05, one-
way ANOVA. 

4.3.4 Effect of AT on MGN spontaneous burst firing 

Neurons for analysis of burst firing were collected from the four groups described 

above (2-week AT n=56; Sham n=42; Tinnitus, n=94 and Non-Tinnitus, n=78). 

Not all units that were collected for spontaneous firing rate could undergo burst 

firing analysis as data collection required a 60 s trace of the neurons’ spontaneous 

activity. In addition, neurons with no spontaneous activity were not included. In 

sham animals, 37 (88%) out of 42 neurons showed burst firing based on the CV 

value of the interspike intervals (see section 2.7). AT resulted in a significant 

reduction of the proportion of neurons showing burst firing (Figure 4.4). This was 

evident in the two weeks after AT group, in which only 37 (66%) of 56 neurons 

showed burst firing (Fischer’s Exact Test, p<0.05) as well as in both the Tinnitus 

and Non-Tinnitus groups. The Tinnitus group had 65 (69%) out of 94 units show 

bursting while the Non-Tinnitus group had 48 (62%) of 78 units showing burst 

firing and these were not significant from one another (Fischer’s Exact Test, 

p>0.05).  
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Figure 4.4 Change in percentage of medial geniculate nucleus neurons showing 
burst firing. Sham, 4 animals, 56 neurons. 2-week AT, 3 animals, 42 neurons. Tinn, 5 animals, 
94 neurons. Non-Tinn, 4 animals, 78 neurons.  * = p<0.05.  Fischer’s Exact Test. 

The analysis of bursting characteristics was conducted only on neurons which 

were categorized as bursting based on the coefficient of variation of the interspike 

interval (see Materials and Methods 4.2.7). Bursting characteristics between the 

groups were compared (Figure 4.5). A one-way ANOVA (Kruskal-Wallis test) 

revealed the percentage of spikes that occur in bursts to be significantly decreased 

in both the Tinnitus (23.72 ± 1.94%) and Non-Tinnitus (25.54 ± 3.06%) compared 

to the Sham group (36.75 ± 3.54%). (Figure 4.5A). Burst per minute was also 

decreased in the Tinnitus (11.04 ± 2.03) and the Non-Tinnitus (12.81 ± 2.08) 

groups compared with the Sham group (23.95 ± 3.38). However, no differences 

in these parameters were observed between tinnitus and non-tinnitus group 

(One-way ANOVA, Kruskal-Wallis test Figure 4.5B). No significant differences 

(one-way ANOVA) were found between any of the groups for mean burst duration 

or mean number of spikes in a burst (Figure4. 5C and D).  
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Figure 4.5 Burst parameters of bursting medial geniculate neurons after acoustic 
trauma and in animals with and without behavioural evidence of tinnitus. A: Mean 
number of bursts per minute. B: Mean number of spikes per burst. C: Percentage of spikes present 
in bursts. D: Mean burst duration. Data from: Sham, 4 animals, 56 neurons. 2-week AT, 3 animals, 
42 neurons. Tinn, 5 animals, 94 neurons. Non-Tinn, 4 animals, 78 neurons.    * = p<0.05. All data 
mean ± SEM.  One-way ANOVA Kruskal-Wallis test. 
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4.4 Discussion 

This study is the first to compare spontaneous firing rates and burst firing 

parameters in MGN in anaesthetised rats with and without tinnitus after an AT. 

In addition, these results are compared to data in MGN at an early time-point (2 

weeks) after sham and after AT. At this time-point the animals are unlikely to 

have developed tinnitus as demonstrated by the time-course data in the present 

paper and from data reported in other animal models (Mulders et al., 2014; 

Mulders et al., 2016; Robertson et al., 2013). Spontaneous firing rates of MGN 

neurons were unaffected by AT or by the presence of tinnitus, though the 

percentage of neurons showing burst firing as well as the magnitude of specific 

burst firing parameters significantly decreased after an AT. However, there were 

no differences in either spontaneous firing rate of burst firing characteristics 

between animals with or without tinnitus, suggesting that neither of these are a 

robust neural signature for tinnitus in our rat model.  

 

Animals models of AT often demonstrate persistent peripheral threshold loss and 

a correlated elevation of spontaneous firing rate (hyperactivity) in the auditory 

pathway (Basura et al., 2015; Finlayson et al., 2009; Kaltenbach et al., 2000; 

Mulders et al., 2009; Mulders et al., 2011b; Seki et al., 2003).  However, although 

our ABR results showed an immediate threshold shift after the AT, ABRs 

measured at 2 weeks after AT, did not show a permanent threshold shift. In 

addition, the ABRs measured in the animals before electrophysiological 

recordings in MGN (Fig. 4.1) showed no differences between the groups. In 

addition, ABR thresholds looked similar as reported before in Wistar rats 

(Alvarado et al., 2014). It is possible that this return to normal thresholds is due 

to the hearing protective effect of the anaesthetic isoflurane which was used 

during our AT (Chung et al., 2007; Kim et al., 2005). It should be noted that we 

did not collect data for all animals above 14 kHz as a threshold change is expected 

half an octave above the exposure frequency (in this study 10 kHz) due to the non-

linear properties of the basilar membrane (Cody et al., 1981; Ramamoorthy et al., 
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2012). Nonetheless, we cannot exclude the possibility that animals showed some 

hearing loss at higher frequencies. 

 

In agreement with the ABR data, statistical comparisons of the MGN single 

neuron acoustic thresholds showed no significant difference between sham and 

the 2-week AT group. However, the tinnitus and non-tinnitus animals, in which 

recordings were made at later time-points after AT did show a significant 

elevation of single neuron thresholds compared to sham animals, even though 

this was not detected in the ABR. This may suggest that ABR is not sensitive 

enough to detect changes in threshold or that threshold changes occurred at 

higher frequencies than those for which we performed ABRs. Overall, these 

changes suggest ongoing degeneration in the auditory pathway following the AT.  

Alternatively it is also possible that this elevation of thresholds reflects an age-

related hearing loss. However, this seems unlikely in view of the fact that age-

related changes in auditory thresholds only become apparent after about 1 year of 

age (Alvarado et al., 2014; Sanz-Fernandez et al., 2016) and that the tinnitus and 

non-tinnitus animals were only approximately 7 weeks older than the sham and 

AT animals at the time of the final electrophysiological recordings.    

 

Only a few studies have investigated MGN firing rates after AT and in tinnitus. In 

the current study, we found no effect of AT or the presence of tinnitus on 

spontaneous firing rates in MGN. This is in contrast to the results of Kalappa et 

al. (2014) who did show increased spontaneous firing rates in MGN of rats after 

acoustic trauma. In addition, increased spontaneous firing rates have been 

described throughout the auditory pathway, in auditory structures both lower and 

higher in the pathway than MGN (Basura et al., 2015; Finlayson et al., 2009; 

Mulders et al., 2009; Seki et al., 2003; Vogler et al., 2011). Hence, a lack of this 

phenomenon in our results is surprising. It may be due to the fact that Kalappa 

and colleagues recorded from awake animals whereas we recorded from 

anaesthetized animals. It may also be due to the fact that our AT did not result in 

robust permanent threshold loss and this may suggest that elevated levels of 

spontaneous firing rates are only associated with a permanent threshold shift. 
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Despite the temporary nature of the threshold loss caused however, it is likely that 

auditory nerve fibre degeneration would occur, as demonstrated in a number of 

recent studies (Furman et al., 2013; Kujawa et al., 2009; Kujawa et al., 2015; 

Liberman, 2016) and this could lead to central plasticity. This is supported first 

by the fact that about half of the exposed rats in the present study did develop 

signs of tinnitus, in agreement with animal models of AT causing permanent 

threshold loss (Dehmel et al., 2012; Mulders et al., 2016) and second, by the fact 

that differences in burst firing parameters were observed.  The lack of a difference 

in spontaneous firing rates between the tinnitus and non-tinnitus animals is 

similar to what has been described in inferior colliculus (Coomber et al., 2014; 

Longenecker et al., 2016). 

 

Interestingly, our data do show that AT results in a reduced percentage of neurons 

showing burst firing and in addition, that in these neurons the number of spikes 

occurring in bursts and the bursts per minute decreases as well. However, the 

presence or absence of tinnitus did not affect any of these parameters. This 

suggests that although a decrease of bursting behaviour is correlated with AT, it 

is not a neural signature for the presence or absence of tinnitus. Our data are in 

stark contrast to the findings of Kalappa et al. (2014) who found increased burst 

firing parameters in MGN of awake rats with tinnitus after an AT compared to 

rats without AT and without tinnitus. On the basis of the correlation between 

tinnitus score and the different firing characteristics they suggested these 

increases in firing rates and burst firing as a neural substrate of tinnitus rather 

than a direct consequence of AT. However, a critical issue is that Kalappa et al did 

not have a control group of AT exposed animals which did not develop tinnitus. 

In contrast, the present study, by identifying those animals exposed to AT that did 

and did not develop tinnitus, enables a distinction to be made between the effects 

of AT and tinnitus. Other factors contributing to differences between the results 

of Kalappa et al and the present study may include strain differences, recordings 

from awake versus anaesthetized animals, differences in types of anaesthesia and 

different degrees of temporary threshold shifts.     
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It is unclear how burst firing is reduced by AT as observed in our experiments. 

Tonic and burst firing are common firing patterns of the thalamus which are 

thought to be involved in facilitating or inhibiting the transmission of sensory 

information (Llinas et al., 2006; Llinas et al., 1999). The role of burst firing is 

debated. Burst firing in thalamic neurons is present in slow wave sleep and 

unconscious states but, on the other hand, it has also been suggested to ‘wake up’ 

the cortex to the presence of stimuli, increasing the proportion of attention 

allocated to it (Norena et al., 2003b; Sherman, 2001a; Sherman, 2001b). Burst 

firing has therefore been linked by some to salience in alert states but also in 

pathological conditions (Norena et al., 2003b; Sherman, 2001a; Sherman, 

2001b). However, others have shown that burst firing is associated with de-

inactivation of T-type Ca2+ channels by hyperpolarization caused by inhibitory 

inputs (Caspary et al., 2017). As AT has been shown to be associated with down-

regulation of inhibitory inputs throughout the auditory pathway (Dong et al., 

2010a; Dong et al., 2010b; Middleton et al., 2011; Mossop et al., 2000), this would 

be in line with the decrease in burst firing in MGN as observed in our data.  

 

Regardless, our data suggest that tinnitus in a rat model of AT without a 

permanent threshold loss is associated with neither elevated spontaneous firing 

rates nor altered burst firing, and hence the neural substrate of tinnitus remains 

unclear. Alternative mechanisms suggested are increased cell synchrony resulting 

in increased probability of firing in the post-synaptic target (Eggermont, 2007; 

Norena et al., 2003c) and tonotopic reorganization in auditory cortex 

(Eggermont, 2005; Weisz et al., 2005). Further studies in our rat model in 

auditory cortex may provide further clues as to the in involvement of these 

alternative mechanisms.   
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5.1  Introduction 

Tinnitus is an abnormal phantom auditory perception and a common side effect 

of cochlear trauma and hearing loss (Eggermont and Roberts, 2004). Imaging 

studies have found abnormal neural activity in the auditory pathway of human 

tinnitus sufferers (Lanting et al., 2009; Gu et al., 2010). In line with these results, 

procedures that induce hearing loss in animals have been shown to lead to a 

variety of changes in neuronal activity in a number of structures along the 

auditory pathway (Robertson and Irvine, 1989; Eggermont and Komiya, 2000; 

Noreña and Eggermont, 2003; Finlayson and Kaltenbach, 2009; Mulders and 

Robertson, 2009; Vogler et al., 2011). However, this hyperactivity alone may not 

lead to the development of tinnitus and it has been recently suggested that a 

breakdown of sensory gating mechanisms may underlie the generation of tinnitus 

(Bauer et al., 1999; Turner et al., 2006; Rauschecker et al., 2010; Vanneste et al., 

2010; Leaver et al., 2011; Dehmel et al., 2012; Longenecker and Galazyuk, 2012; 

Lobarinas et al., 2013; De Ridder et al., 2014; Mulders et al., 2014). Cortico-limbic 

brain circuitry contributes to the conscious perception of auditory information 

(McCormick and von Krosigk, 1992; Zliang and Deschênes, 1998) and 

dysfunction of this mechanism could therefore lead to abnormal neural activity, 

such as hyperactivity, being incorrectly brought to conscious perception, leading 

to tinnitus. In support of this notion, the functionality of sensory gating has been 

shown to be influenced by stress and anxiety, which are also known to influence 

tinnitus, (White and Yee, 1997; Canlon et al., 2013; Gomaa et al., 2013; Halassa et 

al., 2014) and tinnitus patients show structural changes and abnormal neural 

activity in cortico-limbic circuitry, such as in the prefrontal cortex (PFC) (Mühlau 

et al., 2006; Landgrebe et al., 2009; Leaver et al., 2011, 2012; Maudoux et al., 

2012; Seydell-Greenwald et al., 2012; Vanneste and De Ridder, 2012; 

Schecklmann et al., 2013). 

The medial geniculate nucleus (MGN) has been shown to be a target for sensory 

gating and this may involve the predominantly GABA-ergic thalamic reticular 

nucleus (TRN) which projects to the MGN (Yu et al., 2009). The TRN in turn 

receives corticofugal and non-auditory inputs, notably from the PFC (O’Donnell 
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et al., 1997) which has been shown to modulate MGN neuronal activity (Barry et 

al., 2017). This interaction of cortico-limbic circuitry with MGN neuronal activity 

provides a mechanism which allows for the modulation of auditory information 

before it reaches the auditory cortex and dysfunction of this pathway could be 

involved in the generation of tinnitus (Rauschecker et al., 2010; Vanneste et al., 

2010; De Ridder et al., 2014). However, it not known whether cochlear trauma, a 

common precipitating cause for tinnitus, affects the pathways between PFC and 

MGN. Therefore, in the present study we investigated the effects of PFC electrical 

stimulation on the firing rates of single neurons in MGN in Wistar rats with and 

without cochlear trauma from a prior acoustic over-exposure.  

5.2 Materials and Methods 

5.2.1 Animals 

Eight male Wistar rats, weighing between 285-588 g (mean 417.8 g), were used. 

Experimental protocols complied with the Code of Practice of the National Health 

and Medical Research Council of Australia and were approved by the Animal 

Ethics Committee of the University of Western Australia.  

5.2.2 Recovery Procedure for Acoustic Trauma and Sham 

All animals underwent a recovery procedure and were anaesthetised with 5% 

isoflurane and maintained with 1.5–2.5% isoflurane for the duration of the 

procedure. When deep anaesthesia was obtained, as determined by the absence 

of the foot withdrawal reflex, animals were placed on a heating blanket in a 

soundproof room and mounted in hollow ear bars. Subcutaneous electrodes were 

placed in the fore and hind paw of the animal to monitor the animal’s ECG. The 

ear bar contralateral to the acoustic stimulus was blocked with plasticine and 

animals were either exposed to an AT (continuous loud tone for 2 h, 10 kHz, 124 

dB SPL to the unblocked ear (procedure ear)) (n=4) or sham (no AT; n=4). The 

sham animals were kept under anaesthesia for the same period as the AT animals. 

Animals recovered for 2 weeks then underwent a non-recovery 

electrophysiological experiment. 
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5.2.3 Anaesthesia for Non-Recovery Experiments 

The procedures for anaesthesia induction and maintenance for final non-recovery 

electrophysiology experiments (single neuron recordings) were as described in 

detail in previous studies from our laboratory (Barry et al., 2015, 2017). 

Anaesthesia was induced by intraperitoneal injection of urethane (1.3 g/kg). Ten 

minutes later, animals received a subcutaneous injection of 0.05 ml atropine 

sulfate (0.05 mg/ml) and an intramuscular injection of 0.1 ml Hypnorm (0.315 

mg/ml fentanyl citrate and 10 mg/ml fluanisone). Some animals required an 

additional dose of 0.1 ml Hypnorm to maintain deep anaesthesia. When full depth 

of anaesthesia was reached as assessed by the absence of foot withdrawal in 

response to foot pinch, animals were placed on a heating blanket in a soundproof 

room. Rectal temperature was checked every hour and maintained at 37.5o C. 

Animals received a tracheostomy and a plastic tracheal cannula was inserted for 

artificial ventilation later during the experiment. Animals’ ECG was measured as 

described above. They were then mounted in a stereotaxic frame using hollow ear 

bars. The head was levelled, and a partial craniotomy was performed using a small 

dental drill at identified coordinates (Paxinos and Watson, 2006). This allowed 

access to prefrontal cortex (PFC) and medial geniculate nucleus (MGN). Animals 

also received an intramuscular injection of 0.1 ml pancuronium bromide (2 

mg/ml) 15 min before data collection and they were artificially ventilated on 

carbogen (95% O2 and 5% CO2) Animals required a further intramuscular 

injection of 0.1 ml pancuronium bromide every 2 hours to maintain full paralysis. 

In order to assess the animals’ level of analgesia ECG in response to foot pinch 

was noted every hour. No effects on ECG were observed throughout the 

experiments. This was indicated during the experiment by the observation that 

the animals’ breathing was no longer dependent on the ventilator, suggesting 

paralysis was wearing off.   

5.2.4 Single Neuron Recordings in Medial Geniculate Nucleus 

For single neuron recordings, sound stimuli were delivered to the procedure ear 

while electrophysiological recordings were made in the contralateral MGN. The 
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non-procedure ear was blocked with plasticine. All sound stimuli were presented 

in a calibrated sound system through a ½” condenser microphone driven in 

reverse as a speaker (Brüel & Kjær, type 4134). Noise and pure tone stimuli (50-

ms duration, 1 ms rise/fall times) were synthesized by a computer using custom 

software (Neurosound MI Lloyd) and a DIGI 96 soundcard connected to an 

analog/digital interface (ADI-9 DS, RME Intelligent Audio Solution). Sample rate 

was 96 kHz. The sound system was calibrated using an ⅛” microphone (Brüel & 

Kjær, type 2670) in place of the animal’s eardrum and a calibrated sound source 

(Brüel & Kjær, type 4231) to measure the output of the sound system (dB SPL re 

20 µPa). 

 

Noise stimuli were used as a search stimulus for single neurons in MGN. Single 

neuron recordings were obtained using a tungsten in glass microelectrode 

(Merrill and Ainsworth, 1972) or glass insulated platinum iridium electrode 

(Frederick Haer & Co). Analysed data were recorded from neurons that showed 

spikes which were clearly distinguishable and well isolated from background 

electrical activity for the duration of experiments. When a single neuron was 

isolated, its characteristic frequency (CF) and acoustic threshold at CF were 

determined audio-visually as described previously when recording from guinea 

pig inferior colliculus neurons and rat MGN neurons in our laboratory (Mulders 

and Robertson, 2011; Barry et al., 2015). The spontaneous firing rate was then 

measured for a period of 10 s while input to the speaker was turned off to 

eliminate the possibility of a low-level background noise emanating from the 

sound system.  

 

For electrical stimulation of PFC, a custom-made bipolar tungsten electrode was 

placed in PFC as described previously (Mulders and Robertson, 2000; Barry et 

al., 2015) connected to an A-M Systems Isolated Pulse Stimulator (Model 2100) 

located in PFC. The timing of electrical stimuli was controlled by the Neurosound 

software. Electrical stimuli were delivered as shock trains (pulse duration 0.5 ms, 

train duration 50 ms, rate 200 Hz). Maximum current (1mA) was applied to 

increase the likelihood of seeing an effect of stimulation in the MGN. From these 
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experiments, histograms of 500 ms samples of firing rate (FR) with and without 

PFC electrical stimulation were obtained (75 sweeps) to assess the effect of brief 

repetitive electrical stimulation on MGN single neuron FR.  

 

Additionally, histograms of a single 60 s sample of spontaneous FR before and 

after 2 minutes of electrical stimulation of PFC on stimulated FR were obtained 

from these animals to assess the effect of prolonged electrical stimulation. For 

individual neurons, the change in FR (stimulated FR-spontaneous FR) caused by 

the stimulation was calculated and if this was >10% it was categorized as showing 

an effect in response to PFC stimulation as has been done previously by our 

laboratory (Barry et al., 2017). For group comparisons, the average change in FR 

per bin in the histogram was calculated for the sham and AT groups in the brief 

repetitive and prolonged electrical stimulation experiments. The total change was 

then compared using a Mann-Whitney U Test. After obtaining data on brief 

repetitive and prolonged PFC electrical stimulation animals were euthanized with 

an intraperitoneal injection of 0.3 ml of Lethabarb. 

5.2.5 Statistical analysis  

As data was not normally distributed non-parametrical statistical analysis was 

performed. A Wilcoxon signed-rank was used within sham and AT groups to 

assess if there was an effect before and after PFC electrical stimulation. To analyse 

the distribution of neurons to PFC responses, a Chi-squared Test was done on the 

number of neurons classified as showing which response type (see Table 1). 

5.3 Results 

5.3.1 Single neuron data  

Placement of MGN recording electrodes was confirmed by the 

electrophysiological recordings as described in previous publications from our 

laboratory (Barry et al. 2015, 2017). Stimulating electrodes were positioned in 

prelimbic PFC which we have shown previously to be an effective location to 

modulate FRs in MGN (Barry et al., 2015, 2017). Data (spontaneous FR, CF and 
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threshold as well as sound evoked responses) were obtained from 53 MGN 

neurons in the sham group and 42 MGN neurons in the AT group. In the sham 

animals, CF of these neurons varied from 120 Hz to 44 kHz (mean 13.8±1.89 kHz) 

and were not significantly different from the AT animals, which had CFs which 

varied from 150 Hz to 41 kHz (mean 12.2±1.59 kHz; Mann Whitney test). Sham 

thresholds at CF varied from 17 to 92 dB SPL (mean 46 dB SPL) and were not 

significantly different from the AT animals which had thresholds from 17 to 94 dB 

SPL) (mean 52 dB SPL; Mann Whitney test). In sham animals, forty-four (83%) 

neurons showed onset characteristics to sound, 1 (2%) a sustained response, 4 

(8%) neurons showed an offset response, 2 (4%) neurons were found to have on 

and off response to sound and 2 (4%) were found to be unresponsive to sound. In 

AT animals sound-evoked responses were collected from 42 neurons. Thirty-

three (79%) neurons showed onset characteristics to sound, whereas 6 (14%) 

neurons were found to have a sustained response to sound and 3 (7%) neurons 

showed an offset response. Mean spontaneous FR of the sham group was 

2.68±0.35 spikes/s and for the AT group 2.78±0.39 spikes/s  

5.3.2 Effects of brief repetitive PFC electrical stimulation 

Histograms from immediately before and then with brief repetitive (50 ms 

stimulation/500 ms) PFC electrical stimulation were obtained from 50 of the 53 

MGN neurons in the sham group and 26 of the 44 MGN neurons in the AT group 

(examples shown in Figure 5.1) as not all neurons encountered could be isolated 

for the duration of PFC experiments. In the sham group, 28 (56%) of these 50 

neurons showed a decrease in FR in response to PFC electrical stimulation 

(negative change in FR of > 10%), with a mean decrease of 56.43±4.67%. 

Similarly, 15 (58%) of the 26 neurons from the AT group were categorized as 

showing a decrease in response to PFC electrical stimulation, with a  higher mean 

decrease in FR of 62.64±7.40%. In the sham group, 11 (22%) of the 50 neurons 

showed an increase in FR rate (positive change in FR of > 10%), with a mean 

increase of 88.49±28.72% in FR. Seven (27%) of the 26 neurons, from the AT 

group, showed a somewhat smaller increase in FR rate, with a mean increase of 

76.75±22.40% in FR. 11 (22%) neurons collected from the sham group and 4 
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(15%) neuron from the AT group showed no change in FR in response to PFC brief 

repetitive electrical stimulation. Chi-square analysis of the proportions of 

neuronal responses to PFC stimulation revealed no significant differences 

between AT and sham group. A Mann-Whitney-U test revealed no significant 

changes in the magnitude in percentage of increased or decreased firing after 

electrical stimulation between the groups. 

 

Figure 5.1 Histograms (75 sweeps) showing two examples of medial geniculate 
nucleus (MGN) neuron firing in silence before (left column, A, C) and after (right 
column B, D) brief repetitive electrical stimulation of prefrontal cortex (PFC). (A, 
B) Onset response neuron (CF= 2.8 kHz; threshold= 30 dB) showing increase in firing after PFC 
electrical stimulation. (C, D) Onset response neuron (CF= 8.1 kHz; threshold= 78 dB) showing 
decrease in firing after PFC electrical stimulation. The time point of 0 denotes the end of 
stimulus in B. Electrical stimulation by shock trains (pulse duration 0.5 ms, train duration 50 
ms, rate 200 Hz). 

The mean FR of the sham group before PFC electrical stimulation was 

2.90±0.003 spikes/s (n=50) and became significantly elevated after PFC 

electrical stimulation to 3.10±0.003 spikes/s (Mann Whitney U test, p<0.0001). 

In contrast, in the AT group (n=26), mean FR was 2.52±0.005 spikes/s before 

PFC electrical stimulation and, unlike in the sham group, became significantly 

reduced after PFC electrical stimulation to 1.59±0.004 spikes/s (Mann Whitney 

U test, p<0.0001). From histograms before and with brief repetitive PFC electrical 

stimulation, an average amount of change over time was calculated. The temporal 

pattern of change was clearly different in AT animals, showing a decrease in FR 
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at later times after stimulation (Fig. 5.2B) as compared to the sham animals (Fig. 

5.2A). In the AT group, there was a marked decrease of average firing rate starting 

at approximately 170 ms and lasting for the remainder of the recording. The 

compared amount of change overall was greater in AT animals compared to sham 

animals and resulted in a significant reduction rather than increase of firing 

(Fig.5.2C, Mann-Whitney U test, p= < 0.0001). 

 

Figure 5.2 Changes in medial geniculate nucleus (MGN) firing after acoustic trauma 
(AT) and with prefrontal cortex (PFC) brief repetitive electrical stimulation. (A, B) 
Histograms showing Mean change (spikes/bin over 450 ms following 50 ms of electrical 
stimulation, bin size of 1 ms) in medial geniculate nucleus (MGN) firing with prefrontal cortex 
(PFC) repetitive electrical stimulation 2 weeks after sham (A) or acoustic trauma (B).  C) The 
average change of spikes per bin after PFC electrical stimulation in sham versus AT animals. * 
denotes p <0.05 Mann-Whitney U Test. The time point of 0 denotes the end of stimulus in B. 
Electrical stimulation by shock trains (pulse duration 0.5 ms, train duration 50 ms, rate 200 Hz). 

5.3.3 Effects of prolonged PFC electrical stimulation  

* 
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From the same 8 animals (4 with AT and 4 with sham procedure) that were used 

for the brief repetitive PFC electrical stimulation experiment, the FR of MGN 

neurons 1 minute before and after prolonged 2-minute electrical stimulation of 

PFC was also obtained for analysis (Figure 5.3). Data were obtained from 48 MGN 

neurons in the sham group and 35 MGN neurons in the AT group. Sixteen (33%) 

of the 48 neurons from the sham group showed a decrease in FR (mean = 

39.42%). Fourteen (40%) of the 35 AT group neurons also showed a decrease in 

FR (61.84%) and this decrease was significantly larger as compared to the sham 

animals (Mann-Whitney U test, p=0.03).  Twenty (42%) of the 48 neurons in the 

sham group had an elevation of FR (mean of 72.12%) in response to prolonged 

PFC electrical stimulation. Similarly, 17 (49%) of the 35 neurons from the AT 

group showed a mean increase in FR of 106.07% and this difference was not 

significant. The remaining 12 (25%) sham group neurons and 4 (11%) AT group 

neurons showed no change in FR. Chi-square analysis showed again no 

differences in proportions of neuronal responses between the groups.  

 

Figure 5.3 Rate histograms showing two examples of medial geniculate nucleus 
(MGN) neuron firing in silence before (left column, A, C) and after (right column 
B, D) prolonged electrical stimulation of prefrontal cortex (PFC). (A, B) Onset 
response neuron (CF= 6.9 kHz; threshold= 37 dB) showing an immediate increase in firing 
followed by a general increase in overall firing after PFC electrical stimulation (C, D) Onset 
response neuron (CF=10.5 kHz; threshold= 32 dB) Showing decrease in firing after PFC 
electrical stimulation. Electrical stimulation by shock trains (pulse duration 0.5 ms, train 
duration 2 minutes, rate 200 Hz). The time point of 0 denotes the end of stimulus in B. 
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Electrical stimulation by shock trains (pulse duration 0.5 ms, train duration 50 ms, rate 200 
Hz). 

Similar to what was observed after the brief repetitive PFC electrical stimulation, 

the average amount of change was greater in AT animals compared to sham 

animals and resulted in a significant reduction rather than increase of firing 

(Mann-Whitney U test, p< 0.0001Fig 5.4c). In the AT group, mean spontaneous 

FR before PFC electrical stimulation was 2.78±0.09 spikes/s and this became 

significantly reduced after prolonged PFC electrical stimulation to 2.32±0.08 

spikes/s (Mann Whitney U test, p<0.0001). In the sham group, mean 

spontaneous FR was 2.52±0.37 spikes/s and became elevated to 3.08±0.05 

spikes/s (Mann-Whitney U test, p<0.0001) after PFC electrical stimulation. From 

these histograms, the average amount of change over one minute was then 

calculated (Figure 5.4).  

 

Figure 5.4 Changes in medial geniculate nucleus (MGN) firing after acoustic trauma 
(AT) and with prefrontal cortex (PFC) prolonged electrical stimulation. (A, B) Rate 
histograms showing mean change (spikes/bin over 450 ms following 50 ms of electrical 
stimulation, bin size of 1 s) in medial geniculate nucleus (MGN) firing with prefrontal cortex (PFC) 
prolonged electrical stimulation 2 weeks after sham (A) or acoustic trauma (B).  C) The average 
change of spikes per bin after PFC electrical stimulation in sham versus AT animals. * denotes p 

* 
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<0.05 Mann-Whitney U Test. The time point of 0 denotes the end of stimulus in B. Electrical 
stimulation by shock trains (pulse duration 0.5 ms, train duration 50 ms, rate 200 Hz). 

Data from both the brief repetitive and prolonged electrical stimulation PFC 

experiments were compared to assess if they were any relationships between 

individual responses to brief repetitive and prolonged PFC electrical stimulation. 

Data are summarized in table 1 and 2. From the sham group, 48 neurons were 

used which had been assessed using both brief repetitive and prolonged 

stimulation. Twenty-six (54%) of these 48 neurons showed a response to both 

brief repetitive and prolonged electrical PFC stimulation. Of these 26, 11 (43%) 

neurons showed the same response to brief repetitive and prolonged electrical 

PFC stimulation. The other 15 (57%) neurons showed different responses to brief 

repetitive and prolonged electrical PFC stimulation. From the AT group, data 

were used from 26 neurons. 18 (72%) of these 26 showed a response to both brief 

repetitive and prolonged electrical PFC stimulation. Of these, 10 (56%) neurons 

showed the same response to brief repetitive and prolonged electrical PFC 

stimulation. The other 8 (44%) showed mixed responses. These results suggest 

that there is no clear relationship between neuronal FR response to brief 

repetitive and prolonged PFC electrical stimulation as effects observed in 

response to brief repetitive stimulation do not predict effects observed with 

prolonged stimulation. 

 

 

Figure 5.5 Comparison of individual medial geniculate nucleus neuron’s responses 
to prefrontal cortex electrical stimulation. A) Responses from medial geniculate neurons 
(MGN) in 4 acoustic trauma animals to brief and prolonged repetitive prefrontal cortex (PFC) 
electrical stimulation. B) Responses from medial geniculate neurons (MGN) in 4 sham animals to 
brief and prolonged repetitive prefrontal cortex (PFC) electrical stimulation. 
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5.4 Discussion  

This paper provides the first evidence in an animal model for altered functional 

connectivity between PFC and MGN after cochlear trauma. Tinnitus is a 

commonly experienced symptom after cochlear trauma. Human imaging studies 

suggest there is altered PFC function in patients with tinnitus (Leaver et al., 2011; 

Aldhafeeri et al., 2012; Seydell-Greenwald et al., 2014) and therefore altered 

sensory gating by PFC has been suggested to play a role in its development. 

 

After our acoustic trauma paradigm, there was immediate cochlear damage, 

indicated by the temporary threshold shift, which recovered during the two weeks 

after AT. The absence of a permanent threshold shift (PTS) does not imply that 

cochlear function is normal as has been demonstrated by numerous previous 

studies (Weisz et al., 2006; Liberman, 2015).  

 

Electrical stimulation of PFC resulted in diverse changes to the FR of MGN 

neurons in agreement with our previously published data in normal animals 

(Barry et al., 2017). After AT, this diversity could still be observed, and no 

significant change was observed in the proportion of excitatory or inhibitory 

responses compared to the sham animals. The diversity of MGN responses to PFC 

electrical stimulation is unlikely to be due to recording from different MGN 

subdivisions, CFs or cell types as we have previously found no relationship of 

sound response type or subdivision on responses to PFC electrical stimulation 

(Barry et al., 2017). The diverse responses the PFC exerts may be due to multiple 

indirect pathways to TRN, a known inhibitory input to MGN (Vertes, 2004). 

However, the TRN is known to also elicit direct excitatory responses in the MGN, 

which may provide an alternative explanation for the varied MGN neuronal 

responses obtained in this study (Yu et al., 2009). 

 

The average effect caused by PFC electrical stimulation changed from an overall 

mild excitation in the sham treated animals to a significant overall decrease in 

FRs in AT animals. This was observed both with brief repetitive stimulation as 
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well as prolonged stimulation of PFC. In view of the fact that the relative 

proportions of neurons showing excitation or inhibition did not change after AT 

this result suggests that the inhibitory effects after AT increased in magnitude. 

This inhibitory effect elicited by PFC stimulation may also account for the lack of 

increased spontaneous activity seen in MGN after AT. 

 

The use of brief electrical stimulation revealed highly varied temporal effects in 

the sham animals. These varied effects over time are in line with the existence of 

multiple PFC projections to MGN (Cornwall et al., 1990; Uylings and van Eden, 

1990; O’Donnell et al., 1997; Vertes, 2004; Xiao et al., 2009). Interestingly, the 

histograms obtained in AT animals with the same pattern of stimulation showed 

a clear change in this temporal pattern revealing a striking inhibition starting 

approximately 150 ms after the stimulation had ceased and which lasted 

throughout the remainder of the recording epoch. This suggests an alteration in 

some of the multi-synaptic circuitry linking PFC to MGN after AT. 

 

The implications of these findings for the dysfunctional sensory gating hypothesis 

of tinnitus development are unclear. A simple interpretation of the hypothesis 

would predict that increased MGN spontaneous activity is the result of less 

inhibition from the PFC (Rauschecker et al., 2010; De Ridder et al., 2014). 

However, the present results were obtained only two weeks after cochlear trauma 

and the presence of tinnitus was not established. Most animal models using 

similar cochlear trauma show behavioural evidence of tinnitus to become 

apparent after 4 to 6 weeks (Parikh et al., 2007; Turner et al., 2012). This study 

may capture functional PFC circuity before the impairment that leads to the 

development and behavioural evidence of tinnitus. It is possible that the 

alterations observed in this study are transient and may differ in both their nature 

and magnitude at longer recovery times. In addition, all experiments were carried 

out under general anaesthesia and although the results provide unequivocal 

evidence for a change in the pathways after AT, they leave open the question of 

precisely how they function in the awake state. 
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CHAPTER 6 

6.1 Summary of findings 

This thesis aimed to investigate the functionality of components of the proposed 

frontostriatal circuitry in tinnitus (Rauschecker et al. 2015; Rauschecker et al. 

2010), specifically, the connectivity between NAc and PFC with the MGN. In 

addition, it aimed to investigate whether an AT, generally considered as a trigger 

for tinnitus development, would alter the functional connectivity between PFC 

and MGN, as this would provide support for a role of this section of the circuitry 

in tinnitus development. 

 

To summarize the main outcomes: Data shown in chapter 2 and 3 demonstrated 

that in normal hearing animals, electrical stimulation of either NAc (Chapter 2) 

or PFC (Chapter 3) elicited diverse changes in spontaneous firing in the majority 

of neurons recorded from MGN. In chapter 4 an AT paradigm which resulted in a 

temporary but not permanent threshold shift, was used to investigate 

spontaneous neuronal activity in MGN. The data showed that the AT did not 

change the tonic spontaneous firing behavior of MGN neurons, however it did 

cause a significant decrease in the percentage of neurons showing burst firing. In 

addition, in those neurons with burst firing, the number of spikes occurring in a 

burst and the number of burst per minute was also significantly reduced 

compared to a sham group.  However, the data did not reveal any difference in 

either tonic or burst firing in MGN between animals with and without tinnitus. 

Finally, using the same animal model as described in chapter 4, it was shown that 

activation of PFC 2 weeks after AT had significantly different effects on MGN 

spontaneous firing compared to activation of PFC in sham animals. The latter 

group (sham) showed a small overall increase of SFR following PFC activation 

from electrical stimulation. However, the former (AT) group showed an overall 

decrease of SFR in MGN induced by PFC stimulation.  
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Taken together, the data provide, for the first time, evidence for a functional effect 

of frontostriatal activation, in particular of the NAc and PFC, on the spontaneous 

neuronal activity of MGN neurons in Wistar rats. Secondly, the data show that AT 

alters the functional connectivity between PFC and MGN. And finally, the data 

demonstrate that MGN hyperactivity and burst firing may not be a robust neural 

substrate for tinnitus in our rat model of AT without a permanent threshold loss.  

6.2 Technical considerations 

One surprising finding in our data was the fact that AT did not result in increased 

SFR in MGN. In addition, there was no difference in SFR in MGN between 

tinnitus and no tinnitus animals (Chapter 4). Commonly in other auditory nuclei, 

increased SFR is a consistent finding after AT (Noreña and Eggermont 2003; 

Kaltenbach 2006; Mulders and Robertson 2009; Vogler et al. 2011). In addition, 

in the only other study investigating SFR in MGN following an AT, an increased 

SFR was shown (Kalappa et al. 2014) and the authors suggested that this increase 

was correlated with the presence of tinnitus rather than hearing loss. However, it 

should be noted that their tinnitus group had been exposed to an AT whereas their 

control had not. Hence, the difference between the groups was not only the 

presence or absence of tinnitus but could also be the presence or absence of 

cochlear trauma.  

 

There are several possible reasons for the lack of increase observed in our model. 

Our AT paradigm did not result in  a permanent threshold shift despite a large 

immediate temporary threshold shift, whereas most animal models show a 

permanent threshold loss (Vogler et al. 2011; Pilati et al. 2012; Robertson et al. 

2013). Unfortunately, due to technical limitations in our hardware as well as the 

use of isoflurane as an inhalant anaesthetic, we were unable to provide a longer 

AT or increase the sound intensity and hence we were unable to investigate 

whether an increase in SFR would have been present with a permanent threshold 

shift. However, in the model of Kalappa et al. (2014) a permanent threshold shift 

was not present either and they still describe changes in SFR. It should be noted 
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that a lack of permanent threshold shift does not imply a complete recovery of 

cochlear function as has been demonstrated convincingly by many others 

(Kujawa and Liberman 2009; Furman et al. 2013; Liberman et al. 2016). Another 

possible reason for the lack of SFR increase may be the fact that we recorded from 

animals under anaesthesia which is known to reduce overall neuronal firing rates 

(Goodman and Mann 1967) while Kalappa et al. (2014) recorded from awake 

animals. This possibility is reinforced by Kalappa et al. (2014)’s results as they 

report much higher firing rates in both AT and sham animals than in our studies. 

It would be more difficult to show a decrease in SFR in already low firing rates 

and in addition, if the mechanism by which SFR is lower under anaesthesia is the 

same as affected by AT, changes in SFR may not be visible.  

 

Our data do not provide extensive information on the different subdivisions of the 

MGN which are known to have distinct inputs and outputs (Arnault and Roger 

1990; Calford and Aitkin 1983; Kudo et al. 1983; LeDoux et al. 1985; Winer et al. 

1999) and effects on overall auditory processing could be different dependent on 

the subdivision affected. Therefore, it would have been beneficial to investigate 

changes in MGN firing rate within each subdivision in response to electrical 

stimulation of PFC and NAc, in order to determine which part of the auditory 

circuitry is modulated by frontostriatal circuitry. This was attempted (see Chapter 

2 and 3), but it became clear that in our experiments it would be difficult to extract 

meaningful data with the resulting low numbers from each subdivision. In 

addition, since we would move dorsoventrally through MGN several times over 

the course of an experiment, this required removal of the microelectrode and 

reinsertion multiple times. Therefore, reconstructing these tracts histologically 

post mortem could not always be done reliably. Nonetheless, our single unit 

experiments, in normal hearing animals, were able to provide details on the type 

of neuron recorded from and our analysis revealed no significant differences 

between the different types of neurons with activation of PFC and NAc, which 

suggests that the input from PFC and NAc is widespread through the MGN.   
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Additionally, we found some evidence that stimulation of different subdivisions 

of PFC evoked different effects in MGN. In Chapter 3 in which we stimulated PFC, 

we elicited different effects on SFR in the same MGN neuron as we progressed the 

stimulating electrode ventrally. These data support anatomical tracing data that 

show different multisynaptic PFC-MGN pathways arising from the different PFC 

subdivisions and therefore eliciting a different effect in MGN depending on 

stimulation site is not unexpected. As the different PFC subdivisions could elicit 

different effects, the stimulating electrode was kept in one location during 

experimentation to ensure stimulation of the same PFC to MGN pathway. A more 

thorough investigation of the effect exerted by different subdivisions would be 

desirable for future studies.  

6.3 Interpretation and implications 

The results in this thesis provide some support for the theory of frontostriatal 

gating of tinnitus (Rauschecker et al. 2010; Rauschecker et al. 2015), showing 

functional connections between different elements of the proposed frontostriatal 

circuitry (Figure 6.1). In addition, the described alteration of frontostriatal 

circuitry functionality after AT reinforces the proposed mechanism of 

dysfunctional frontostriatal gating.  In Chapter 5, we show that 2 weeks after AT 

Figure 6.1 Frontostriatal gating circuitry. Adapted from Rauschecker et al. 
(2010). 
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the effects of electrical activation of PFC on SFR in MGN change when compared 

to controls demonstrating that the cochlear trauma, induced by AT, affects 

frontostriatal functional connectivity between PFC and MGN. The mechanism by 

which this occurs is still unknown. It may be that this change is in response to 

altered activity in the auditory pathway that is then transmitted to the 

frontostriatal circuitry via the amygdala, as proposed by Rauschecker et al. 

(2010).  Rauschecker et al. (2010) proposed that initially after cochlear trauma 

and plasticity in the auditory system the frontostriatal system activates thereby 

stopping the hyperactivity in the auditory pathway at the level of the thalamus, 

preventing it to reach cortex. However, in some individuals this overactivated 

frontostriatal gating mechanism may selectively break down. When the 

frontostriatal gating mechanism breaks down, auditory hyperactivity is then no 

longer prevented from being transmitted to the cortex which would allow for 

tinnitus to be present. 

 

The change that was observed in chapter 5, an overall suppressive effect from PFC 

activation after AT would be in line with a compensatory mechanism from 

activated frontostriatal gating circuitry early after AT, as suggested by 

Rauschecker et al. (2010). This would also be in agreement with the time course 

of tinnitus development in our animals, which do not develop tinnitus two weeks 

after AT, the time-point of investigation used in Chapter 5. One would also predict 

that similar studies at a later time point or comparisons of animals with and 

without tinnitus would reveal a different functional output of PFC between 

animals with and without tinnitus. However, it should be noted that the lack of a 

difference in SFR and bursting firing in tinnitus and non-tinnitus animals as 

described in Chapter 4 is unexpected in view of the theory of frontostriatal gating. 

We hypothesized that tinnitus animals would show a higher SFR due to 

dysfunctional gating. However, as we have outlined in the section above this 

particular result may be confounded by the fact that the experiments were 

performed in anaesthetized animals.  
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Overall, these studies implicate the PFC and NAc as potential therapeutic targets 

to modulate auditory information at the level of the MGN. The PFC in particular, 

is appealing for its accessibility in humans. The dorsolateral PFC can be reached 

with non-invasive treatments such as transcranial magnetic stimulation (TMS) 

and indeed this has been reported in some studies to reduce tinnitus loudness and 

distress (De Ridder et al. 2013; Vanneste and De Ridder 2013). In view of our 

results it is possible that the TMS activation of dorsolateral PFC is working 

through frontostriatal gating activation to reduce tinnitus loudness. Indeed, 

recent studies from our laboratory have shown that repetitive TMS over the PFC 

in a guinea pig model of tinnitus can alter the SFR in MGN (Mulders et al. 2016). 

However, it should be noted that in humans the effects  of TMS on tinnitus are 

variable which may be due to the different treatment regimens used in the 

different studies and the choice of specific target area of the PFC, such as 

dorsolateral PFC, ventrolateral PFC or anterior cingulate cortex (De Ridder et al. 

2011; De Ridder et al. 2013; Kreuzer et al. 2011; Lee et al. 2013). In addition, as 

tinnitus is a subjective perception, it is prone a placebo effect which can confound 

the data. Nonetheless, the data presented in the thesis indeed suggest that the 

exact location of stimulation will alter effects in MGN and hence possibly tinnitus.  

6.4  Areas for future research 

The animal model used in the present thesis shows a lack of a permanent 

threshold shift and hyperactivity after AT. As a comprehensive evaluation of ABRs 

was not undertaken, this would be an essential part of future research, to establish 

the precise cochlear trauma caused by the AT. A study investigating and 

characterizing the extent of cochlear trauma would help inform our 

understanding of the results of this thesis. It may be that after the AT used in our 

studies high frequency threshold loss is present, and undetected by our current 

methods, and in addition future comprehensive ABR analysis may show evidence 

of hidden hearing loss (Kujawa and Liberman 2009). Additionally, a similar set 

of experiments with permanent threshold loss to compare with the current study 

would yield information on the effect of the extent of AT on spontaneous activity. 
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The observed alteration of frontostriatal circuitry functionality arising as a result 

of cochlear trauma warrants further investigation.  It would be of interest to know 

whether other elements of the frontostriatal circuitry and their functional 

connectivity with the auditory system also show changes after AT. More 

specifically, whether there are further changes in frontostriatal circuitry 

functioning between animals with and without behavioural evidence of tinnitus 

as it would be predicted that there would be a breakdown of frontostriatal 

circuitry functioning in those with tinnitus in line with (Rauschecker et al. 2010) 

as suggested above. 

 

Future investigations may seek to look at the influence of other elements of 

frontostriatal circuitry. In PFC and NAc, further characterization of the output on 

MGN by each subdivision and how it is altered after AT trauma would be 

informative. Additionally, investigating the responses by MGN subdivisions 

would help create a more comprehensive view of how the MGN responds to PFC 

and NAc activation and when that circuitry is compromised what compensatory 

mechanisms take place and where. By pinpointing what parts of the circuity are 

vulnerable subsequent studies with treatments may be possible to repair or 

prevent damage. Additional studies may also look at different structures such as 

the TRN.  Animal experiments with a lesioned/silenced TRN may mimic the loss 

of frontostriatal gating mechanism.  

 

These studies were done on anesthetized animals, however future similar 

experiments in awake animals would more closely reflect the reported experience 

of tinnitus by humans. Techniques such as deep brain or optogenetic implants in 

the PFC or NAc of awake animals may help elucidate the role of frontostriatal 

structures in gating neuronal activity. Since the PFC has a net inhibitory effect on 

spontaneous firing in MGN after AT, it would be of interest to pursue experiments 

where free moving conscious animals can be tested for tinnitus and the 

frontostriatal circuitry can be activated via deep brain or optogenetic implant. 

This is important to consider in light of any implantation of stimulating devices 

as if may affect the ability of MGN neurons to respond to sound. The current 
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experiments focus only on spontaneous activity and leave open investigations into 

what effects alterations of this circuity may have on sound-evoked responses. 

Humans with tinnitus also report alterations in perception to sound, such as in 

hyperacusis (Nelson and Chen 2004; Knipper et al. 2013).  

6.5  Conclusions 

 

• This study has provided novel evidence on the relationship between the 

frontostriatal circuitry and auditory system. 

 

• In addition, these results demonstrate that frontostriatal circuitry and 

auditory system connectivity become altered after AT. 

 

• The results are important with respect to our understanding the 

underlying mechanisms of tinnitus and hearing loss. 
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