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Abstract 
 
Spontaneous neural hyperactivity in the central auditory pathway is often associated with 

deafness and may be a consequence of elevation in overall excitation due to the imbalance 

between inhibitory and excitatory neurotransmission and/or changes in neuron membrane 

excitability. In this thesis, two guinea pig models of partial deafness, cochlear mechanical 

lesion and acoustic trauma, have been investigated. For each model, peripheral hearing loss, 

spontaneous activity, and mRNA abundance for 8 genes involved in neurotransmission and 

excitability, have been measured in the same animals and data correlated. In addition, 

protein abundance and distribution for one of the 8 genes, the GABA-A receptor subunit 

alpha, has also been studied in a different group of animals for both models, using 

immunocytochemistry. This thesis demonstrated dramatically elevated spontaneous firing 

rates across most of the frequencies in guinea pig contralateral inferior colliculus (IC) 

following either restricted cochlear mechanical lesion or acoustic trauma. Spontaneous 

activity elevation was most marked in the relatively high frequency region corresponding to 

that of peripheral hearing loss immediately after mechanical lesion or acoustic trauma and 

to the frequencies of residual hearing loss after the recovery periods. Plastic changes were 

found in mRNA expression of neurotransmission- and membrane excitability–related genes 

in both the CN and IC in response to the unilateral partial hearing loss. The expression 

pattern was more uniform in mechanical lesion in that all inhibitory receptor subunits 

investigated and potassium ion background leakage channels were down-regulated. 

However, the pattern for acoustic trauma animals was much more complex, with some 

inhibitory genes being up-regulated and others down-regulated at different timepoints. An 

immunocytochemical study showed that GABRA1 was significantly decreased in the 

frequency region of >10-16kHz, where residual hearing loss was most severe in both 
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mechanical lesion and acoustic trauma models. Taken together, the results suggest that 

alterations in the expression of some of the 8 candidate genes may serve as part of the 

molecular mechanism underlying elevated central spontaneous activity following unilateral 

partial deafness. However, there are likely to be other genes involved in this process, 

requiring a large-scale screening study to identify new candidates in the future. 
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1.1 Basic structure and physiology of cochlea 

The cochlea is a coiled structure designed to transform incoming acoustic energy, in the 

form of continuous pressure fluctuations, into discrete electrical activity. A conical bony 

structure called the modiolus is the central pillar of the cochlea. There are two membrane-

covered holes at the base of the cochlea: the oval window and the round window. The turns 

of the cochlea are divided into three longitudinal fluid-filled chambers: the scala vestibuli, 

the scala media, and the scala tympani. Both scala vestibuli and scala tympani are filled 

with perilymph, a fluid with high Na+ and low K+ concentration while the scala media is 

filled with endolymph which has a low Na+ but high K+ concentration. The positive 

potential of the endolymph of about 80mV is known as the endocochlear potential and is 

produced by the ATP-dependent electrogenic pump in the cells of the stria vascularis 

(Johnstone and Sellick, 1972). The organ of Corti sits on the basilar membrane, with the 

tectorial membrane hanging over it. At the apex of the cochlea, the scala media is closed off, 

and the scala tympani becomes continuous with the scala vestibuli at a hole named the 

helicotrema. At the base of the cochlea, the scala vestibuli is terminated by the oval 

window and the scala tympani meets the round window.  

 

The organ of Corti has two types of auditory receptor cells, outer (OHC) and inner (IHC) 

hair cells. Both types of hair cells have a series of microvillar extensions called stereocilia 

on their apical surface. Sound-evoked pressure waves in the cochlear fluid interact with the 

stiffness and mass of the basilar membrane to set up a travelling wave on the membrane. 

The travelling wave, which goes from the base to the apex of the cochlea, causes deflection 

of the stereocilia that changes the resistance of a special type of mechanically-gated cation 

channel, the TRPA1 channel, on the tips of the stereocilia (Nagata et al., 2005). The 

opening of the channel and entry of K+ into the hair cell cause a depolarization, which in 
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turn activates voltage-gated calcium channels. The entry of Ca2+ triggers the release of 

neurotransmitter, probably glutamate, which generates action potentials in the dendrites of 

primary afferent neurons (Eybalin, 1993, Eatock, 2000, Hudspeth et al., 2000, Trussell, 

2002). 

 

OHCs act as a cochlear amplifier by enhancing the sound-evoked basilar membrane 

vibration via an active feedback process. Two mechanisms underlying this feedback 

process have been proposed. The first mechanism involves a rapid change in the length and 

stiffness of the OHC cell body which is closely coupled to the changing transduction 

current using the motor protein, prestin (Santos-Sacchi and Dilger, 1988, Zheng et al., 2000, 

Robles and Ruggero, 2001, Dallos and Fakler, 2002, Liberman et al., 2002, Dallos et al., 

2006). The second mechanism involves the active motion of their stereocilia (Kennedy et 

al., 2005, Fettiplace and Hackney, 2006). Both motile responses are postulated to provide 

amplification in the movement of the basilar membrane and enhance the transduction 

process at IHCs . 

 

IHCs contact dendrites of myelinated type 1 afferent fibers which make up 90-95% of all 

primary afferent neurons (Spoendlin, 1969, Spoendlin, 1972, Morrison et al., 1975, Brown, 

1987, Liberman, 1990). The principal role of the IHCs and type 1 fibers that contact them is 

the transmission of peripheral signals from the cochlea to the central auditory system. The 

remaining 5-10% of the afferents are unmyelinated type 2 fibers and contact OHCs 

(Spoendlin, 1972, Morrison et al., 1975). Their physiological role is still not clear 

(Robertson, 1984, Brown, 1994, Robertson et al., 1999). 
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The myelinated type 1 fibers can be further classified according to their spontaneous rates. 

In anaesthetised guinea pigs, the spontaneous firing rate of primary afferents ranges from 0 

up to 140 spikes/s (Evans, 1972, Manley and Robertson, 1976, Winter et al., 1990, Tsuji 

and Liberman, 1997). The percentage of high spontaneous rate fibers (>20 spikes/s) varies 

from one study to another but is usually >50% of the total populaton (Evans, 1972, Manley 

and Robertson, 1976, Tsuji and Liberman, 1997). The remaining fibers exhibit low to 

medium spontaneous rates (0-20 spikes/s). In both cats and guinea pigs, high spontaneous 

rate fibers can be distinguished morphologically from the low spontaneous ones based on 

the differences in their dendrite size and location of their contact sites with IHCs (Liberman, 

1978, Liberman, 1982, Liberman and Oliver, 1984, Merchan-Perez and Liberman, 1996, 

Tsuji and Liberman, 1997). High spontaneous rate afferents have thicker radial dendrites 

which contact IHCs on the pillar sides, whereas low and medium spontaneous rate ones 

have thinner dendrites and are more numerous on the modiolar side of IHCs.  

 

The primary afferent neurons are sensitive to a range of sound frequencies and intensities 

and their responses to tones can be depicted using tuning curves. The most sensitive 

frequency in the tuning curve is called the characteristic frequency (CF). Generally, high 

CF afferents have sharply tuned curves with a steep high frequency cut-off and relatively 

shallow low frequency tail region. In contrast, low CF afferents tend to have broader tuning 

curves with a more symmetrical shape (Kiang et al., 1967, Evans, 1972). The frequency 

selectivity in primary afferents is determined largely by the mechanical tuning properties of 

the basilar membrane and is enhanced by the active amplification process of the OHCs 

(Patuzzi and Robertson, 1988). The mechanical tuning of the basilar membrane is based on 

a systematic change of its resonance properties along the length of the organ of Corti. The 

basilar membrane’s vibration is tuned to higher frequencies at the base of the cochlea and 
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to lower frequencies at more apical locations. Simlarly, the CF of primary afferents is also 

tonotopically arranged along the organ of Corti with high CF fibers innervating the more 

basal part while low CF fibers innervate the more apical sites of the cochlea. This tonotopic 

map on the basilar membrane is preserved within each of the auditory relay nuclei in the 

central auditory pathway. 

 

1.2 Classical ascending central auditory pathway 

The following review of the ascending auditory pathway is based on studies from 

experimental animals rather than human data. 

 

As the first nucleus of the ascending auditory pathways, the cochlear nucleus (CN) is 

located in the lower brainstem, at the pontomedullary junction on the same side as the 

cochlea from which it receives its innervation. The CN consists of three major divisions, 

namely, the dorsal cochlear nucleus (DCN), anterior ventral cochlear nucleus (AVCN), and 

posterior ventral cochlear nucleus (PVCN) (Osen, 1972, Hackney et al., 1990). All primary 

auditory fibers of the spiral ganglion neurons terminate in the cochlear nuclei (Sando, 1965, 

Webster, 1971). When entering the CN, each primary auditory fiber bifurcates: one 

ascending branch terminating in AVCN and a descending one reaching PVCN and DCN, 

(Lorente de No, 1933). Fibers originating from the apical, low-frequency portion of the 

cochlea, bifurcate as soon as they enter the CN, with the ascending branch staying in the 

ventrolateral portion of AVCN and the descending one in the ventrolateral parts of PVCN 

and DCN. In contrast, fibers originating from the basal, high-frequency portion of the 

cochlea, go to the dorsomedial portion of the ventral cochlear nucleus before bifurcating, 

with the ascending branches passing through the dorsomedial portion of AVCN and the 

descending ones going to dorsomedial parts of PVCN and DCN. Thus the frequency-
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specific tonotopic information is sustained in each of the three divisions of the cochlear 

nuclei after branching (Rose et al., 1960, Sando, 1965, Webster, 1971).  

 

The projections from the CN to the contralateral inferior colliculus (IC) are mainly through 

three fiber tracts: the dorsal acoustic stria of Monakow (SM), the intermediate acoustic stria 

of Held (SH), and the trapezoid body (TB). The SM originates in the DCN; the output of 

the PVCN and AVCN forms the SH and TB, respectively. Most fibers of these three striae 

cross the midline to form the lateral lemniscus (LL), a fiber tract that projects to the central 

nucleus of the inferior colliculus (CIC) (Adams and Warr, 1976, Semple and Aitkin, 1980). 

However, some fibers from the AVCN and PVCN do not give crossed projections, instead 

they ascend ipsilaterally to the CIC on the same side. The AVCN projects to the 

contralateral CIC via the TB and makes numerous connections with the superior olivary 

complex (SOC). The main direct crossed projection to the CIC is from the DCN (Adams 

and Warr, 1976, Cant and Benson, 2003, Smith et al., 2005). Other major projections 

include some of the fibers of the three striae giving off collaterals to nuclei of the SOC and 

some fibers being interrupted by synaptic contacts in one of the nuclei of the SOC before 

forming the LL (Adams and Warr, 1976, Cant and Benson, 2003, Smith et al., 2005). In 

addition, there are also minor projections from the CN to the contralateral the medial 

geniculate body (MGB) (Malmierca et al., 2002, Anderson et al., 2006), and commissural 

connections to the opposite CN (Mast, 1970, Cant and Gaston, 1982, Shore et al., 1992), 

whose functional importance is still unknown. 

 

The SOC lies in the ventral or inferior portion of the tegmentum of the medulla in many 

mammals and receives most of the synaptic input from the AVCN via the TB. The SOC has 

three main nuclei: the medial superior olivary nucleus (MSO), the lateral superior olivary 
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nucleus (LSO), and the medial nucleus of the trapezoid body (MNTB) (Irving and Harrison, 

1967). In contrast to the principal divisions of the CN, the major divisions of the SOC have 

biased frequency representations (Guinan et al., 1972). The MSO has a disproportionately 

large representation of  low-frequencies, corresponding to that in the bushy cell region of 

the AVCN from which its major input is derived (Bourk et al., 1981). Conversely, the LSO 

and the MNTB have a disproportionately large representation of high frequencies. The 

MSO receives bilateral input from the CN, and the LSO receives ipsilateral input from the 

CN and contralateral input via the MNTB (Thompson and Schofield, 2000). Therefore the 

SOC is the first group of nuclei to integrate binaural information, which plays an important 

role in directional hearing by comparing intensity and timing difference of neural activity 

from the two ears. The above-mentioned biased frequency representations in the MSO and 

LSO are related to the specialized roles played by these nuclei in processing the inter-aural 

disparity cues for detection of sound direction in space: inter-aural time difference of 

mainly low-frequency sound thought to be detected in the MSO and intensity disparity 

mainly of high-frequency sounds in the LSO (Yin and Kuwada, 1984, Yin and Chan, 1988). 

 

The LL is a major auditory tract extending from the lower pontine tegmentum to the IC. It 

forms just lateral to the SOC and is composed of axons from several locations (Brunso-

Bechtold et al., 1981). The nucleus of the LL (NLL) is the next auditory centre in the 

ascending pathway from the SOC. The NLL has 3 major nuclei: the dorsal, intermediate, 

and ventral nuclei of the LL (DNLL, INLL, and VNLL). The CN and SOC are major 

sources of projections to the NLL. Many octopus cells from PVCN project directly to the 

contralateral INLL and VNLL. The inputs from the LSO and MSO to the NLL mainly arise 

from collaterals of axons that reach the IC. Most of the axons leaving the NLL join the 

other axons of the LL and project to the ipsilateral CIC, but some neurons of the DNLL 
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send axons across the midline at the commissure of Probst, to synapse on neurons of the 

contralateral CIC (Adams, 1979, Shneiderman et al., 1988, Henkel, 1997, Schofield and 

Cant, 1997, Oliver, 2000, Cant and Benson, 2003). 

 

The IC is the next major auditory relay centre and the largest auditory structure of the 

brainstem. It is located in the midbrain just caudal to the superior colliculus. There are 3 

main divisions in the IC: the central nucleus (CIC), dorsal cortex (DCIC), and external 

cortex (ECIC), with the CIC as its largest nucleus (Oliver and Morest, 1984). The CIC is 

covered dorsally by the DCIC and surrounded laterally and ventrally by the ECIC. Among 

the 3 main divisions, the CIC is the main integrative and convergence centre for ascending 

auditory inputs from lower brainstem stages. The CIC receives ascending inputs from 

multiple auditory nuclei including the CN, SOC and NLL. The DCN, AVCN ,and PVCN 

project to the CIC primarily from the contralateral side (Osen, 1972, Beyerl, 1978, Adams, 

1979, Semple and Aitkin, 1980, Brunso-Bechtold et al., 1981). The projections from the 

LSO to the CIC are bilateral, while the tracts from the MSO are mainly ipsilateral (Beyerl, 

1978, Adams, 1979, Brunso-Bechtold et al., 1981). There are also projections from all three 

divisions of the NLL (Brunso-Bechtold et al., 1981, Glendenning et al., 1981, Shneiderman 

et al., 1988, Glendenning et al., 1992, Gonzalez-Hernandez et al., 1996), which receive 

inputs from the SOC and CN. These projections from SOC and LL to CIC are mainly 

inhibitory, from glycinergic neurons in the ipsilateral LSO and VNLL, and GABAergic 

ones in both the ipsilateral and contralateral DNLL (Glendenning et al., 1981, Shneiderman 

et al., 1988, Saint Marie et al., 1989, Glendenning et al., 1992, Li and Kelly, 1992, Faingold 

et al., 1993, Pollak et al., 2003). Apart from these inputs, the commissure of the IC crosses 

the midline, and interconnects neurons of the right and left CIC (Aitkin and Phillips, 1984, 

Saldana and Merchan, 1992, Malmierca et al., 1995). Although recently an inhibitory 
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component has been identified (Hernandez et al., 2006), the commissural input is mainly 

excitatory (Malmierca et al., 2003, Malmierca et al., 2005).  

 

In addition, there are also intrinsic connections within the IC itself, notably between the 

CIC, DCIC and ECIC (Saldana and Merchan, 1992, Malmierca et al., 1995). Based on 

Golgi preparations, the DCIC can be distinguished into three to four distinctive layers 

(Morest and Oliver, 1984, Faye-Lund and Osen, 1985, Meininger et al., 1986). In contrast 

to receiving sparse ascending projections from CN and NLL, the DCIC receives dense 

descending cortical inputs to all its layers (Winer et al., 1998). The ECIC consists of a 

group of nuclei which are scattered around the CIC (Morest and Oliver, 1984). Apart from 

the auditory input from the CNIC and NLL, this subdivision also receives somatosensory 

inputs mainly from the dorsal column nuclei, spinal cord and sensory trigeminal nuclei 

(Aitkin et al., 1981, Huffman and Henson, 1990). Thus, ECIC neurons respond to either 

auditory or somatosensory stimuli, or in some cases both (Aitkin et al., 1981). In 

comparison to the sharply tuned CIC neurons that produce robust responses to pure tones, 

ECIC and DCIC neurons are usually broadly tuned and respond better to broadband stimuli 

(Syka et al., 2000). 

 

Structurally, the CIC has a laminar feature, formed by layering of the afferent axons and the 

dendrites of the intrinsic neurons (Rockel and Jones, 1973). These laminae are associated 

with iso-frequency sheets of cells; low frequencies are found in the dorsal sheets and high 

frequencies in the ventral ones, thus providing a tonotopic organization (Semple and Aitkin, 

1979). The multiple parallel auditory pathways from cochlear nuclei to the IC have synaptic 

connections with principal cells of CIC, most of whose axons form the ipsilateral large 
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brachium of the IC, which leaves the IC to enter the ventral division of MGB (Calford and 

Aitkin, 1983), the major auditory nucleus of the thalamus. 

 

The MGB is an obligatory thalamic auditory station, receiving afferents from the IC and 

transmitting the information to the auditory cortex. The MGB has three distinct divisions: 

dorsal (MGBd), medial (MGBm), and ventral (MGBv) (Winer, 1985). Of these, only the 

MGBv is a specific auditory relay whereas other divisions have non-auditory input and 

projections (Huffman and Henson, 1990). The MGBv shows a laminar structure which 

preserves a tonotopic organization, with high frequencies located medially and low 

frequencies laterally (Aitkin and Webster, 1972). The ascending pathway at this level can 

be classified into two main groups: the lemniscal (specific) and extra-lemniscal (non-

specific) pathways. In the lemniscal pathway, most fibers from the CIC synapse on cells of 

the MGBv, predominantly on the ipsilateral side, and neurons of the MGBv project their 

axons to the primary auditory cortex (A1) (Calford and Aitkin, 1983, Winer, 1984, Winer, 

1985). On the other hand, the extra-lemniscal pathways from ECIC and DCIC reach the 

MGBd and MGBm before giving rise to diffuse projections to the non-primary cortex and 

other non-auditory cortical areas (Huffman and Henson, 1990). 

 

The auditory cortex (AC) consists of six layers and several tonotopically organized areas: 

A1, an anterior field, a posterior field and a ventro-posterior field (Merzenich et al., 1975, 

Knight, 1977, Reale and Imig, 1980, Phillips and Irvine, 1982, Imig and Morel, 1983, 

Phillips and Orman, 1984). Surrounding the tonotopic fields is a belt of acoustically 

responsive cortex divided into regions that lack precise tonotopic arrangement: the second 

auditory cortex, a dorso-posterior and ventral field, and a temporal area (Reale and Imig, 

1980). However, it should be noted that there is considerable species variation in the 
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detailed organization of AC. As mentioned above, the specific lemniscal pathway leading 

from MGB to AC mainly arises from MGBv (the specific thalamic auditory relay) 

projections to A1 (Calford and Aitkin, 1983, Winer, 1984, Winer, 1985). The afferent 

fibers from the MGBv end mainly in layer IV but also in the other layers (Mitani et al., 

1985). Within A1, low frequencies are represented posteriorly, and high frequencies 

anteriorly; adjacent tonotopic fields form mirror images of one another with respect to the 

frequency gradients represented across the cortical surface, and thus adjacent fields share a 

common range of frequencies at their border. Neurons with similar CFs occupy iso-

frequency bands of cortex that are oriented roughly orthogonal to the tonotopic gradient. 

Radially oriented microelectrode penetrations into A1 of several species including guinea 

pig have generally been reported to encounter single neurons or cluster of neurons sensitive 

to a common frequency range (Evans and Whitfield, 1964, Suga, 1965, Abeles and 

Goldstein, 1970, Merzenich and Brugge, 1973, Merzenich et al., 1975, Merzenich et al., 

1976, Knight, 1977, Kraus and Disterhoft, 1981, Pfingst and O'Connor, 1981, Phillips and 

Irvine, 1981, Kelly et al., 1986, Phillips et al., 1988, Robertson and Irvine, 1989). Traveling 

in the posterior two thirds of the corpus callosum, a large diffuse fiber tract connects the 

AC on both sides (Neff et al., 1975, Clarke et al., 1995, Rouiller, 1997). 

 

1.3 Hearing loss  

The most common form of hearing loss is sensorineural hearing loss, which is caused by 

factors including aging, ototoxic drugs and noise exposure. No matter what the causes are, 

the shared features of sensorineural hearing loss are progressive degeneration of the cochlea 

with loss of the sensory hair cells and their associated neural connections (Salvi et al., 

2000).  The main causes of sensorineural hearing loss are considered briefly below. 
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Conductive hearing loss, caused by impairment of sound transmission to the cochlea, will 

not be considered in this review. 

 

Age-related hearing loss, presbycusis, is accompanied by detectable morphological changes 

in hair cells, mainly the OHC and their subsequent impaired function (Johnsson and 

Hawkins, 1972). The degeneration and loss of hair cells begins in the basal end of the 

cochlea, spreading toward the apex as the condition progresses. In addition to pathologies 

of cochlear hair cells, presbycusis also often involves loss of auditory nerve fibers as well 

as morphological changes in the auditory nerve fibers, such as wider distribution of fiber 

diameters, possibly reducing temporal coherence of the auditory nerve impulses that arrive 

at the CN (Spoendlin and Schrott, 1989). Previous studies show that prebycusis is a 

complex trait, influenced by interplay between environmental and genetic risk factors, with 

environmental effects becoming more important with age (Karlsson et al., 1997, Gates et al., 

1999). 

 

Some ototoxic agents such as aminoglycoside antibiotics and ethacrynic acid can also cause 

hearing loss (Catlin, 1985, Henley and Rybak, 1995). Topical or systemic injection of 

ototoxic drugs can result in destruction of sensory hair cells (particularly OHC), 

accompanied by a degeneration of spiral ganglion cells (Leake and Hradek, 1988, Zappia 

and Altschuler, 1989) 

 

Based on changes in the hearing threshold, there are two types of noise-induced hearing 

loss. One is temporary threshold shift (TTS) resulting from short-term noise exposure with 

relatively low intensities (Rajan, 1988), and the other is permanent threshold shift (PTS) 

due to high intensities of noise even for a short period producing damage in the cochlea 
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without recovery in hearing sensitivity (Liberman and Gao, 1995). Noise-induced hearing 

loss is normally associated with injury to cochlear hair cells. Similar to presbycusis, hair 

cell loss in the cochlea after acoustic overstimulation also affects the morphology of 

auditory nerve fibers, e.g. patterns of auditory nerve axonal degeneration were found in the 

chinchilla brain stem correlating with the position of hair cell loss after noise-induced 

deafness (Morest and Bohne, 1983, Kim et al., 1997). 

 

The primary reason for PTS is the loss of IHC and OHC, especially OHC in the basal 

portion of the cochlea (Stebbins et al., 1979). The mechanism of TTS is less clear. 

Mechanical stress to the hair cells brought about by acoustic stimulation may result in 

displacement of sterocilia, which modulates their transducer conductances. This is 

supported by studies showing that acoustic overstimulation changes the micromechanical 

properties of the sensory hair bundle at the apex of the hair cells (Saunders et al., 1986a, 

Saunders et al., 1986b) and that damage to the stereocilia correlates well with alterations in 

the tuning curves of auditory nerve fibers (Liberman and Dodds, 1984). Other changes 

occur after noise exposure. For example,  elevated calcium ion concentration in the OHC 

(Fridberger et al., 1998), increased permeability of the endolymph-perilymph barrier to 

potassium and sodium ions (Konishi et al., 1979, Konishi et al., 1982, Johnstone et al., 

1989), inactivation of mechano-electrical transduction channels at the apex of the OHC 

(Patuzzi, 1998), and damaged synapses between IHC and spiral ganglion cells due to 

excessive release of glutamate from IHC, have all ben proposed as possible mechanisms for 

TTS (Robertson, 1983, Puel et al., 1994, Puel et al., 1998).  
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1.4 Tinnitus 

Tinnitus, defined as a phantom sound sensation, is a common yet poorly understood 

disorder (Eggermont and Roberts, 2004). Transient tinnitus is universally experienced and 

normally lasts for seconds to hours. The functional implications of transient tinnitus have 

not been investigated in detail. In contrast, chronic tinnitus is a long-term sustained form, 

which may last for a lifetime. Phantom sensations are most commonly described as high-

pitch sound such as ringing, buzzing, cricket-like, hissing, whistling and humming, and the 

percept can be either monaural or binaural (Stouffer and Tyler, 1990, Heller, 2003). Human 

chronic tinnitus is frequently associated with hearing loss induced by noise exposure and 

becomes worse with aging (Toh et al., 2002), but it can also be a side effect of treatment 

with ototoxic drugs. Most human tinnitus patients perceive a phantom sound corresponding 

to the high frequency region at which hearing loss becomes clinically significant (Meikle et 

al., 1984). Severe tinnitus can have a large impact on patients’ emotional wellbeing and 

hence seriously affects their quality of life (Dobie, 2003). It has been estimated that 

between 6-20% of the population suffer from chronic tinnitus and the percentage for 

transient tinnitus is much higher (Vio and Holme, 2005).  

 

Tinnitus can also be provoked by hearing loss induced by loud noise and ototoxic drugs 

(e.g. salicylates) in animal behavioral test models using rats, hamsters and mice (Jastreboff 

et al., 1988, Bauer et al., 2000, Bauer and Brozoski, 2001, Brozoski et al., 2002, Heffner 

and Harrington, 2002, Bauer, 2003, Guitton et al., 2003, Ma et al., 2006). These recently 

developed animal models promise, together with continuing research on human patients, to 

contribute major advances to our understanding of the basic physiology of tinnitus. 
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Several peripheral mechanisms for tinnitus have been proposed, which all suggest increased 

spontaneous activity of auditory nerve fibers. For example, one suggestion is that the loss 

of OHC may cause the tectorial membrane to directly contact IHC so that they may become 

more ready to depolarize and hence increase the spontaneous activity from the cochlea 

(Jastreboff, 1990). Another suggestion is that the loss of inhibitory efferent innervation of 

OHC and/or IHC may lead to imbalance in inhibitory and excitatory events in the cochlea 

and hence spontaneous hyperactivity in the auditory nerve fibers (Chery-Croze et al., 1994). 

Yet another hypothesis is that OHC dysfunction may result in excessive glutamate release 

from IHC (Patuzzi, 2002), and this effect may be enhanced by dynorphins released from 

lateral efferents (Sahley and Nodar, 2001). However, these mechanisms seem to be 

contradictory to the results of many studies showing that there is a reduction in spontaneous 

activity in auditory never fibers following noise overstimulation or ototoxic treatment 

(Kiang et al., 1970, Liberman and Kiang, 1978, Stypulkowski, 1990, Mulheran, 1999). 

Therefore, all of these peripheral hypotheses remain purely speculative without direct 

evidence for a mechanistic process of tinnitus generation and persistence. 

 

In contrast, many studies suggest that tinnitus seems to originate from the central nervous 

system. This view has been supported by studies showing that tinnitus persists in patients 

after VIIIth nerve section for acoustic neuroma (Matthies and Samii, 1997). Similarly, 

bilateral dorsal DCN ablation did not significantly affect the psychophysical evidence of 

tinnitus provoked by acoustic overstimulation in rats (Brozoski and Bauer, 2005). Evidence 

from functional imaging studies in human patients also supports a central origin of tinnitus. 

For example, positron emission tomography studies have demonstrated that in patients with 

unilateral tinnitus whose tinnitus loudness could be modulated by certain oral facial 

movements, changes in loudness perception affected cerebral blood flow only in the 



 - 29 - 

contralateral AC, whereas unilateral cochlear stimulation caused bilateral effects 

(Lockwood et al., 1998).  Therefore, the “central mechanism” has become a focus of 

investigations in recent years. 

 

Evidence has accumulated that tinnitus is accompanied by elevated levels of ongoing nerve 

cell activity in central auditory structures such as CN and IC (Kaltenbach and Afman, 2000, 

Komiya and Eggermont, 2000, Kaltenbach et al., 2002, Rachel et al., 2002, Seki and 

Eggermont, 2003, Kaltenbach et al., 2004). It has been suggested that decreases in 

peripheral auditory input due to hearing loss may lower the threshold for stimulation of the 

central auditory system and hence cause neuronal spontaneous hyperactivity (Gerken et al., 

1984). For example, a human study used functional magnetic resonance imaging to 

determine the effect of tinnitus on activity in the IC and found that in unilateral tinnitus 

patients the activation of the contralateral IC by bilateral noise exposure was abnormally 

low compared to the normal individuals, suggesting a reduced dynamic range of response 

in the IC and therefore abnormally high levels of baseline neuronal activity in tinnitus 

sufferers (Melcher et al., 2000, Melcher et al., 2009). Similar studies have also been 

conducted in animal behavioral test models. For instance, neuronal hyperactivity in DCN 

was found in hamsters with salicylate-induced tinnitus (Zacharek et al., 2002) and in 

chinchillas with noise-induced tinnitus (Brozoski et al., 2002). Similarly, using manganese-

enhanced magnetic resonance imaging, an increase in neuronal spontaneous activity was 

observed in PVCN, IC and cerebellar paraflocculus of rats with chronic acoustic-exposure-

induced tinnitus (Brozoski et al., 2007).  

 

Such observations have led to the invocation of central neural plasticity to explain the 

generation and persistence of tinnitus-related hyperactivity. Changes resulting in imbalance 
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in inhibitory and excitatory neurotransmission in CN and IC (Potashner et al., 1997, Bauer 

et al., 2000) and alterations in topographic maps in AC (Robertson & Irvine, 1989) 

accompanying chronic elevations in central neural activity are very illustrative examples 

for the possible role of brain plasticity in tinnitus. Therefore, tinnitus may be the perceptual 

manifestation of plastic brain changes that result in neuronal spontaneous hyperactivity 

after hearing loss (Kaltenbach et al., 2005, Saunders, 2007). 

 

1.5 Changes in spontaneous activity and neurotransmission in the auditory brainstem 

after hearing loss 

There is compelling evidence that hearing loss is often associated with elevated neuronal 

activity in CN and IC (Bledsoe et al., 1995, Wang et al., 1996, Kaltenbach and Afman, 

2000, Kaltenbach et al., 2000, Vale and Sanes, 2002, Ma et al., 2006, Brozoski et al., 2007). 

Noise-induced deafness in hamsters, rats and chinchillas has been shown to increase the 

spontaneous activity of DCN neurons (Kaltenbach et al., 1998, Zhang and Kaltenbach, 

1998, Brozoski et al., 2002). Multiunit surface recordings demonstrated that mean 

spontaneous rates of DCN neurons increased 2-5 days following noise trauma, with 

maximum increases seen in the tonotopic region very near the frequency of the exposure 

tone (Kaltenbach et al., 1998, Kaltenbach and Afman, 2000, Kaltenbach et al., 2004). 

However, quantification of peripheral hearing loss was not performed in these studies and 

hence whether the maximum spontaneous hyperactivity correlates with the frequency 

region of maximum hearing loss is unknown. Single unit recordings showed that fusiform 

cells in the DCN often exhibit an increase in their spontaneous activity after the peripheral 

deafening (Brozoski et al., 2002). Shore et al. (2008) also reported that multisensory 

neurons in the DCN activated by trigeminal stimulation showed increased spontaneous 

rates after cochlear damage. 
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Similar to observations in the CN, spontaneous activity also increases in IC after acoustic 

trauma. A recent study showed an increase in the spontaneous activity of CIC neurons in 

the frequency region near the exposure sound 13-96 days after acoustic trauma in adult 

mice (Ma et al., 2006). However, like Kaltentach and co-workers, they also did not measure 

the extent and magnitude of the peripheral hearing loss, therefore it is unclear whether the 

highest elevation in central spontaneous activity corresponds to the frequency region of 

maximum peripheral hearing loss. In another study, an elevation in evoked potential 

amplitude of CIC neurons after acute acoustic trauma was reported and attributed to the 

loss of lateral inhibition originating from the higher frequencies (hearing loss region) in the 

CIC (Wang et al., 1996). However, these workers did not find an elevation in spontaneous 

activity after acute cochlear trauma. Since Wang and co-workers only recorded the 

immediate change after acoustic trauma, the long term changes in the spontaneous activity 

of CIC neurons were not addressed. Because fusiform cells of the DCN form tonotopically 

arranged direct projections to the contralateral CIC (Cant and Benson, 2003), the 

hyperactivity in these excitatory DCN outputs may contribute to the increased activity in 

CIC neurons after deafness (Brozoski et al., 2002).  

 

The present major hypothesis for the observed elevated spontaneous activity after hearing 

loss is that a reduction of peripheral auditory input may result in imbalance of excitatory 

and inhibitory neurotransmission, leading to an overall increase in excitation (Eggermont, 

2007). In conformity with the above hypothesis, changes after hearing loss have also 

observed in neurotransmission processes such as GABAergic and glycinergic down-

regulation and glutamatergic up-regulation in the auditory brainstem (Eggermont and 

Roberts, 2004).   
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One study reports that the number of GABA positive neurons is reduced in the CN of aged 

rat with hearing loss (Yang et al., 1998). In other studies, decreases in glycine-

immunoreactivity following bilateral cochlear ablation were reported in rat CN (Asako et 

al., 2005) and glycine release was persistently depressed in both the ipsi and contralateral 

DCN after unilateral cochlear ablation (Suneja et al., 1998b). This evidence suggests a 

decrease in pre-synaptic synthesis and release of the inhibitory neurotransmitter. Previous 

studies also show reductions in mRNA levels of glycine and GABA receptor subunits in 

age-related hearing loss (Willott et al., 1997, Campos et al., 2001). The down-regulation of 

receptor subunits with high affinity to their ligands could lead to decreases in the 

percentage of more sensitive inhibitory receptors and hence loss of inhibition in the CN. In 

addition, other studies in the CN have demonstrated that glycine uptake was elevated 

bilaterally and its receptor binding was persistently weakened ipsilaterally at different time 

points after unilateral deafening (Suneja et al., 1998a, Suneja et al., 1998b, Potashner et al., 

2000). Collectively, these previous findings suggest a down-regulation of inhibitory 

neurotransmission in the CN following hearing loss (Suneja et al., 1998a, Suneja et al., 

1998b, Yang et al., 1998, Potashner et al., 2000, Campos et al., 2001). In light of the 

anatomical evidence that most of the inhibitory neuron boutons are concentrated in the 

DCN (Mugnaini, 1985, Wenthold et al., 1986, Wenthold et al., 1987, Gates et al., 1996, 

Kemmer and Vater, 1997, Yang et al., 1998, Asako et al., 2005), it is highly likely that the 

spontaneous hyperactivity in the DCN is derived, at least in part, from the weakening of 

inhibitory neurotransmission.  

 

Similar changes are observed in the IC. A deficiency in glycine binding in the IC at 60 days 

after unilateral cochlear ablation has been reported (Suneja et al., 1998a). Another study 
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showed that the expression of glycine receptors was decreased substantially and 

persistently in the contralateral IC shortly after unilateral cochlear ablation (Argence et al., 

2006). It has also been demonstrated that GABA synthesis, release and binding, as well as 

its receptor expression are down-regulated in the IC after hearing loss (Bledsoe et al., 1995, 

Suneja et al., 1998b, Abbott et al., 1999, Caspary et al., 1999, Mossop et al., 2000, Argence 

et al., 2006). For example, levels of glutamic acid decarboxylase (GAD, a rate-limiting 

enzyme in GABA formation) have been reported to decrease in the IC after either bilateral 

exposure to acoustic trauma in rats (Abbott et al., 1999, Milbrandt et al., 2000) or 

contralateral cochlear removal in gerbils (Mossop et al., 2000), suggesting a 

downregulation of the reservoir pool of GABA in the IC. In addition, Vale et al. (2004) 

showed that, after unilateral cochlear ablation, a loss of neural inhibition is present in both 

ipsi and contralateral IC, with greater reduction contralateral to the ablation. Interestingly, 

after salicylate application, accompanying a decrease in GABA receptor binding sites, there 

is an increase in GAD protein in the IC of rats showing behavioral evidence for tinnitus 

(Bauer et al., 2000). In contrast, in the IC of rats with age-related deafness, Caspary et al. 

(1999) found changes in the subunit makeup of GABAA receptors.  This could lead to an  

increase in tonic inhibition, suggesting a possible compensatory mechanism for a decrease 

in presynaptic GABA release. Thus, both pre- and postsynaptic inhibitory neural processes 

undergo plastic changes after hearing loss. These findings indicate that alterations in 

neuronal inhibition may contribute to deafness-induced plastic changes in 

electrophysiological responsiveness of neurons and hen`ce spontaneous hyperactivity in the 

IC. 

 

Apart from the changes in inhibitory neural processes, there also appears to be a 

strengthening of glutamatergic excitation in CN and IC. In the first week after intense noise 
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exposure, D-[3H]Aspartate release from brain slices evoked by electrical field stimulation 

was increased in the ipsilateral VCN and DCN, whereas its uptake was unchanged or even 

depressed (Muly et al., 2004). Although at 2 weeks after exposure glutamatergic 

transmission was lowered (most likely due to the degeneration of auditory nerve fibers), 

after 90 days D-[3H]Aspartate release and AMPA receptor binding were sharply increased 

(Muly et al., 2004). This may be caused by mechanisms similar to those observed after 

unilateral cochlear ablation, where elevation in D-[3H]Aspartate release suggests a 

strengthening of excitatory glutamatergic transmission (Potashner et al., 1997). In addition 

to changes in the CN, D-[3H]Aspartate release is also upregulated in the CIC following 

unilateral cochlear removal in guinea pigs, indicating an enhancement of excitatory 

glutamatergic transmission in the IC as well (Potashner et al., 1997). These findings agree 

well with a noise-induced deafness model, where an enhancement of glutamatergic 

transmission was linked to hyperexcitability in the auditory pathways (Salvi et al., 2000). 

 

In summary, an imbalance in the relative levels of inhibitory and excitatory 

neurotransmission can lead to an overall increase in excitation, and this may be one of the 

underlying mechanisms for deafness-induced neural hyperactivity often associated with 

tinnitus. 

 

1.6 Thesis objective 

As reviewed above, central spontaneous hyperactivity is suggested as a neurobiological 

substrate of tinnitus. Since the number of studies addressing the molecular basis of 

spontaneous hyperactivity in central auditory structures is very limited, the picture is still 

unclear. Even fewer studies of this kind employed quantification of changes in gene 

expression after hearing loss. In addition, most of these studies used the extreme case of 
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total deafness induced by cochlear ablation and none of them performed both 

electrophysiological and gene expression measurements in the same animals. Interestingly, 

although guinea pigs are a commonly employed and traditional species in auditory research, 

their use in gene expression studies is extremely rare due to lack of information on 

necessary nucleotide/amino acid sequences in the public database. Therefore the main 

objective of this thesis is to demonstrate spontaneous hyperactivity in the guinea pig 

auditory brainstem and to investigate gene expression in the same animals using more 

realistic unilateral partial deafness models induced by either cochlear mechanical lesion or 

acoustic overstimulation. The choice of genes to investigate is based on the hypotheses that 

central spontaneous hyperactivity is a consequence of elevation in overall excitation due to 

an imbalance between inhibitory and excitatory neurotransmission and/or changes in 

neuron membrane excitability. Hence, the following eight genes were selected covering the 

three potential mechanisms: GABA-A receptor subunit alpha 1 (GABRA1); glutamate 

decarboxylase 1 (GAD1); glycine receptor subunit alpha 1 (GLRA1), glutamate receptor 

AMPA subunit alpha 2 (GRIA2), glutamate receptor NMDA subunit 1 (GRIN1), a member 

of RAB family of small GTPase (RAB3A), RAB3 GTPase activating protein subunit 1 

(RAB3GAP1); potassium channel subfamily K member 15 (KCNK15). Guinea pig partial 

cDNA was sequenced for each gene and designed specific primers for quantitative real time 

PCR (qRT-PCR). This study is the first to provide mRNA quantification in two guinea-pig 

models of unilateral partial deafness and to combine both electrophysiological 

measurements and gene expression quantification in the same animals. 
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2.1 Molecular biological methods 
 
2.11 RNA preparation 

After being deeply anaesthetized with subcutaneous injection of atropine sulphate (0.65 

mg/kg) and an intraperitoneal injection of Nembutal (sodium pentobarbitone initial dose 

30 mg/kg), followed 10–15 min later by 0.15 ml intra-muscular (i.m.) injection of Hypnorm 

(fentanyl citrate 0.315 mg/ml and fluanisone 10 mg/ml, Vetapharm Ltd), animals were 

decapitated and their brains rapidly removed in ice-cold phosphate-buffered saline. The 

entire left and right CN and IC were removed quickly using a sharp scalpel and fine 

scissors, and then transferred into ice-cold 1.5ml RNase-free tubes. The samples were 

immediately stored at −80ºC until RNA extraction. 

 

Total RNA was isolated by use of a homogenizer (Invitrogen) and PureLinkTM Micro-to-

Midi Total RNA Purification System (Invitrogen) according to the manufacturer’s protocol 

for purifying RNA from animal tissue. Nucleic acid concentration was measured by a 

NanoDrop 1000 Spectrophotometer (Thermo Scientific). Subsequently, genomic DNA 

contamination was removed by RQ1 RNase-free DNase (Promega) treatment (1unit/ug 

nucleic acid). The DNase-treated RNA was then re-purified using the PureLinkTM Micro-

to-Midi Total RNA Purification System (Invitrogen) according to the manufacturer’s 

protocol for purifying RNA from liquid samples. The re-purified RNA was nanodropped 

again and checked by agarose gel electrophoresis for integrity before being stored at –80°C. 

 

A representative example of the quality of total RNA from IC is shown below (Fig. 2.1). 
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2.12 Design of guinea pig-specific primers for qRT-PCR 

Guinea pig-specific primers for qRT-PCR were designed as follows. From the GenBank 

sequence database of the National Center for Biotechnology Information 

(http://www.ncbi.nlm.nih.gov/), mRNA sequences for each gene from Homo sapiens, Mus 

musculus, and Rattus norvegicus, were collected and subsequently aligned using ClustalW 

(Thompson et al., 1994). A representative example of alignment is shown below (Fig. 2.2).   

Marker    2.5ul       5ul         10ul 

Fig. 2.1: Typical gel for 
checking total RNA 
quality. 2.5, 5 and 10μl of 
total RNA (140ng/μl) 
extracted from guinea pig 
IC were loaded and the 
integrity markers 18S and 
28S rRNA were clearly 
detected. Marker: Lambda 
DNA/HindIII. 

 

28S rRNA

18S rRNA
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Highly conserved regions among the three species were identified and within those  

 

rat             ATGGCCTCAGCCACAGACTCTCGATATGGGCAGAAGGAGTCCTCAGACCAGAACTTCGAC 
mouse           ATGGCTTCCGCCACAGACTCTCGCTATGGGCAGAAGGAGTCCTCAGACCAGAACTTCGAC 
human           ATGGCATCCGCCACAGACTCGCGCTATGGGCAGAAGGAGTCCTCGGATCAGAACTTCGAC 
                ***** ** *********** ** ******************** ** ************ 
 
rat             TATATGTTCAAGATCCTGATCATTGGTAACAGCAGTGTGGGCAAAACCTCATTCCTTTTC 
mouse           TATATGTTCAAGATCCTGATCATTGGGAACAGCAGCGTGGGCAAAACCTCGTTCCTCTTC 
human           TACATGTTCAAGATTCTCATCATCGGCAACAGCAGCGTGGGCAAGACGTCCTTCCTCTTC 
                ** *********** ** ***** ** ******** ******** ** ** ***** *** 
 
rat             CGCTACGCAGACGACTCTTTTACTCCAGCCTTTGTCAGCACTGTGGGCATAGACTTCAAG 
mouse           CGCTACGCAGATGACTCCTTCACTCCAGCCTTTGTCAGCACCGTTGGCATAGACTTCAAG 
human           CGCTATGCTGACGACTCGTTCACGCCTGCCTTCGTCAGCACCGTGGGCATCGACTTCAAG 
                ***** ** ** ***** ** ** ** ***** ******** ** ***** ********* 
 
rat             GTCAAAACCATCTACCGCAATGACAAGAGGATCAAGCTGCAGATCTGGGACACAGCAGGA 
mouse           GTCAAAACCATCTACCGCAACGACAAGAGGATCAAGCTGCAGATCTGGGACACAGCAGGG 
human           GTCAAGACCATCTATCGCAACGACAAGAGGATCAAGCTGCAGATCTGGGACACAGCAGGG 
                ***** ******** ***** **************************************  
 
rat             CAAGAGCGGTACCGAACCATCACCACAGCCTACTACCGGGGCGCCATGGGCTTCATTCTA 
mouse           CAAGAGCGGTACCGCACCATCACCACAGCCTATTACCGAGGCGCCATGGGCTTCATCCTA 
human           CAAGAGCGGTACCGGACCATCACCACCGCATACTACCGGGGCGCTATGGGCTTCATCCTC 
                ************** *********** ** ** ***** ***** *********** **  
 
rat             ATGTATGACATCACCAATGAGGAGTCCTTCAATGCAGTGCAGGACTGGTCCACTCAGATC 
mouse           ATGTATGACATCACCAATGAGGAGTCATTTAATGCAGTGCAGGACTGGTCCACTCAGATC 
human           ATGTATGACATCACCAACGAGGAATCCTTCAATGCAGTGCAGGACTGGTCCACCCAGATC 
                ***************** ***** ** ** *********************** ****** 
 
rat             AAAACTTACTCATGGGACAATGCCCAGGTGCTGCTGGTGGGGAACAAGTGCGACATGGAG 
mouse           AAAACTTACTCGTGGGACAATGCCCAGGTGCTGCTGGTGGGAAACAAGTGTGACATGGAA 
human           AAGACCTACTCATGGGACAATGCCCAGGTGCTGCTGGTAGGAAACAAGTGTGACATGGAG 
                ** ** ***** ************************** ** ******** ********  
 
rat             GACGAGCGAGTGGTGTCCTCAGAACGAGGCCGGCAGCTGGCCGACCACCTGGGCTTTGAG 
mouse           GATGAGCGAGTGGTGTCCTCAGAGCGTGGCCGGCAGCTGGCTGACCACCTGGGCTTTGAG 
human           GATGAGCGGGTGGTGTCATCAGAACGTGGCCGGCAGCTAGCTGACCACCTTGGGTTCGAG 
                ** ***** ******** ***** ** *********** ** ******** ** ** *** 
 
rat             TTCTTTGAGGCCAGCGCCAAGGACAACATTAATGTCAAGCAGACCTTTGAACGTCTGGTG 
mouse           TTCTTTGAGGCCAGCGCCAAGGACAACATTAATGTCAAGCAGACGTTTGAACGTCTGGTG 
human           TTCTTTGAGGCAAGCGCCAAGGACAACATTAACGTCAAGCAGACCTTTGAGCGCCTGGTG 
                *********** ******************** *********** ***** ** ****** 
 
rat             GACGTGATCTGTGAGAAGATGTCGGAGTCCCTAGATACTGCAGACCCTGCAGTCACGGGT 
mouse           GACGTGATCTGTGAGAAGATGTCAGAGTCCCTGGATACTGCAGACCCTGCGGTCACCGGT 
human           GATGTCATCTGCGAGAAGATGTCCGAGTCGTTGGACACGGCGGACCCTGCGGTCACAGGC 
                ** ** ***** *********** *****  * ** ** ** ******** ***** **  
 
rat             GCCAAGCAGGGCCCACAGCTCACCGACCAGCAGGCACCACCTCATCAGGATTGCGCCTGC 
mouse           GCCAAGCAGGGCCCGCAGCTCACCGACCAGCAGGCGCCACCTCATCAGGATTGTGCCTGC 
human           GCCAAGCAGGGCCCACAGCTCAGTGACCAGCAGGTGCCACCGCACCAGGACTGCGCCTGC 
                ************** *******  **********  ***** ** ***** ** ****** 
 
rat             TGA 
mouse           TGA 
human           TGA 
                *** 

 
Fig. 2.2: Alignment for RAB3A mRNA sequences from Homo sapiens, Mus 
musculus, and Rattus norvegicus. Asterisks indicate identical nucleotides among the 
three species. 
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Highly conserved regions among the three species were identified and within those regions, 

two forward and two reverse sequencing primers (~18bp, Table 2.1) with degenerate bases 

for each gene were designed with the anticipated product length ranging from 200 to 600bp.  

Table 2.1: Sequences (5’ to 3’) for sequencing primers. 

 
gene Forward primer Reverse primer 

CAAGGGYCCGCTGCAGTC TCGGTAGGATTTCTGGTA RPS 16 
AGGTCTTCGGACGCAAGA GGCACCAGGRCCTCCAAA 
ATGGATGCCCATGCYTGC TGGCAAACTCRATCAGAG GABRA1 
ATGCTTATACAAGAGCAG TGGCTTTTCTGGAACCAC 
AACCTCCTCGAACGCGGG TTGCGGACATAGTTGAGG GAD1 
CCGCTTCCGGCGCACAGA AAATATCCCATCACCATC 
CTACCTTTGGGAGACCAT GGAAGTGGGCCCCCTTCT GLRA1 
GACCATTGTATTCTTCAG CCACTCAAAGATGAGGTC 
TTCAGTTTTCCACTTCGG AATGGTAATAACCTGGTC GRIA2 
GTTCAGACTGACACCCCA ATCTGAAATCCAGAGACA 
SCACAAGCCCAACGCCA CACCACGCCCACRGCGTC GRIN1 
CAACGACCACTTCACTCC ATGTTGGTGTTGCCCACG 
TATGGGCAGAAGGAGTCC TTAATGTTGTCCTTGGCG RAB3A 
AACTTCGACTAYATGTTC TGAGCTGYGGGCCCTGCT 
AGATGAAATTTCSTTTGC AGGGCATCTATRTCTGG RAB3GAP1 
ATCAYTATCTTGTACAAG CAGGCACCAAATGGYAAC
GYTGGAGCGCCTGGCGCT TGTAGAGGAAGCTGAAGGKCNK15 
GCGCCGGCCGCCAGTGG AGGACCACCAGGTTGAGG

 
 

Conventional PCR was performed with a thermocycler (BioRad icycler) using the specified 

conditions: initial denaturation (95 °C for 2min); touchdown protocol (15 cycles: 95 °C for 

30s (denaturation), X °C for 1min (annealing), 72 °C for 2min (extension), where X 

decreased from 63 °C by 1 °C per cycle). Each reaction contained 1μl of guinea pig 

cerebellum cDNA (reverse transcribed from 1μg of RNA), 5nmol of each dNTP and 

10pmol of each primer. After confirmation of anticipated PCR products by agarose gel 

electrophoresis, the selected positive PCR products were sequenced commercially 

(Macrogen, Korea).  
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The specificity of the guinea pig cDNA sequences was assessed by alignment with the 

corresponding mRNA sequences from Homo sapiens, Mus musculus, and Rattus 

norvegicus. The sequences were submitted to GenBank (Accession No.: FJ236317-

FJ236326). Guinea pig-specific primers (Table 2.2) for real-time PCR were then designed 

for each gene, using a nucleotide sequence analysis software, Vector NTI (Invitrogen), with  

the guidelines described in the “Real Time PCR Handbook” website 

(http://www.uic.edu/depts/rrc/cgf/realtime/primer.html).  

 
Table 2.2: Sequences (5’ to 3’) for guinea pig-specific primers used for qRT-PCR  
 
gene Forward primer Reverse primer 
RPS 16 AGACAGCTACAGCCGTGGCA

CAT 
CAGAAGCAGAACAGGCTCCA
GTAACTT 

GABRA1 TGTAGCAGAAGATGGGTCAC
GCTTA 

ACATATTCTCCTGTACTGGAC
TGCACAAT 

GAD1 CTGACCATCCAACTATCTCTC
TCATCTTCT 

CATCAACTGCCAATACCAATA
TGTTTACA 

GLRA1 CCAAGTCCATGTCACCCTCA
GATTT CTGGCATCGTATCCGGAAGTTCT

GRIA2 AGCACTGCTGAGCTTGATCG
AGTACT 

TGATCGCAGTCACCTGCCATT
T 

GRIN1 CTGACCACCCGAATGTCCAT
CTACT 

TTCCAACTATACACGCGCATC
ATCT 

RAB3A TCTTCCGCTACGCTGATGATT
CC   

CTCTTGTCATTGCGGTAGATG
GTCTT 

RAB3GAP1 AAAGATGAAGTACTGGAAGA
TGCCATTC 

CAATGTGCTCTTGGAGGAAAG
TCATTAT 

KCNK15 CGCCTACTACTACTGCTT GAAGCTGAAGGCCACGTA 

 
 
 
The specificity of all qPCR primers was assessed by using the melting curve protocol on 

the Rotor-3000 software (Corbett Life Science). The melting curve consistently showed 

only one peak, considered specific.  
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2.13 qRT-PCR analysis 

Synthesis of first-strand cDNA from RNA was carried out with the Reverse Transcription 

System kit supplied by Promega. One μg of RNA was reverse transcribed in a 20μl reaction 

with Oligo dT Primers according to the manufacturer's instructions. The resultant cDNA 

was diluted 50 times with nuclease-free water. 

 

qRT-PCR was performed in a Rotor-Gene 3000 real-time thermocycler (Corbett Life 

Science) by using SYBR Green. Amplification was carried out in a total volume of 20μl 

reaction mixture containing 10μl of 2× QuantiTect SYBR Green PCR Master Mix (Qiagen), 

0.5μmol/l of each specific gene primer, and 9μl of diluted cDNA prepared as described 

above. Real-time PCR reactions were cycled 45 times after initial denaturation (50 °C for 

2min, 95 °C for 15 min) under the following parameters: 94 °C for 15s (denaturation), 

54 °C for 30s (annealing) and 72 °C for 30s (extension and fluorescence data collection). 

Negative controls (“no reverse transcription” and “no template”) were run with samples. In 

order to avoid problems created by any inter-run variability, qRT-PCR for tissue samples 

(control and deafened) from the same side of the brain were conducted in the same runs. A 

graph of a representative run is shown below (Fig. 2.3). 
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Fig. 2.3: Typical qPCR run with primers for RAB3A using cDNAs from left cochlear 
nucleus of different animals as templates. Left cluster of curves is the amplification profile 
for house keeping gene RPS16 and right cluster of curves is that for Rab3A. Threshold is 
set within the exponential range of PCR. 
 

 

All analyses were replicated for each gene and the mean of the two reactions was used for 

calculating the expression level of that gene in each animal. Using the housekeeping gene 

ribosomal protein RPS16 for normalization (Cui et al., 2007), relative quantification of 

target gene expression for experimental and control groups was performed following the 

comparative CT method (Livak and Schmittgen, 2001). However, in order to clearly show 

the different expression levels of different genes, the data are reported only as the ratio of 

target to housekeeping gene without converting to fold change. 
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2.2 Histological and immununofluorescence methods 

2.21 Tissue preparation 

After being deeply anaesthetized with subcutaneous injection of atropine sulphate (0.65 

mg/kg) and an intraperitoneal injection of Nembutal (sodium pentobarbitone initial dose 

30 mg/kg), followed 10–15 min later by 0.15 ml intra-muscular (i.m.) injection of Hypnorm 

(fentanyl citrate 0.315 mg/ml and fluanisone 10 mg/ml, Vetapharm Ltd), animals were 

exsanguinated by transcardial perfusion with 0.9% saline, followed by fixation with fresh 

prepared 4% paraformaldehyde in 0.1M phosphate buffer (PB; pH 7.4). The whole brain 

was dissected from the head. Brains were post-fixed in the same fixative at 4 ºC overnight 

before being cryoprotected in 30% sucrose in PB at 4 ºC for 48 hours.  

 

A nick was made on the left side of the brainstem to differentiate the orientation after tissue 

sectioning. The brains were trimmed to remove excessive rostral and caudal parts, frozen 

on dry ice and sections were cut on a freezing microtome. For each brain, coronal sections 

(60μm) containing IC were collected continuously in 11 bottles (No.1-11) with 2ml of PB. 

Thus each bottle contained one adjacent series of sections. Series No.1 was mounted on a 

VWR superfrost plus slide immediately after cutting and dried overnight before being 

stained with toluidine blue. This served as a morphological reference for mounting the free-

floating sections of other series in the correct order after immunofluorescence staining. 
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2.22 Immunocytochemistry (free-floating method) 

Sections in the even-numbered series were rinsed three times in PB for 10 minutes before 

being pre-treated with blocking buffer (PB + 5% goat serum  + 0.1% BSA + 0.1% triton) 

for 2 hours at room temperature. The sections were then incubated on a rotator at 4 ºC for 

48 hours with polyclonal rabbit anti-GABRA1 (1:50; Santa Cruz Biotechnology, Santa 

Cruz, CA, USA) in PB with 1% goat serum. After that, sections were rinsed three times in 

PB and then received a second incubation for indirect immunofluorescence staining, with a 

fluorescent-labeled secondary antibody: Alexa488-goat anti-rabbit immunoglobulin G 

diluted in PB (1:100; Invitrogen, Mount Waverley, VIC, Australia) for 2 hours at room 

temperature in dark. The sections were then rinsed three times for 10 minutes with PB and 

mounted on VWR Superfrost Plus slides. They were dried overnight and coverslipped with 

Prolong Gold antifade Reagent (Invitrogen). Primary antibody was omitted in negative 

control experiments. 

 

2.23 Immunofluorescence quantification 

To measure the immunoreactivity, images were captured at 40X magnification using a 

Digital Sight camera(Nikon, Tokyo, Japan) attached to a Nikon Eclipse 80i fluorescence 

microscope (Nikon, Tokyo, Japan). For each control and experimental group, digitized 

images from comparable regions in CN and IC were imported into Image J software (NIH, 

Bethesda, Maryland, USA) for a quantitative assessment. One section in the middle of the 

rostro-caudal extent of IC was selected from each of the 5 even-numbered series for each of 

the 4 animals in each of the control, mechanical lesion and acoustic trauma groups. This 
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resulted in a total of 60 comparable sections from the middle of IC (20 for each of the three 

groups) available for quantitative analysis.  

 

Since there was substantial variation in background staining for different animals, it was 

not possible to set a fixed value for image contrast and threshold for all the animals. An 

appropriate value for each of the 12 animals (4 individuals from each of the control, 

mechanical lesion and acoustic trauma group) was manually set. Because there was a clear 

difference in background between IC cortex and CIC, 2 images from each animal, one for 

the IC cortex and the other for CIC, were used for the setting. Therefore, there were 24 

images in total for 12 animals. To estimate any subject bias in individual judgment, two 

independent observers were asked to set the value for contrast and threshold and their 

results were plotted for visualization of correlation (Fig. 2.4). The values chosen by both 

observers for either the contrast or threshold showed an obvious correlation around the 

X=Y line. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.4: Correlation of contrast (Panel A) and threshold (Panel B) values set by two 
independent observers for 24 images from 12 animals (4 individuals from each of 
the control, mechanical lesion and acoustic trauma group). The values chosen by 
both observers for either the contrast or threshold showed an obvious correlation 
around the X=Y line. 
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Contrast and threshold for each image were then set using the values of observer 1 (X-axis) 

before quantification for immunoreactivity in DCIC, ECIC, and 4 frequency regions of CIC 

(3-6 kHz, >6-10 kHz, >10-16 kHz and >16 kHz)  

. 

The depth from the cortical surface corresponding to any frequency region in the CIC was 

estimated as follows. By plotting all the available frequency (single neuron CF) data and 

the corresponding depth values from electrophysiological recording within one animal, a 

trendline and its polynomial equation were obtained. Three control animals were analyzed 

in this way and they all showed a very similar pattern (Fig. 2.5A-C). We selected one 

representative equation from animal 3 (y = -2.3742x2 + 144.81x + 3023.2) as the basis of 

our estimation. A 10% shrinkage as a result of immunohistochemical treatment was taken 

into account by multiplying the depth measurement results by 90% to obtain the final 

estimation. The result of immunoreactivity quantification was expressed as a density of 

pixels per 1000 μm2.  

 

 

 

 

 

 

 

 

 



 - 48 - 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

y = -2.3742x2 + 144.81x + 3023.2
R2 = 0.9742

0

1000

2000

3000

4000

5000

6000

0 5 10 15 20 25 30 35

Frequency (kHz)

D
ep

th
 (u

m
)

animal 3
Poly. (animal 3)

0

1000

2000

3000

4000

5000

6000

0 5 10 15 20 25 30 35

Frequency (kHz)

D
ep

th
 (u

m
)

animal 1
animal 2
animal 3

Fig. 2.7: Frequency in the CIC versus depth from cortical surface for 3 
control animals. The lower right panel is the synthesis of the rest 3 panels. 

Fig. 2.5: Frequency in the CIC (single neuron CFs) versus depth from 
cortical surface for 3 control animals. Panel D is the synthesis of Panels A-C 
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When comparing the density results from sections from differently treated groups, it is 

important to consider whether the total area of each of the comparable IC sections from one 

group is significantly different from another due to variability in procedures including 

fixation. Images for the mid-IC section from 4 individuals from each of the control, 

mechanical lesion and acoustic trauma groups used in this study were drawn using a 

drawing tube under 1X magnification. No statistically significant difference in total surface 

area of the IC sections was found between the different groups (Fig. 2.6). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 2.6: Mean total surface area of the mid-IC sections containing both the left 
and right colliculus from 4 individuals for each of the control, mechanical lesion 
and acoustic trauma group. Error bars = S.E.M 

 



 - 50 - 

 

 

 

The total area of all pixels corresponding to positively immunolabeled puncta in DCIC, 

ECIC, and various frequency regions of CIC (3-10 kHz, 10-18 kHz and 18-26 kHz) was 

determined using the particle analysis function of Image J. More than 97% of all the puncta 

had a pixel area of less than 20 as determined by analyzing 20 representative images from 4 

animals (Fig. 2.7). Therefore it was decided to set pixel area of 20 as the upper size limit to 

prevent miscounting large circular structures such as blood vessels, as puncta.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.7: Distribution of puncta of different sizes as percentage of total count by 
analyzing 20 representative images from 4 animals. Error bars = S.E.M 

Pixel area 
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2.3 Statistical methods 

All values for qRT-PCR and immunocytochemistry were expressed as mean ± S.E.M. 

Statistical significance for the qRT-PCR data in the mechanical lesion study was evaluated 

using the two-tailed student’s t-test with a P value of < 0.05 deemed significant. Statistical 

significance for qRT-PCR data in the acoustic trauma study and the immunocytochemistry 

data was evaluated using the One-way ANOVA and Tukey's post-hoc multiple comparison 

tests with a P value of < 0.05 considered significant. 
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                                                       Chapter 3:  

Changes in neuronal activity and gene expression 

in guinea pig auditory brainstem after unilateral 

mechanical lesion 
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3.1 Introduction 

Deafness and other hearing problems such as tinnitus (phantom auditory perception) are a 

major health issue in industrial and post-industrial societies (Vio and Holme, 2005). As a 

result of  hearing loss, nerve cell activity in central auditory structures such as cochlear 

nucleus (CN), inferior colliculus (IC) and auditory cortex shows prolonged alterations 

(Syka, 2002, Moller, 2006). One of the most striking deafness-related changes in the 

auditory brain is a decrease in inhibition and an increase in spontaneous or evoked 

excitation, found in both the CN (Kaltenbach and Afman, 2000, Kaltenbach et al., 2000) 

and the IC (Mossop et al., 2000, Salvi et al., 2000, Vale et al., 2004). Recently developed 

animal models of tinnitus show a correlation between hearing loss and elevated central 

activity, and it has been suggested that elevated spontaneous activity may serve as a 

physiological basis for the sensation of phantom sound (Bauer, 2003, Brozoski et al., 2007). 

 

The molecular mechanism underlying increased neuronal activity in the central auditory 

pathway after deafness is thought to involve plastic changes in relative levels of inhibitory 

and excitatory neurotransmission and/or neuronal membrane excitability (Mossop et al., 

2000, Sato et al., 2000b, Asako et al., 2005, Holt et al., 2005, Holt et al., 2006b, Cui et al., 

2007). However, the results from different studies are sometimes at variance with each 

other. In addition, there are only a very limited number of studies involving quantification 

of mRNA expression and all of these are in rat or mouse models of total deafness following 

cochlear ablation. Since tinnitus is often associated with partial hearing loss (Eggermont 

and Roberts, 2004), such severe ablation models may be clinically less relevant.  
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Here, a guinea pig model of partial deafness that has many similarities to human high-

frequency hearing loss was investigated. In this study, direct mechanical lesions of the 

organ of Corti was used to induce unilateral high-frequency deafness and spontaneous 

activity of single neurons in the contralateral IC was measured to assess the neuronal 

excitability in the auditory midbrain. qRT-PCR was then performed to measure mRNA 

levels of candidate genes related to major inhibitory and excitatory neurotransmission, 

regulation of presynaptic transmitter release, and membrane excitability. To this end, the 

expression of the following genes was studied: GABA-A receptor subunit alpha 1 

(GABRA1); glutamate decarboxylase 1 (GAD1); glycine receptor subunit alpha 1 

(GLRA1); glutamate receptor AMPA subunit alpha 2 (GRIA2);.glutamate receptor NMDA 

subunit 1 (GRIN1);.a member of Rab family of small GTPase (RAB3A);.RAB3 GTPase 

activating protein subunit 1 (RAB3GAP1); potassium channel subfamily K member 15 

(KCNK15). 

 

3.2 Experimental procedures 

3.2.1 Animals and unilateral cochlea mechanical lesions 

The experimental procedures complied with the guidelines set by the National Health and 

Medical Research Council and were approved by the Animal Ethics Committee of the 

University of Western Australia. Ten guinea pigs weighing between 250 and 350g were 

randomly assigned to 3 groups containing 5 animals per group.  

 

3.2.1.1 Control group 

One group was anaesthetized with subcutaneous (s.c.) injection of atropine sulphate (0.65 

mg/kg) and an intraperitoneal (i.p.) injection of Nembutal (sodium pentobarbitone initial 
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dose 30 mg/kg), followed 10–15 min later by 0.15 ml intra-muscular (i.m.) injection of 

Hypnorm (fentanyl citrate 0.315 mg/ml and fluanisone 10 mg/ml, Vetapharm Ltd). The 

animals were checked for normal hearing thresholds at frequencies from 4-24kHz using the 

well-established compound action potential (CAP) audiogram technique (Johnstone et al., 

1979). Animals were placed on a heating blanket to maintain body temperature. Animals 

were mounted between hollow ear-bars and the left cochlea was exposed. An insulated 

silver wire electrode was placed on the bony shelf close to the round window to record the 

CAP of the auditory nerves in response to pure tones delivered by a closed sound system. 

All acoustic stimuli were synthesized by a computer equipped with a peripheral component 

interconnect card (DIGI 96) connected to an analog/digital interface (ADI-9 DS, RME 

Intelligent Audio Solution). Sample rate was 96 kHz. The interface was driven by a 

custom-made computer program (Neurosound, MI Lloyd). After normal hearing was 

confirmed for this group, these animals served as control group. They were sacrificed 

immediately and brain tissues collected (see below). 

 

3.2.1.2 Mechanical lesion group 

Another group was anaesthetized by a s.c. injection of atropine sulphate (0.65 mg/kg) 

followed by i.p. injection of 1 ml/kg Pamlin (Diazepam 5 mg/ml, Parnell Labs) and i.m. 

injection of 1 ml/kg Hypnorm (Fentanyl  0.315mg/ml, fluanisone dose 10mg/ml). 

 

Direct mechanical lesions were made in the organ of Corti following the method described 

previously (Robertson and Irvine, 1989). Briefly, a small 80μm hole was hand drilled in the 

wall of the basal turn scala tympani below the level of the basilar membrane and osseous 

spiral lamina of the left cochlea. A glass micropipette electrode (tip diameter ~20 μm) filled 

with 150 mM KCI was then introduced through the hole in scala tympani and into the 
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organ of Corti via the basilar membrane. The dc potential difference between the pipette 

and a reference wire in the neck muscles was monitored. The electrode was advanced 

through the organ of Corti until the sudden appearance of a large positive potential (+80 to 

+100 mV) signaled entry into scala media. The pipette was further advanced until it 

penetrated Reissner's membrane (signaled by a drop in the positive voltage towards zero). 

The pipette was then withdrawn and a CAP audiogram obtained to ascertain the magnitude 

and extent of any losses in neural sensitivity. The procedure was repeated several times if 

necessary in order to produce a substantial change in CAP thresholds. A small square of 

sterile Gelfilm was placed over the scala tympani hole and the wound was sutured. The 

animals were allowed to recover for one week before single neuron recordings in the IC 

were performed and brain tissues collected (see below). 

 

3.2.1.3 Sham-operated group 

Another group of animals was anaesthetized using the same anesthesia regime as the 

control group before their CAP thresholds were checked, single neuron recordings in the IC 

performed and brain tissues collected (see below).  

 

3.2.2 Single neuron recordings in IC 

After induction of final anesthesia, all animals in which single-unit recordings were made 

received maintenance doses of anesthetics throughout the procedure until tissue collection 

(full dose of Hypnorm every hour and a half dose of Nebutal every 2 hours). In order to 

eliminate possible muscle movements, paralysis was induced by an i.m. injection of 0.1 ml 

of pancuronium bromide (2 mg/ml). Heart rate was continuously monitored (ECG) and did 

not increase at any time during the period of data collection. In addition the anaesthetic 

regime was rigidly adhered to and in unparalyzed animals, no emergence of foot withdrawl 
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was ever observed under these conditions. CAP thresholds were again measured to 

ascertain the features of the final threshold changes. 

 

Subsequently, a craniotomy was performed exposing the rostral part of the cerebellum and 

the caudal part of the cortex. The dura was carefully cut away from the exposed area so that 

a recording electrode could be inserted into the brain. Extracellular single-neuron 

recordings were made from the right IC (contralateral to the lesioned left cochlea) using 

tungsten-in-glass microelectrodes (Merrill and Ainsworth, 1972). Characteristic frequency 

(CF) of each neuron encountered was determined using audio-visual cues. Spontaneous 

activity was recorded in periods of 10 seconds using Neurosound software. The correct 

placement of the recording electrodes in the central nucleus of the inferior colliculus (CIC) 

was based on the appearance of a robust cluster with a short latency in response to tone 

bursts and a systematic progression of single cell and cluster CFs in agreement with the 

known place-frequency map in the inferior colliculus (Seluakumaran et al., 2008a). 

Recordings were made for approximately 4 hours in all animals. 

 

3.2.3 Tissue collection 

Animals were decapitated and their brains rapidly removed in ice-cold phosphate-buffered 

saline. The entire CN (left and right) and IC (left and right) were removed quickly using 

either a sharp scalpel or fine scissors, and then transferred into 1.5ml RNase-free tubes. The 

samples were immediately stored at −80ºC until RNA extraction. 

 

3.2.4 RNA preparation 

Total RNA was isolated by use of a homogenizer (Invitrogen) and PureLinkTM Micro-to-

Midi Total RNA Purification System (Invitrogen) according to the manufacturer’s protocol 
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for purifying RNA from animal tissue. Nucleic acid concentration was measured by a 

NanoDrop 1000 Spectrophotometer (Thermo Scientific). Subsequently, genomic DNA 

contamination was removed by RQ1 RNase-free DNase (Promega) treatment (1unit/ug 

nucleic acid). The DNase-treated RNA was then re-purified using the PureLinkTM Micro-

to-Midi Total RNA Purification System (Invitrogen) according to the manufacturer’s 

protocol for purifying RNA from liquid samples. The re-purified RNA was nanodropped 

again and checked by agarose gel electrophoresis for integrity before being stored at –80°C. 

 

3.2.5 Design of guinea pig-specific primers for qRT-PCR 

Guinea pig-specific primers for qRT-PCR were designed as follows. From the GenBank 

sequence database of the National Center for Biotechnology Information 

(http://www.ncbi.nlm.nih.gov/), mRNA sequences for each gene from Homo sapiens, Mus 

musculus, and Rattus norvegicus, were collected and subsequently aligned using ClustalW 

(Thompson et al., 1994). Highly conserved regions among the three species were identified 

and within those regions sequencing primers (18bp) were designed with the anticipated 

product length ranging from 200 to 600bp. Conventional PCR was performed with a 

thermocycler (BioRad icycler) using the specified conditions: initial denaturation (95 °C for 

2min); touchdown protocol (15 cycles: 95 °C for 30s (denaturation), X °C for 1min 

(annealing), 72 °C for 2min (extension), where X decreased from 63 °C by 1 °C per cycle). 

Each reaction contained 1μl of guinea pig cerebellum cDNA (reverse transcribed from 1μg 

of RNA), 5nmol of each dNTP and 10pmol of each primer. After confirmation of 

anticipated PCR products by agarose gel electrophoresis, the PCR products were sequenced 

commercially (Macrogen). The specificity of the guinea pig cDNA sequences was assessed 

by alignment with the corresponding mRNA sequences from Homo sapiens, Mus musculus, 

and Rattus norvegicus. The sequences were submitted to GenBank (Accession No.: 
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FJ236317-FJ236326). Guinea pig-specific primers (See Table 2.2, Chapter 2) for real-time 

PCR were then designed for each gene, using a nucleotide sequence analysis software, 

Vector NTI (Invitrogen), with  the guidelines described in the “Real Time PCR Handbook” 

website (http://www.uic.edu/depts/rrc/cgf/realtime/primer.html).  

 

3.2.6 qRT-PCR analysis 

Synthesis of first-strand cDNA from RNA was carried out with the Reverse Transcription 

System kit supplied by Promega. One μg of RNA was reverse transcribed in a 20μl reaction 

with Oligo dT Primers according to the manufacturer's instructions. The resultant cDNA 

was diluted 50 times with nuclease-free water. 

 

qRT-PCR was performed in a Rotor-Gene 3000 real-time thermocycler (Corbett Life 

Science) by using SYBR Green. Amplification was carried out in a total volume of 20μl 

reaction mixture containing 10μl of 2× QuantiTect SYBR Green PCR Master Mix (Qiagen), 

0.5μmol/l of each specific gene primer, and 9μl of diluted cDNA prepared as described 

above. Real-time PCR reactions were cycled 45 times after initial denaturation (50 °C for 

2min, 95 °C for 15 min) under the following parameters: 94 °C for 15s (denaturation), 

54 °C for 30s (annealing) and 72 °C for 30s (extension and fluorescence data collection). 

Negative controls (“no reverse transcription” and “no template”) were run with samples. 

The specificity of all amplicons was further assessed by using the melting curve protocol on 

the Rotor-3000 software (Corbett Life Science). In order to avoid problems created by any 

inter-run variability, qRT-PCR for tissue samples (control and deafened) from the same 

side of the brain were conducted in the same runs. All analyses were replicated for each 

gene and the mean of the two reactions was used for calculating the expression level of that 

gene in each animal. Using the housekeeping gene ribosomal protein S16 (RPS16) for 
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normalization (Cui et al., 2007), relative quantification of target gene expression for 

experimental and control groups was performed following the comparative CT method 

(Livak and Schmittgen, 2001). However, in order to clearly reflect the different expression 

levels of different genes, the data are reported only as the ratio of target to housekeeping 

gene without converting to fold change. 

 

3.2.7 Statistical analysis 

All values in the figures are expressed as mean ± standard error of the mean (S.E.M. = error 

bar). Statistical significance for neuronal spontaneous activity data was assessed by the 

Mann-Whitney test with a P value of P < 0.05 considered significant. Statistical 

significance for CAP threshold and qRT-PCR data was evaluated using the two-tailed 

student’s t-test with a P value of P < 0.05 deemed significant.  
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3.3 Results 

3.3.1 CAP threshold shift 

The magnitude and extent of hearing loss induced by the cochlear mechanical lesions was 

evaluated using the CAP. The sham-operated ears showed very similar CAP thresholds to 

the control ones (data not shown). The average CAP thresholds in control ears as well as 

mechanically lesioned ones before, immediately after and 1 week after the mechanical 

lesion are shown in Fig. 3.1. The average CAP thresholds of the pre-lesion animals were 

not significantly different from those of the control animals. In contrast, immediately after 

the mechanical lesion, the average CAP thresholds increased significantly (P < 0.05) at 10 

– 24 kHz, compared to pre-lesion thresholds. One week after the mechanical lesion, the 

average CAP thresholds at the same frequencies remained significantly (P < 0.05) higher 

than the pre-lesion thresholds.  

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.1: Partial hearing loss in left cochlea of 5 animals recorded straight after and 1 
week after mechanical lesion. Mechanical lesion caused significant increase of CAP 
threshold at 10 – 24 kHz in left ear of lesioned animals. * P < 0.05. Values are mean ± 
S.E.M. Average audiogram of 5 control animals also shown for comparison. 
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3.3.2 Spontaneous activity in contralateral CIC 

In order to compare the neuronal spontaneous activity in the right (contralateral) CIC of the 

control and mechanically lesioned animals, the CIC neurons were divided into five groups 

based on their frequencies, namely, 0 – 4 kHz, >4 – 8 kHz, >8 – 12 kHz, >12 – 16 kHz, and 

>16 kHz. The mean spontaneous firing rate of each sample group in both the control and 

lesioned animals is shown in Fig. 3.2. The results obtained on a separate occasion from 5 

normal-hearing animals were used as data for control animals. There was a significant (P < 

0.05) increase in the mean spontaneous firing rate of the contralateral CIC neurons of the 

lesioned animals compared to the control animals in all 5 groups of neurons, with the 

increases in the higher frequency range groups (> 8 kHz) larger than the lower frequency 

range ones (< 8 kHz). This relatively high frequency region (> 8 kHz) corresponded with 

the frequency range of peripheral hearing loss in the mechanically lesioned animals (See 

Fig. 3.1).  

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.2: Elevation of spontaneous activity in single neurons of right (contralateral) IC 
in mechanically lesioned animals. Bars show mean spontaneous firing rates in control 
and partially deafened animals in different frequency regions ± S.E.M. The number of 
neurons in each frequency region is indicated above the bars. * P < 0.05.  
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3.3.3 Gene expression in CN 

Six out of the 8 genes investigated showed a significant decrease in expression in the left 

(ipsilateral) CN (Fig. 3.3) compared to control animals, whereas there were no significant 

differences for any genes in the right (contralateral) CN (Fig. 3.4).  

 

Significant changes in the ipsilateral CN can be summarized as follows. There were 

decreases in expression of inhibitory neurotransmission related genes: GABRA1 (66.78% 

reduction, Fig. 3.3A), GAD1 (63.37% reduction, Fig. 3.3B) and GLRA1 (65.68% reduction, 

Fig. 3.3C).  RAB3A, implicated in regulation of presynaptic vesicle exocytosis, was also 

decreased by 51.36% (Fig. 3.3F). Similarly, RAB3GAP1, the catalytic subunit of an 

enzyme involved in regulation of RAB3 activity, was reduced by 74.51% (Fig. 3.3G). 

KCNK15, which normally causes potassium ion background leakage and hence reduces 

neuronal membrane excitability, was decreased by 65.34% (Fig. 3.3H).  

 

Although there were no significant changes in expression of major excitatory 

neurotransmission related genes, the mean expression of GRIA2 in the ipsilateral CN was 

lowered compared to controls by 64.25% (Fig. 3.3D)  
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Fig. 3.3: Changes in mRNA expression level of 8 selected genes in left (ipsilateral) 
CN following mechanical lesion, as shown by qRT-PCR. Gene symbols are indicated 
on top of each graph. * P < 0.05. Values are mean ± S.E.M. 
 

             Gene expression in ipsilateral CN 
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Fig. 3.4: Changes in mRNA expression level of 8 selected genes in right 
(contralateral) CN following mechanical lesion, as shown by qRT-PCR. Gene symbols 
are indicated on top of each graph. * P < 0.05. Values are mean ± S.E.M. 
 

             Gene expression in contralateral CN 
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3.3.4 Gene expression in IC 

Three genes showed significant changes in expression in the left (ipsilateral) IC (Fig. 3.5) 

and 4 genes in the right (contralateral) IC (Fig. 3.6). GABAR1 was decreased in both 

ipsilateral and contralateral IC by 40.91% (Fig. 3.5A) and 54.45% (Fig. 3.6A), respectively. 

A similar pattern was obtained for GAD1 with a decrease of 48.26% (Fig. 3.5B) in the 

ipsilateral IC and 64.46% (Fig. 3.6B) in the contralateral IC, and KCNK15 declining by 

49.2% (Fig. 3.5H) in the ipsilateral IC and 50.66% (Fig. 3.6H) in the contralateral IC. By 

contrast, RAB3A showed a significant change only in the contralateral IC with a reduction 

of 36.77% (Fig. 3.6F).  

The mean expression of GRIA2 and RAB3GAP1 was lower than controls in both the 

ipsilateral (55.79% and 45.89% reduction, Fig. 3.5D and 3.5G) and contralateral IC 

(48.75% and 38.66% reduction, Fig. 3.6D and 3.6G), but values did not reach statistical 

significance. On the other hand, the mean values of GLRA1 and GRIN1 expression were 

similar to controls in the ipsilateral (Fig. 3.5C and 3.5E) and contralateral IC (Fig. 3.6C and 

Fig. 3.6E). 

 

3.3.5 Gene expression for sham-operated group and control group in contralateral IC 

Five sham-operated animals were compared with the 5 control animals for gene expression 

in the contralateral IC. These sham-operated animals were subject to exactly the same IC 

recording and surgical procedures as the lesioned animals, except for the cochlear lesion. 

None of the 8 genes showed significant changes between sham-operated and control 

animals (Fig. 3.7). 
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Fig. 3.5: Changes in mRNA expression level of 8 selected genes in left (ipsilateral) IC 
following mechanical lesion, as shown by qRT-PCR. Gene symbols are indicated on 
top of each graph. * P < 0.05. Values are mean ± S.E.M. 
 

             Gene expression in ipsilateral IC 
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Fig. 3.6: Changes in mRNA expression level of 8 selected genes in right 
(contralateral) IC following mechanical lesion, as shown by qRT-PCR. Gene symbols 
are indicated on top of each graph. * P < 0.05. Values are mean ± S.E.M. 
 

             Gene expression in contralateral IC 
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Gene expression for sham-operated and control groups in            
contralateral IC

Fig. 3.7: mRNA expression level of 8 selected genes in right (contralateral) IC for 
sham-operated and control animals, as shown by qRT-PCR. Gene symbols are 
indicated on top of each graph. * P < 0.05. Values are mean ± S.E.M. 
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3.4 Discussion 

This study demonstrated dramatic elevation of neuronal spontaneous activity in the CIC 

after unilateral partial deafness. It also showed plastic changes in mRNA expression of 

neurotransmission- and membrane excitability-related genes in both the CN and IC in 

response to the unilateral partial deprivation of auditory input. As discussed below, my 

results suggest that these alterations in gene expression may serve as part of the molecular 

mechanism underlying elevated central spontaneous activity following unilateral partial 

deafness.  

 

It should be noted that these results have a number of limitations. First, they do not show 

changes in protein levels and there are examples from previous studies showing that mRNA 

and protein changes may be different (Gutierrez et al., 1997, Wang et al., 2009). Second, 

we did not measure mRNA/protein changes in different subdivisions or tonotopic regions 

of the central nuclei concerned. Further studies will be required to ascertain if the 

topographic distribution of elevated neural firing rates is reflected in a corresponding 

spatial distribution of altered gene expression.  

 

3.4.1 Hearing loss and central spontaneous hyperactivity  

There is compelling evidence that hearing loss is often accompanied by elevated levels of 

ongoing neuronal activity in central auditory pathways (Kaltenbach and Afman, 2000, Ma 

et al., 2006, Brozoski et al., 2007). The data in the present study demonstrate that partial 

unilateral hearing loss specifically elevates the spontaneous activity in regions of the 

contralateral CIC that are tonotopically related to the frequency range of peripheral hearing 

loss. A recent study of noise-induced cochlear trauma, also showed an increase in the 
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spontaneous activity of CIC neurons in the frequency region of the noise exposure (Ma et 

al., 2006), but the extent of peripheral hearing loss was not determined. 

 

Besides triggering changes in IC neurons demonstrated in this and other studies, peripheral 

hearing loss can also produce neuronal spontaneous hyperactivity in the dorsal CN (DCN). 

Deafening hamsters, rats and chinchillas has been shown to increase the spontaneous 

activity of DCN neurons (Kaltenbach et al., 1998, Zhang and Kaltenbach, 1998, Brozoski et 

al., 2002). Multiunit surface recordings demonstrated that mean spontaneous firing rates of 

DCN neurons increased following intense tone exposure, with maximum increases seen at 

the tonotopic regions corresponding to the frequencies of the traumatic tones (Kaltenbach 

and Afman, 2000). Single unit recordings showed that fusiform cells in the DCN often 

exhibit an increase in their spontaneous activity after peripheral deafening (Brozoski et al., 

2002).  

 

3.4.2 Changes in gene expression 

qRT-PCR data showed that all candidate genes were expressed in the CN and IC. Our 

results suggest that decreased mRNA expression of inhibitory neurotransmission- and 

membrane excitability-related genes is associated with partial deafness induced central 

plasticity.  

 

3.4.2.1 Inhibitory Neurotransmission-related genes 

Expression of GLRA1, GAD1 and GABRA1 in the CN of control animals is consistent 

with strong glycinergic and GABA-ergic transmission in this nucleus mediated primarily 

by the receptor subunits we examined here (Ebert and Ostwald, 1995, Sato et al., 2000a). 

The CN displays a high concentration of inhibitory boutons (Mugnaini, 1985, Asako et al., 
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2005) associated with both intrinsic (interneurons) and extrinsic (descending projections) 

inhibitory pathways, with the superior olivary complex being the most important extrinsic 

source (Ostapoff et al., 1997).  

 

After unilateral mechanical lesions, the expression of GLRA1, GAD1 and GABRA1 

showed significant decreases in the ipsilateral CN. We did not find any significant change 

in the contralateral CN, which is not unexpected, since direct cochlear input to the CN is 

purely ipsilateral. However, Suneja et al (1998a) reported changes in AMPA receptor 

binding in contralateral CN after total cochlear ablation ,. After acoustic trauma, Brozoski 

et al (2002), report increase in fusiform cell firing in contralateral CN. It is not clear 

whether these changes would be reflected in gene expression changes. 

 

The decreases we observed in the mRNA levels of inhibitory neurotransmitter synthesis 

enzyme GAD1 and the receptor subunits GLRA1 and GABRA1 imply that both pre- and 

post-synaptic mechanisms contribute to deafness-related loss of inhibition. The possibility 

that pre-synaptic GABA synthesis may diminish in the CN after ipsilateral partial deafness 

is supported by a study showing a loss of GABA positive neurons in the CN of aged rat 

with hearing loss (Yang et al., 1998). In other studies, decreases in glycine levels were 

reported in rat CN (Asako et al., 2005) and guinea pig DCN (Suneja et al., 1998b) 

following bilateral and unilateral cochlear ablation respectively. This evidence suggests that 

decrease in pre-synaptic synthesis and release of the inhibitory neurotransmitters is likely to 

be involved in hyperexitability in the CN.  

 

Work on age-related hearing loss supports our result of decreased inhibitory receptor 

subunit expression, suggesting a post-synaptic mechanism for hyperexitability in the CN 
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(Willott et al., 1997, Krenning et al., 1998, Campos et al., 2001, Wang et al., 2009). 

However, the interpretation of reduced receptor subunit expression is less straightforward, 

since it is known that subtypes of the same subunit can replace each other (Sato et al., 

2000b). Nonetheless, the subunit subtypes we have examined (GLRA1 and GABRA1) have 

the highest affinity for their typical agonists (Sato et al., 2000b). Their loss, whether 

through selective down-regulation of these subtypes or generalized down-regulation of all 

receptor subunits, would most likely result in a net decrease in neuronal inhibition. 

 

Changes in the IC observed in the present study followed a similar pattern to those 

previously reported in the CN, with an increase in spontaneous activity accompanied by a 

decline in GABAergic gene expression. In contrast to the CN however, these changes were, 

in most cases, seen bilaterally. 

 

Anatomical studies have demonstrated that the IC contains many GABAergic fibers 

(Gonzalez-Hernandez et al., 1996), derived from both extrinsic and intrinsic inputs. The 

main extrinsic inputs are projections from the contralateral dorsal nucleus of the lateral 

lemniscus (Shneiderman et al., 1988). The intrinsic inputs are produced by local 

interneurons in the CIC that are highly immunoreactive for GABA (Caspary et al., 1990). 

In situ hybridization studies have also shown both GAD1 and GABRA1 expression are 

prominent throughout the IC (Wynne et al., 1995, Piechotta et al., 2001). Consistent with 

these studies, we found expression of GAD1 and GABRA1 in the IC of the control animals.  

 

It has been demonstrated that GABA release and binding, as well as GAD1 and GABRA1 

expression are down-regulated in the IC after hearing loss (Suneja et al., 1998b, Caspary et 

al., 1999, Mossop et al., 2000). In addition, it has been suggested that the loss of inhibition 
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is greater in the contralateral IC than ipsilateral IC after unilateral cochlear ablation (Vale et 

al., 2004). Our data were consistent with these reports, showing that although both GAD1 

and GABRA1 were decreased bilaterally in the IC, there was a greater reduction in the 

contralateral IC than the ipsilateral one. However, other studies have reported that GABA 

or GABRA1 levels are increased after deafness (Holt et al., 2005, Tan et al., 2007), but 

these studies used different methods to induce deafness and different recovery times.  

 

3.4.2.2 Excitatory neurotransmission-related genes 

Although there was no statistically significant change in gene expression for GRIA2 

subunit of the AMPA receptor, the mean values were much lower than those of the controls 

in ipsilateral CN and contralateral IC. This conspicuous trend of reduction, although 

counterintuitive, agrees with previous studies. For example, unilateral cochlear ablation 

induced a persistent decrease in AMPA binding ipsilaterally in the ventral CN as well as 

bilaterally in the CIC at 30 days post-lesion (Suneja et al., 2000). However, reduction in the 

GRIA2 subunit could be linked to neuronal hyperexcitability, because of its role in 

regulating calcium permeability. Low levels of GRIA2 result in high influx of extracellular 

calcium ions (Hollmann et al., 1991), leading to membrane depolarization. Therefore, the 

trend for down-regulation of GRIA2 subunit in the present study could imply that increase 

in calcium ion permeability may be involved in the elevation of neuronal excitability in CN 

and IC after partial deafness. 

 

3.4.2.3 Genes implicated in regulation of presynaptic exocytosis 

The small GTPase family of RAB proteins belong to the Ras superfamily with more than 

60 members in mammals (Pereira-Leal and Seabra, 2001). They are key regulators of 

vesicular membrane transport in both the exocytic and endocytic pathways (Jordens et al., 
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2005). In particular, the four members of the RAB3 subfamily, RAB3A – 3D, are involved 

in regulation of exocytosis and neurotransmitter release (Schluter et al., 2004). RAB3GAP 

tightly regulates RAB3 by specifically converting active RAB3-GTP to the inactive form 

RAB3-GDP through its catalytic subunit RAB3GAP1, and therefore may also be 

implicated in regulation of neurotransmitter release by determining the timing of the 

dissociation of RAB3 from synaptic vesicles (Sakane et al., 2006). RAB3A is the most 

abundantly expressed RAB3 protein in the central nervous system and is present in 

virtually all synapses (Li and Chin, 2003). Recent gene knockout studies of RAB3A or 

RAB3GAP1 have shown suppressed neurotransmitter release probability (Schluter et al., 

2004, Sakane et al., 2006) 

 

In this study, after partial hearing loss, RAB3A was decreased in the ipsilateral CN and 

contralateral IC, whereas RAB3GAP1 was lowered in the ipsilateral CN only. Our 

observations in combination with the data from studies described above suggest that 

decreases in RAB3A and RAB3GAP1 expression following partial deafness may result in 

down-regulation of presynaptic transmitter exocytosis. However, whether there is 

differential regulation by this pathway of inhibitory and excitatory transmitter release needs 

to be elucidated in future studies. 

 

3.4.2.4 Membrane excitability-related gene – KCNK15 

Two pore potassium channels (K2P) are a class of open rectifying potassium channels 

(Ketchum et al., 1995), which play an important role in setting resting membrane potential. 

Being voltage-insensitive, they allow a background leakage of potassium ions, which 

results in hyperpolarization of cell membrane and hence suppressed neuronal excitability 

(Plant et al., 2005). Therefore, a decrease in expression of K2P channel subunits can result 
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in increased membrane excitability. Although there are 18 subunits in the K2P channel 

family (Plant et al., 2005), only the KCNK15 subunit has been reported so far to have 

relatively selective expression in auditory brainstem neurons (Karschin et al., 2001). In the 

present study, KCNK15 mRNA level showed significant decreases ipsilaterally in the CN 

and bilaterally in the IC, suggesting that down-regulation of the K2P subunit may contribute 

to the elevated neuronal spontaneous activity by dampening a mechanism that decreases 

membrane excitability. Our data is also in agreement with previous studies that showed 

similar reductions of KCNK15 expression in both the CN and IC after bilateral cochlear 

ablation (Holt et al., 2006b, Cui et al., 2007).  

 

3.4.2.5 Comparison of gene expression between sham-operated and control groups 

Since the control data we used for neuronal spontaneous activity were obtained on a 

separate occasion from a different batch of 5 normal-hearing animals, the control animals 

used for qRT-PCR experiments were not subject to single-unit recording in their 

contralateral IC, unlike the mechanical lesion animals. Therefore, I performed a qRT-PCR 

to investigate whether the IC recording itself, or associated surgical exposure of the brain 

and prolonged anesthesia, had any effect on gene expression. None of the 8 genes showed 

significant changes between sham-operated and control animals. This indicates that there 

was no effect of the IC recording procedure or surgical procedures on the transcriptional 

level of the genes investigated and therefore that the control animals can be used as a 

comparison with the mechanically lesioned animals. It can also be stated with confidence 

that the effects seen when comparing control and lesioned animals were indeed a result of 

the mechanical lesion in the cochlea.  
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3.4.3 Conclusion 

In summary, the present study has provided the first investigation of mRNA expression in a 

guinea pig model of unilateral partial deafness. The strength of this study is that peripheral 

hearing loss, neuronal spontaneous activity and gene expression in the same animals were 

correlated. In addition to confirming changes in inhibitory neurotransmission and 

membrane excitability, I have shown for the first time that mechanisms controlling 

presynaptic transmitter release are also altered during central plasticity in the auditory 

system. 
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Chapter 4:  

Changes in neuronal activity and gene expression 

in guinea pig auditory brainstem after unilateral 

acoustic trauma 
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4.1 Introduction 

Peripheral hearing loss induced by cochlear mechanical lesions, ototoxic drugs or acoustic 

overstimulation, can result in neural hyperactivity in central auditory pathways (Salvi et al., 

2000, Illing, 2001, Dong et al., 2009, Mulders and Robertson, 2009). Acoustic trauma, 

defined as injury to the hearing mechanisms in the inner ear due to acoustic overstimulation, 

has also been reported to result in tinnitus (phantom auditory sensation) in well-established 

rodent models such as chinchilla and rat (Kaltenbach et al., 2000, Bauer and Brozoski, 2001, 

Brozoski et al., 2002). It has been suggested that acoustic trauma may induce tinnitus by 

elevating neural spontaneous activity in auditory brain structures (Cazals, 2000, Kaltenbach 

and Afman, 2000, Salvi et al., 2000, Moller, 2003, Eggermont and Roberts, 2004).  

 

Several molecular studies using other deafness models such as full cochlear ablation, 

restricted mechanical cochlear lesions and presbycusis have demonstrated plastic changes 

at a sub-cortical level in the expression of genes related to neurotransmission and intrinsic 

neuronal membrane properties. These changes may be the underlying cause of the observed 

increase in central neuronal activity (Caspary et al., 1990, Caspary et al., 1995, Mossop et 

al., 2000, Argence et al., 2006, Holt et al., 2006a, Holt et al., 2006b, Cui et al., 2007, Dong 

et al., 2009). However, the molecular mechanism of excitability arising from acoustic 

trauma has not been well explored. Even fewer studies of this kind have employed 

quantification of changes in gene expression after acoustic trauma and none of them has 

performed both electrophysiological and gene expression measurements in the brain of the 

same animals.  
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In the present study using a unilateral acoustic trauma model in guinea pigs, measurements 

of peripheral hearing loss and spontaneous hyperactivity in the inferior colliculus (IC) were 

combined with an investigation of gene expression in cochlear nucleus (CN) and IC in the 

same animals. Guinea pig-specific primers designed in our laboratory for a previous study 

(Dong et al., 2009) were used and qRT-PCR was performed to measure mRNA levels of 

candidate genes related to major inhibitory and excitatory neurotransmission, regulation of 

pre-synaptic transmitter release, and intrinsic neuronal membrane excitability. 

 

4.2 Experimental procedures 

4.2.1 Animals and acoustic trauma 

The experimental procedures complied with the guidelines set by the National Health and 

Medical Research Council of Australia and were approved by the Animal Ethics 

Committee of the University of Western Australia. Efforts were made to minimize the 

number of animals used and their suffering was alleviated by full surgical anaesthesia and 

post-operative analgesia. Twenty guinea pigs weighing between 250 and 350g were 

randomly assigned to 4 groups containing 5 animals per group. Electrophysiological 

recording and qRT-PCR analysis were conducted in the same animals. 

 

4.2.1.1 Control animals  

Control animals received a subcutaneous (s.c.) injection of atropine sulphate (0.65 mg/kg; 

Apex Laboratories, Sydney, NSW, Australia) and were anaesthetized by an intraperitoneal 

(i.p.) injection of Nembutal (sodium pentobarbitone, initial dose 30 mg/kg; Troy 

Laboratories, Smithfield, NSW, Australia), followed 10–15 min later by 0.15 ml intra-

muscular (i.m.) injection of Hypnorm (fentanyl citrate 0.315 mg/ml and fluanisone 10 
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mg/ml; Vetapharm Ltd., Leeds, West Yorkshire, UK). All animals then received 

maintenance doses of anesthetics throughout electrophysiological recordings until tissue 

collection (full dose of Hypnorm every hour and a half dose of Nembutal every 2 hours). 

Paralysis was induced by an i.m. injection of 0.1 ml of pancuronium bromide (2 mg/ml; 

Astra Pharmaceutical, Westbrook, MA, USA). Heart rate was continuously monitored 

(ECG) and did not increase at any time during the period of data collection. Animals were 

placed on a heating blanket to maintain body temperature at 38 ± 0.5oC. They were 

mounted between hollow ear-bars and the left cochlea was exposed. An insulated silver 

wire electrode was placed on the bony shelf close to the round window to record the 

compound action potential (CAP) of the auditory nerve in response to pure tones delivered 

by a calibrated closed sound system (Mulders et al., 2008). Normal hearing thresholds at 

frequencies from 4-24kHz were confirmed using the well-established CAP audiogram 

technique (Johnstone et al., 1979). Details of normal audiograms have been previously 

described (Cody et al., 1980). All acoustic stimuli were synthesized by a computer 

equipped with a peripheral component interconnect card (DIGI 96) connected to an 

analog/digital interface (ADI-9 DS; RME Intelligent Audio Solution, Haimhausen, 

Germany). Sample rate was 96 kHz. The interface was driven by a custom-made computer 

program (Neurosound, MI Lloyd). In this group of animals, single-unit recording were 

made from the right (contralateral) IC before they were sacrificed for tissue collection (for 

details see below). 

 

4.2.1.2 Acoustic trauma animals (acute exposure, 2-week recovery and 4-week recovery) 

Acoustic trauma animals were divided into 3 groups: an acute exposure group, a 2-week 

recovery group and a 4-week recovery group. Acute exposure animals were anaesthetized 

using the same regime as the control group. Two-week and 4-week recovery animals were 
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anaesthetized by a s.c. injection of 0.65 mg/kg atropine sulphate followed by injection of 1 

ml/kg Pamlin (Diazepam 5 mg/ml; Parnell Laboratories, Alexandria, NSW, Australia) and 

i.m. injection of 1 ml/kg Hypnorm. 

 

After normal CAP thresholds were confirmed, in all 3 groups, acoustic trauma was applied 

monaurally to the left ear with continuous 10 kHz pure tones (124dB SPL) for one hour 

using the same sound system as for CAP measurements. During exposure, the right ear 

canal was plugged with plasticine to reduce air-conduction of sound to the opposite cochlea. 

Previous studies have shown that interaural attenuation in our system is more than 60 dB at 

10 kHz (Seluakumaran et al., 2008b). Right ear CAP thresholds were not routinely 

measured. 

 

After the loud tone exposure, CAP thresholds were checked again to confirm cochlear 

trauma. In the acute exposure group, single-unit recordings were begun immediately after 

exposure in the contralateral IC for 4 hours, and tissue collection was performed at the end 

of the recording period. Two-week and 4-week recovery group were allowed to recover for 

2 weeks and 4 weeks respectively before final anesthesia using the same regime as control 

and acute exposure groups, measurements of recovered CAP thresholds in the exposed 

cochlea, and single-unit recordings in the contralateral IC. All the 3 groups of animals 

received maintenance doses of anesthetics throughout single-unit recordings in IC until 

tissue collection (full dose of Hypnorm every hour and a half dose of Nembutal every 2 

hours). Paralysis was induced by an i.m. injection of 0.1 ml of pancuronium bromide (2 

mg/ml; Astra Pharmaceutical). Heart rate was continuously monitored (ECG) and did not 

increase at any time during the period of data collection.  
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4.2.2 Single-unit recordings in IC 

A craniotomy was performed exposing the rostral part of the cerebellum and the caudal part 

of the cortex. The dura was carefully cut away from the exposed area so that a recording 

electrode could be inserted into the brain. Extracellular single-neuron recordings were made 

from the right IC (contralateral to the exposed left cochlea) using tungsten-in-glass 

microelectrodes (Merrill and Ainsworth, 1972). The characteristic frequency (CF) of each 

neuron encountered was determined using audio-visual cues. Spontaneous activity was 

recorded in periods of 10 seconds using Neurosound software. The correct placement of the 

recording electrodes in the central nucleus of the inferior colliculus (CIC) was based on the 

appearance of robust cluster responses with a short latency in response to tone bursts and a 

systematic progression of single cell and cluster CFs in agreement with the known place-

frequency map in the inferior colliculus (Seluakumaran et al., 2008a). Recordings were 

made for approximately 4 hours in all animals. 

 

4.2.3 Tissue collection 

Animals were decapitated and their brains rapidly removed in ice-cold phosphate-buffered 

saline. The entire CN (left and right) and IC (left and right) were removed quickly using a 

sharp scalpel and fine scissors, and then transferred into 1.5ml RNase-free tubes. The 

samples were immediately stored at −80ºC until RNA extraction. 

 

4.2.4 RNA preparation 

Total RNA was isolated by use of a homogenizer (Invitrogen, Mount Waverley, VIC, 

Australia) and PureLinkTM Micro-to-Midi Total RNA Purification System (Invitrogen) 

according to the manufacturer’s protocol for purifying RNA from animal tissue. Nucleic 

acid concentration was measured by a NanoDrop 1000 Spectrophotometer (Thermo 
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Scientific, Waltham, MA, USA). Subsequently, genomic DNA contamination was removed 

by RQ1 RNase-free DNase (Promega, Alexandria, NSW, Australia) treatment (1unit/ug 

nucleic acid). The DNase-treated RNA was then re-purified using the PureLinkTM Micro-

to-Midi Total RNA Purification System (Invitrogen) according to the manufacturer’s 

protocol for purifying RNA from liquid samples. The re-purified RNA was nanodropped 

again and checked by agarose gel electrophoresis for integrity before being stored at –80°C. 

 

4.2.5 qRT-PCR analysis 

As stated in the introduction, we intended to measure mRNA levels of candidate genes 

related to major inhibitory and excitatory neurotransmission, regulation of presynaptic 

transmitter release, and intrinsic neuronal membrane excitability. Hence, we selected the 

following 8 genes covering the three potential mechanisms:  GABA-A receptor subunit 

alpha 1 (GABRA1); glutamate decarboxylase 1 (GAD1); glycine receptor subunit alpha 1 

(GLRA1), glutamate receptor AMPA subunit alpha 2 (GRIA2), glutamate receptor NMDA 

subunit 1 (GRIN1), a member of RAB family of small GTPase (RAB3A), RAB3 GTPase 

activating protein subunit 1 (RAB3GAP1); potassium channel subfamily K member 15 

(KCNK15). 

 

Synthesis of first-strand cDNA from RNA was carried out with the Reverse Transcription 

System kit supplied by Promega. One μg of RNA was reverse transcribed in a 20μl reaction 

with Oligo dT Primers according to the manufacturer's instructions. The resultant cDNA 

was diluted 50 times with nuclease-free water.  

 

The guinea pig-specific qRT-PCR primer sequences for all the 8 genes investigated in this 

study were described previously (Dong et al., 2009). qRT-PCR was performed in a Rotor-



 - 85 - 

Gene 3000 real-time thermocycler (Corbett Life Science, Sydney, NSW, Australia) by 

using SYBR Green.. Amplification was carried out in a total volume of 20μl reaction 

mixture containing 10μl of 2× QuantiTect SYBR Green PCR Master Mix (Qiagen, 

Doncaster, VIC, Australia), 0.5μmol/l of each specific gene primer, and 9μl of diluted 

cDNA prepared as described above. Real-time PCR reactions were cycled 45 times after 

initial denaturation (50 °C for 2min, 95 °C for 15 min) under the following parameters: 

94 °C for 15s (denaturation), 54 °C for 30s (annealing) and 72 °C for 30s (extension and 

fluorescence data collection). Negative controls (“no reverse transcription” and “no 

template”) were run with samples. The specificity of all amplicons was further assessed by 

using the melting curve protocol on the Rotor-3000 software (Corbett Life Science). In 

order to avoid problems created by any inter-run variability, qRT-PCR for tissue samples 

(control and deafened) from the same side of the brain were conducted in the same runs. 

All analyses were replicated for each gene and the mean of the two reactions was used for 

calculating the expression level of that gene in each animal. Using the housekeeping gene 

ribosomal protein S16 (RPS16) for normalization (Cui et al., 2007), relative quantification 

of target gene expression for experimental and control groups was performed following the 

comparative CT method (Livak and Schmittgen, 2001). However, in order to clearly reflect 

the different expression levels of different genes, the data are reported only as the ratio of 

target to housekeeping gene without converting to fold change. 

 

4.2.6 Statistical analysis 

All values in the figures are expressed as mean ± standard error of the mean (S.E.M. = error 

bar). Statistical significance for CAP threshold was evaluated using the two-tailed student’s 

t-test with a P value of < 0.05 considered significant. Statistical significance for neuronal 

spontaneous activity data was assessed by the Kruskal-Wallis and Duncan's post-hoc 
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multiple comparison tests with a P value of < 0.05 deemed significant. Statistical 

significance for qRT-PCR data was evaluated using the One-way ANOVA and Tukey's 

post-hoc multiple comparison tests with a P value of < 0.05 considered significant. 

Correlation analysis of the electrophysiological data and change in gene expression was 

done by fitting a line with linear regression with a P value of < 0.05 deemed significant. 

 

4.3 Results 

4.3.1 CAP threshold shift 

The CAP audiogram technique was used to assess the magnitude and extent of hearing loss 

induced by the intense tone exposure (10kHz, 124dB, 1 hour). The average CAP thresholds 

in the control group as well as in the various acoustic trauma groups before and after 

exposure are shown in Fig.4.1A-C. To demonstrate the variability between individuals 

within the same group, values of CAP threshold losses for individual animals in the 

different acoustic trauma groups are also shown (Fig.4.1D-F). The average CAP thresholds 

of the pre-exposure animals were not significantly different from those of the control 

animals. In contrast, immediately after the acoustic exposure, the average CAP thresholds 

increased significantly (P < 0.05) at 8 – 22 kHz, compared to pre-exposure thresholds 

(Fig.4.1A). Two weeks after the acoustic exposure, substantial recovery of CAP thresholds 

occurred but the average CAP thresholds at 14 and 16 kHz still remained significantly (P < 

0.05) higher than the pre-exposure thresholds (Fig.4.1B). After a recovery period of 4 

weeks, the average CAP thresholds returned to near-normal values and were not 

significantly different from pre-exposure values at all frequencies (Fig.4.1C). However, 

there was substantial variability between different individuals in 2-week and 4-week 

acoustic trauma groups (Fig.4.1E and F). Hence although the average thresholds recovered 
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to normal (4 week recovery), or near to normal (2 week recovery) values within each of 

these groups, some animals  (3 in the 2 week and 2 in the 4 week recovery groups ) did 

show substantial hearing loss at mid to high frequencies. 
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Figure 4.1: CAP thresholds in the left cochlea of 5 animals recorded immediately after 
(acute exposure, Panel A), 2 weeks (Panel B) and 4 weeks (Panel C) after loud tone 
exposure (10 kHz, 124 dB for 1 hour). Values of CAP threshold loss for each animal in 
acute exposure (Panel D), 2-week (Panel E) and 4-week (Panel F) groups are also shown. 
Asterisk: P < 0.05 compared to the control. Values are mean ± S.E.M.  
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4.3.2 Spontaneous activity in CIC 

In order to compare the neuronal spontaneous activity in the right (contralateral) CIC of the 

control and acoustic trauma animals, the CIC neurons were divided into five groups based 

on their CFs, namely, 0 – 4 kHz, >4 – 8 kHz, >8 – 12 kHz, >12 – 16 kHz, and >16 kHz. 

The mean spontaneous firing rate of each sample group in both the control and acoustic 

trauma animals is shown in Fig.4.2.  There was a significant (P < 0.05) increase in the 

mean spontaneous firing rate of the contralateral CIC neurons in the 2-week recovery and 

4-week recovery animals compared to the control animals. Significant increases were seen 

in all the CF regions except 0-4 kHz, but the increases were most marked in the higher 

frequency range groups (> 8 kHz). This relatively high frequency region (> 8 kHz) 

corresponded to the frequency range of peripheral hearing loss immediately after loud tone 

exposure in the acoustic trauma animals (see Fig.4.1) and with the frequencies at which 

there was residual hearing loss in some animals after the recovery periods. 

 

There were no statistically significant differences in mean spontaneous rate between 2- and 

4-week recovery groups in any frequency region. The mean spontaneous firing rate of the 

contralateral CIC neurons in the acute exposure group did not show significant changes 

compared to the control group except for a small reduction in the 0-4 kHz CF region. 
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Figure 4.2: Changes in spontaneous activity in single neurons of right (contralateral) IC in 
acoustic trauma animals immediately after (acute exposure), 2 weeks and 4 weeks after 
loud tone exposure. Bars show mean spontaneous firing rates in control and acoustic 
trauma animals in different frequency regions ± S.E.M . The number of neurons in each 
frequency region is indicated above the bars. Asterisk: P < 0.05 compared to the control. 
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4.3.3 Gene expression in CN 

Figure 4.3 shows the pattern of gene expression in the CN ipsilateral to the traumatized 

cochlea. Two genes (GAD1 and RAB3A) did not show any obvious systematic changes in 

any of the groups. For the other genes however, there was a tendency for expression levels 

to decline immediately after exposure, recover close to control levels at 2 weeks and show 

over-expression at 4 weeks post-exposure.  

 

Statistically significant changes (indicated with asterisks) in the ipsilateral CN compared to 

the control animals can be summarized as follows. GABRA1 showed a 67% increase in the 

4-week recovery group (Fig.4.3A). GLRA1 showed a 64% decrease in the acute exposure 

group and a 35% reduction in the 2-week recovery group. In contrast, its expression in the 

4-week recovery group was increased by 59% (Fig.4.3C). GRIN1 showed a 95% increase 

in the 4-week recovery group (Fig.4.3E). RAB3GAP1 was increased by 156% in the 4-

week recovery group (Fig.4.3G). The expression level of KCNK15 was reduced in the 

acute exposure group by 62% but was not significantly different from control for either of 

the recovery groups.  

 

There were statistically significant changes (indicated with bars) in the ipsilateral CN  

between the acoustic trauma groups themselves, generally reflecting the overall pattern of 

reduced expression immediately after exposure and varying degrees of recovery and over-

expression at longer recovery times. GABRA1 showed an increase in the 4-week recovery 

group compared to the acute exposure group (136% elevation) and the 2-week recovery 

group (107% elevation; Fig.4.3A). The expression level of GLRA1 in the 4-week recovery 

group was higher than the acute exposure group by 339% and the 2-week recovery group 

by 147% (Fig.4.3C). GRIA2 was elevated by 251% in the 4-week recovery group 
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compared to the acute exposure group (Fig.4.3D). GRIN1 showed a 420% increase in the 

4-week recovery group compared to the acute exposure group (Fig.4.3E). RAB3GAP1 was 

increased in the 4-week recovery group compared to the acute exposure group (592% 

elevation) and the 2-week recovery group (132% elevation) (Fig.4.3G). There was a 318% 

increase in KCNK15 expression in the 4-week recovery group compared to the acute 

exposure group and a 67% increase in the 4-week recovery group compared to the 2-week 

recovery group (Fig.4.3H). 

 

Figure 4.4 shows that in contrast to the ipsilateral CN, there were no significant differences 

for any gene between any pair of the 4 groups in the contralateral CN.  
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Figure 4.3: Changes in mRNA expression level of 8 selected genes in left (ipsilateral) CN 
of acoustic trauma animals immediately after (acute exposure), 2 weeks and 4 weeks after 
loud tone exposure, as shown by qRT-PCR. Gene symbols are indicated on top of each 
graph. Asterisk: P < 0.05 compared to the control. Capped line: P < 0.05  between the 
connected pair. Values are mean ± S.E.M. 

Gene expression in ipsilateral CN 
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Figure 4.4: Changes in mRNA expression level of 8 selected genes in right (contralateral) 
CN of acoustic trauma animals immediately after (acute exposure), 2 weeks and 4 weeks 
after loud tone exposure, as shown by qRT-PCR. Gene symbols are indicated on top of 
each graph. Asterisk: P < 0.05 compared to the control. Capped line: P < 0.05  between the 
connected pair. Values are mean ± S.E.M. 

Gene expression in contralateral CN 
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4.3.4 Gene expression in IC 

Changes in gene expression in IC showed some similarities and some striking differences 

compared to those in CN.  In contrast to CN, significant changes were seen bilaterally in IC 

in all recovery groups. Similar to the ipsilateral CN, there was a tendency for reduced 

expression compared to controls in the acute exposure group, but this did not reach 

statistical significance in all cases. In addition, GAD1, GRIA2, GRIN1, RAB3GAP1 did 

not show any statistically significant changes at any time point in the ipsilateral IC and 

neither did RAB3 in the contralateral IC.  

 

Statistically significant changes (indicated with asterisks) in the IC compared to the control 

animals can be summarized as follows. In the ipsilateral IC, GLRA1 was decreased by 74% 

in the acute exposure group only (Fig.4.5C), whereas in the contralateral IC, GLRA1 was 

decreased in both the acute exposure group and the 2-week recovery group by 71% and 

48%, respectively (Fig.4.6C). Similarly, in the ipsilateral IC, KCNK15 was decreased by 

61% in the acute exposure group only (Fig.4.5H), whereas in the contralateral IC, KCNK15 

was reduced by 64% and 40% in the acute exposure group and the 4-week recovery group, 

respectively (Fig.4.6H). For the RAB3A, there were changes on the ipsilateral side only, 

where its expression was elevated by 34% in the 2-week recovery group and by 38% in the 

4-week recovery group (Fig.4.5F). GABRA1, GRIA2, GRIN1 and RAB3GAP1 showed 

changes in the contralateral but not the ipsilateral IC. GABRA1 expression was decreased 

in 2 acoustic trauma groups: the acute exposure group (59% reduction) and the 4-week 

recovery group (40% reduction; Fig.4.6A), whereas GRIA2, GRIN1 and RAB3GAP1 

showed a decrease in the acute exposure group only (65%, 69% and 73% reduction, 

respectively; Fig.4.6D, E and G).  
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Statistically significant changes (indicated with bars) in the IC between the acoustic trauma 

groups themselves can be summarized as follows. GLRA1 showed bilateral changes. 

GLRA1 was increased by 335% on the ipsilateral side (Fig.4.5C) and by 174% on the 

contralateral side (Fig.4.6C) in the 4-week recovery group compared to the acute exposure 

group. GABRA1, RAB3A and KCNK15 showed changes in the ipsilateral IC only. 

GABAR1 expression was higher in the 2-week recovery group and the 4-week recovery 

group compared to the acute exposure group by 155% and 265% respectively (Fig.4.5A). 

The expression of RAB3A in the 2-week and 4-week groups was higher compared to the 

acute exposure group by 96% and 101% respectively (Fig.4.5F). KCNK15 expression was 

increased by 174% in the 2-week recovery group and by 193% in the 4-week recovery 

group compared to the acute exposure group (Fig.4.5H). In contrast, GAD1, GRIA2, 

GRIN1 and RAB3GAP1 showed changes on the contralateral but not the ipsilateral side. 

For GAD1, there was a 135% increase in the 2-week recovery group compared to the acute 

exposure group (Fig.4.6B). GRIA2 expression was elevated by 193% in the 2-week 

recovery group compared to the acute exposure group (Fig.4.6D). Compared to the acute 

exposure group, GRIN1 expression was increased to near the control level in the 2-week 

recovery group (149% elevation) and the 4-week recovery group (131% elevation; 

Fig.4.6E). RAB3GAP1 expression was elevated by 149% in the 2-week recovery group 

compared to the acute exposure group (Fig.4.6G).   
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Figure 4.5: Changes in mRNA expression level of 8 selected genes in left (ipsilateral) IC 
of acoustic trauma animals immediately after (acute exposure), 2 weeks and 4 weeks after 
loud tone exposure, as shown by qRT-PCR. Gene symbols are indicated on top of each 
graph. . Asterisk: P < 0.05 compared to the control. Capped line: P < 0.05  between the 
connected pair. Values are mean ± S.E.M. 

Gene expression in ipsilateral IC 
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Figure 4.6: Changes in mRNA expression level of 8 selected genes in right (contralateral) 
IC of acoustic trauma animals immediately after (acute exposure), 2 weeks and 4 weeks 
after loud tone exposure, as shown by qRT-PCR. Gene symbols are indicated on top of 
each graph. Asterisk: P < 0.05 compared to the control. Capped line: P < 0.05 between the 
connected pair. Values are mean ± S.E.M. 

Gene expression in contralateral IC 
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4.3.5 Relationship between electrophysiological data and change in gene expression 

The subsequent correlation analysis was only performed on for genes that showed 

stastically significant differences in expression level versus controls. 

 

A search was conducted for possible correlations between neural spontaneous activity in 

the contralateral IC and changes in gene expression in the ipsilateral CN and both the 

ipsilateral and contralateral IC of the 2-week and 4-week recovery animals. Because there 

were no significant changes in gene expression in the contralateral CN and no spontaneous 

hyperactivity observed in the acute exposure animals, such correlation analysis was not 

performed in contralateral CN and acute exposure animals. Percentage change for each 

gene in the different brain regions was plotted as a function of mean spontaneous rate for 

neurons with CFs between 10 to 18 kHz for each of the 5 animals in either the 2-week 

group or 4-week group. A significant positive linear relationship was only found between 

change in GAD1 expression and spontaneous rate in the ipsilateral IC of the 4-week group 

(Fig. 4.7B). 

 

Similarly, an exploration was performed for correlations between peripheral hearing loss 

and changes in gene expression in the ipsilateral CN and both the ipsilateral and 

contralateral IC of the 2-week and 4-week recovery group. Percentage change for each gene 

was plotted as a function of total CAP threshold loss between 10 to 18 kHz for each of the 

5 animals in either the 2-week group or 4-week group. It was found that changes in RAB3 

were negatively correlated with hearing loss in the contralateral IC of the 2-week group 

(Fig.4.8F). For the 4-week animals, there was a significant positive linear relationship 

between hearing loss and change in GRIA2, RAB3A and KCNK15 in the ipsilateral CN 

(Fig.4.9D, F, H) and GABRA1 in the ipsilateral IC (Fig.4.10A).  
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Figure 4.7: Relationship between individual spontaneous activity (10kHz - 18kHz) and 
change in gene expression in the ipsilateral IC for the 4-week acoustic trauma group. Gene 
symbols are indicated on top of each graph. Asterisk: P < 0.05 compared to the control. 
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Figure 4.8: Relationship between individual total hearing loss (10kHz - 18kHz) and change 
in gene expression in the contralateral IC for the 2-week acoustic trauma group. Gene 
symbols are indicated on top of each graph. Asterisk: P < 0.05 compared to the control. 
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Figure 4.9: Relationship between individual total hearing loss (10kHz - 18kHz) and change 
in gene expression in the ipsilateral CN for the 4-week acoustic trauma group. Gene 
symbols are indicated on top of each graph. Asterisk: P < 0.05 compared to the control. 
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Figure 4.10: Relationship between individual total hearing loss (10kHz - 18kHz) and 
change in gene expression in the ipsilateral IC for the 4-week acoustic trauma group. Gene 
symbols are indicated on top of each graph. Asterisk: P < 0.05 compared to the control. 
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4.4 Discussion 
 
The present study demonstrated significant elevation of neuronal spontaneous activity in 

the contralateral IC after recovery but not acutely as well as plastic changes in a variety of 

mRNA species in the CN and IC immediately, 2 weeks and 4 weeks after unilateral 

cochlear acoustic trauma in a guinea pig model of partial deafness.  

 

Because neuronal hyperactivity is observed in the contralateral IC in this study, one 

hypothesis is that an imbalance between inhibitory and excitatory influences as well as 

changes in pre-synaptic transmitter release may form part of the underlying molecular basis 

for this overall excitation which leads to elevated neural activity.  

 

There is a general pattern in the gene expression in all structures except the contralateral 

CN. Gene expression tended to be lowest relative to the control in the acute group. In most 

cases, it then increased over time, recovering to near-normal levels in the 2-week group and 

subsequently increasing above control levels in the 4-week group. Acoustic over-

stimulation triggers massive excitatory glutamatergic transmission from hair cells to the 

auditory nerve at the beginning, and this initial massive peripheral input subsequently 

relayed from auditory nerve to the brain may have a silencing effect on the global 

expression for the genes studied here. With depletion of glutamate from the hair cells and 

damage to some of the hair cells due to continuous acoustic over-stimulation, the auditory 

nerve stops firing and the brain is deprived of afferent input until the peripheral functions 

gradually recover over time. This later process may remove the initial silencing effect on 

gene expression and account for the increased gene transcripts after recovery periods. In 
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addition, the expression pattern for the genes studied was not straightforward. Apart from 

down-regulation of the inhibitory genes alone, there was also simultaneous up-regulation of 

both the inhibitory and excitatory genes, as well as an increase in the inhibitory genes alone. 

This suggests that, rather than simply a decrease of inhibitory or increase in excitatory 

transmission-related genes alone, the interplay between inhibitory and excitatory genes 

determines the final excitability. It is also likely that there may be more genes involved in 

the final setting of the neuronal excitability than have been investigated here. 

 

It should be noted that changes in protein expression were not measured. Protein is the end 

product of gene expression and it has been reported in previous studies that a discrepancy 

between mRNA and protein expression can occur in some systems (Gutierrez et al., 1997, 

Wang et al., 2009). Because translation, post-translational modification and degradation 

greatly affect protein turnover, which may be an important part of the hypotheses 

underpinning the present findings, further studies will be required to ascertain if the 

elevated neural firing rates is reflected in altered protein expression.  

 

4.4.1 Hearing loss  

In the present study, there was dramatic peripheral hearing loss across most of frequencies 

(> 8 kHz) immediately after loud tone exposure (10 kHz, 124 dB SPL, 1 hour).  Although 

there are a number of previous studies on brainstem central plasticity following acoustic 

trauma, none of them quantified the actual extent and magnitude of the resultant peripheral 

hearing loss (Kaltenbach and Afman, 2000, Kaltenbach et al., 2000, Kaltenbach et al., 2004, 

Ma et al., 2006, Tan et al., 2007). The present study showed that the 2-week group still had 

a significant elevation of CAP thresholds at 14 and 16 kHz near the exposure tone (10kHz), 

confirming the findings of previous studies that acoustic overstimulation causes more 
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persistent hearing loss at frequencies above the stimulating frequency (Robertson and 

Johnstone, 1980, Cody and Robertson, 1983, Goulios and Robertson, 1983, Mulders and 

Robertson, 2009). An electronmicrographic study in the cochlea of guinea pigs with similar 

10kHz tone exposures indicated that damage to hair cell stereocilia is always seen in the 

frequency region that corresponds to the region of CAP threshold loss (Cody and Robertson, 

1983).  

 

4.4.2 Changes in neuronal spontaneous activity in IC 

Two distinct hypotheses have been suggested for the mechanisms that underpin the genesis 

of neuronal hyperexcitability. The first hypothesis, referred to by salvi (2000) as “the 

unmasking effect”, postulates that hair cell and nerve fiber damage causes a reduction in 

the normal levels of inhibitory input. This loss of inhibition then unmasks excitatory parts 

of the receptive field of central neurons, causing enhanced central neuronal activity (Salvi 

et al., 2000). Such a mechanism would be expected to result in hyperactivity in a very short 

time after a cochlear trauma. In the present study, the acute exposure group did not show 

any evidence of hyperactivity in IC, suggesting that “the unmasking effect” is unlikely to 

apply in this case. In agreement with this study, Wang and coworkers (1996) did not find an 

elevation in spontaneous activity after acute cochlear trauma. The second hypothesis is 

based on the induction of central plasticity (Bledsoe et al., 1995), which would be likely to 

result in a delayed onset of neural hyperactivity. Our present data tend to agree with this 

mechanism because there was significant elevation of neuronal spontaneous activity at 

most frequencies 2 weeks and 4 weeks after acoustic trauma, suggesting development of 

plastic changes in the IC. In addition, the elevation of spontaneous activity in the 2-week 

and 4-week group was most marked in frequency regions above 8 kHz, corresponding with 

the frequency range of peripheral hearing loss immediately after loud tone exposure. The 
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fact that in 2-week and 4-week recovery animals, there was a significant elevation of 

neuronal spontaneous activity despite a substantial recovery of their mean peripheral 

hearing to the near-normal level, indicates that long-term central plasticity mechanisms 

may be induced soon after acoustic trauma, and once provoked, the development of 

hyperactivity is largely independent of peripheral hearing loss. 

 

4.4.3 Changes in gene expression 

4.4.3.1 Gene expression in CN 

No significant changes were found in the contralateral CN, which is not unexpected, since 

direct cochlear input to the CN is purely ipsilateral. Therefore, the rest of this section is 

devoted to the discussion of the ipsilateral CN. 

 

The spontaneous hyperactivity observed in the contralateral IC in this study may be the 

feed-forward effect of the hyperexcitability in the ipsilateral CN. There is evidence similar 

to the IC data presented here, of a delayed onset of hyperactivity in DCN or PVCN between 

2 days to 26 months after loud tone exposure in other animal models such as hamsters, rats 

and chinchillas (Kaltenbach et al., 1998, Kaltenbach et al., 2000, Brozoski et al., 2002, 

Kaltenbach et al., 2004, Brozoski et al., 2007). In the acute exposure group, there is no 

hyperactivity in the contralateral IC in spite of the down-regulation of GLRA1 and 

KCNK15 in the ipsilateral CN. This may be due to several possibilities. The first is that, 

though not reaching statistical significance, the trend of an increase in excitatory genes 

GRIN1 and GRIA2 may balance out the effects of a decrease in GLRA1 and KCNK15. The 

second is that the reduction of inhibitory receptor genes may be preferentially localized to 

inhibitory neurons such as GABAergic and glycinergic ones. This could lead to increased 

firing of the inhibitory neurons and thus lower the firing of down-stream excitatory neurons 
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and overall excitability. The third is that changes in mRNA level may precede the 

occurrence of hyperactivity because of the time gap between transcription and translation. 

In the 2-week and 4-week recovery groups, there is hyperactivity in the contralateral IC. 

The decrease in GLRA1 in ipsilateral CN of the 2 week animals seems consistent with this 

hyperexcitability. However, the simultaneous up-regulation of inhibitory GABRA1, 

GLRA1 and excitatory GRIN1 at 4 weeks post-trauma, implies a different mechanism for 

elevated spontaneous activity at that time point. For instance, the elevation of inhibitory 

influences via increases in GABRA1 and GLRA1 may be masked by the simultaneous 

increase in excitability through GRIN1 up-regulation. Therefore the net effect could be an 

overall increase in excitation. In addition, RAB3GAP1 was also increased at 4 weeks, 

suggesting an enhanced pre-synaptic transmitter release. However, it is still unclear 

whether the RAB3GAP1 changes occur in all neurons or only in inhibitory or excitatory 

neurons. These scenarios could be interesting to explore in future studies.  

 

4.4.3.2 Gene expression in contralateral IC 

In the acute exposure group, inhibitory transmission-related GABRA1 and GLRA1 as well 

as the K+ background leakage channel KCNK15 were down-regulated, suggesting a 

tendency to increased excitability, while the electrophysiological recording showed no 

increase in overall neural spontaneous activity at this time point. However, excitatory 

glutamatergic genes GRIA2 and GRIN1 were also decreased. This could lead to less 

excitation and hence cancel the effect of the reduction in the three inhibitory genes, which 

may explain why there was no hyperactivity observed after acute exposure in the present 

and other studies (e.g.`, Wang et al., 1996). An alternative explanation for the lack of 

hyperactivity in the acute group is that because it takes some time for mRNAs to be 

translated to proteins and for proteins to be transported to their functioning locations 
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(though different proteins are different in this respect and there are no data showing exact 

timing periods for the genes studied here), mRNA changes will probably precede functional 

changes. Therefore, noise-induced plasticity at the mRNA level may lead in time to 

hyperactivity.  

 

In fact, after 2 weeks, spontaneous hyperactivity did occur. This hyperactivity was 

associated with a persistent lower level of expression of GLRA1. In addition, the initial 

reduction of the expression of excitatory genes GRIN1 and GRIA2 in the acute group was 

not maintained after 2-week recovery. This, together with the reduction of expression of 

inhibitory genes, may also contribute to the spontaneous hyperactivity at 2 weeks after 

acoustic trauma. Spontaneous hyperactivity was sustained after 4 weeks. This seems 

consistent with the persistent reduced expression of GABRA1 and KCNK15.  

 

In both 2-week and 4-week groups, there was a return to near-normal level of RAB3GAP1 

expression, which may be a compensatory response to enhance the pre-synaptic release for 

the decrease in inhibitory receptors. However, this compensation does not seem to be 

sufficient to mask the effect of reduction in inhibitory receptors. 

 

4.4.3.3 Gene expression in ipsilateral IC 

In the ipsilateral IC, there was a trend for the pattern of changes in gene expression in the 

acute group to be similar to the contralateral IC. However, the patterns at 2 weeks and 4 

weeks are very different from those in the contralateral IC. Indeed, the only persistent 

change in the ipsilateral IC was in the RAB3A, with a significant increase at 2 weeks and 4 

weeks, but there were no significant changes in either of the inhibitory or excitatory genes 

at these time points.  



 - 110 - 

 

However, data obtained from another study from our laboratory (Woo and Mulders 2008, 

unpublished data) has demonstrated spontaneous hyperactivity in the ipsilateral IC in all 

frequency regions above 8 kHz 2 weeks after acoustic trauma. In addition, another study in 

rats also shows that there is greater spontaneous neural activity in ipsilateral IC up to 26 

months after unilateral acoustic trauma (Brozoski et al., 2007). Since it is estimated that 

approximately 25% of IC neurons are activated by ipsilateral acoustic stimulation (Semple 

and Kitzes, 1985, Bruckner and Rubsamen, 1995), altered input from pathways that project 

directly to the ipsilateral IC may lead to this hyperactivity. Alternatively, because there are 

commissural connections between the two colliculi (Gonzalez Hernandez et al., 1986), the 

ipsilateral hyperactivity may be a “flow-on” effect from the changes in contralateral IC. 

 

In light of the above evidence for hyperactivity, the present gene expression results imply 

that plasticity in the ipsilateral IC may not depend on the same mechanism as in the 

contralateral IC. For example, there may be changes in expression of inhibitory/excitatory 

genes other than the ones we have investigated.  

 

4.4.4 Relationship between electrophysiological data and change in gene expression 

The positive linear relationship between hearing loss and change in GRIA2 expression in 

the ipsilateral CN of the 4-week group suggests an increase in excitatory influence with the 

degree of hearing loss. However, a similar correlation was found between hearing loss and 

change in KCNK15 in the ipsilateral CN and GABRA1 in the ipsilateral IC, as well as 

between spontaneous activity and change in GAD1 expression in the ipsilateral IC of the 4-

week group. It was originally anticipated that expression of GAD1, GABRA1 and 

KCNK15 would drop with the increase of hearing loss or spontaneous activity, but the 
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results were the opposite. This may reflect an over-compensatory effect arising from 

protective mechanisms to maintain a homeostatic level of expression. Alternatively, the 

increase in expression of inhibitory genes may be preferentially localized to inhibitory 

neurons so that the inhibitory influences are decreased and overall excitability is increased. 

It was found that change in RAB3 had a negative linear relationship with hearing loss in the 

contralateral IC of the 2-week group but had a positive linear relationship with hearing loss 

in the ipsilateral CN. The functional implication of this trend is unclear because it is still 

uncertain whether the RAB3GAP1 changes are across all neurons or only in inhibitory or 

excitatory neurons. 

 

4.4.5 Conclusion 

In summary, this is the first study using a guinea pig model of acoustic trauma to 

investigate gene expression and its relationship with central spontaneous hyperactivity in 

the same animals. Several different mechanisms appear to underlie the neuronal 

spontaneous hyperactivity. For example, there is clear evidence of disinhibition via down-

regulation of inhibitory genes in the contralateral IC, whereas in the ipsilateral CN, 

counteractive actions between increases in both inhibitory and excitatory genes may play a 

role in determining the overall excitability. Thus, the present study provides a solid 

foundation for large-scale studies involving many other genes to be conducted in the future 

in order to exhaustively address all the possible scenarios. 
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                                             Chapter 5:  

Changes in GABRA1 protein expression in guinea 

pig inferior colliculus after unilateral hearing loss 
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5.1 Introduction 

Total and partial deafness have been demonstrated to be associated with elevated neuronal 

spontaneous activity in central auditory structures such as cochlear nucleus (CN) and 

inferior colliculus (IC) (Kaltenbach and Afman, 2000, Kaltenbach et al., 2000, Salvi et al., 

2000, Illing, 2001, Dong et al., 2009, Mulders and Robertson, 2009). This phenomenon has 

been shown to occur in a variety of species including mice and guinea pigs, regardless of 

the deafness-inducing methods such as cochlear mechanical lesion, ototoxic drugs 

treatment or acoustic overstimulation (Cazals et al., 1998, Ma et al., 2006, Dong et al., 2009, 

Mulders and Robertson, 2009). Such neural spontaneous hyperactivity in central auditory 

pathways has been suggested as a possible cause for tinnitus generation (Bauer, 2003, 

Brozoski et al., 2007).  

 

In Chapters 3 and 4, it was suggested that changes in mRNA expression of 

neurotransmission-related genes, including down-regulation of inhibitory receptor subunits 

may be involved in the generation and persistence of hyperactivity. GABRA1 is a subtype 

of alpha subunit of the inhibitory receptor GABA-A, which has a heteromeric five subunit 

configuration (Tretter et al., 1997). The nature of the alpha subunit affects the affinity of 

GABA agonist binding, with the GABRA1 subtype generally providing the highest affinity 

(Sigel et al., 1990). Therefore, decreases in GABRA1 expression in a specific region in the 

brain may contribute to the elevation of neuronal excitability, leading to increases in the 

spontaneous activity. In the unilateral cochlear mechanical lesion model, it was found that 

GABRA1 mRNA is down-regulated ipsilaterally in the CN and bilaterally in the IC after 1-

week recovery (Chapter 3). It was also found in the unilateral acoustic trauma model that 

GABRA1 mRNA is decreased in the contralateral IC after 2-weeks recovery (Chapter 4). 
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These lines of evidence all suggest the involvement of the GABRA1 in the generation and 

persistence of hyperactivity after hearing loss. 

 

The hyperactivity observed in the present study was most marked in the CIC frequency 

region corresponding to that of the maximum peripheral hearing loss (Chapters 3 and 4). 

This tonotopically distributed hyperactivity raises the question of whether changes in gene 

expression were also tonotopic. The answer can be achieved by a study of the topographic 

distribution of GABRA1 expression in different areas of the IC. 

 

The IC is a complex structure with 3 main subdivisions: dorsal cortex (DCIC), external 

cortex (ECIC), and central nucleus (CIC) (Oliver and Morest, 1984). The CIC is covered 

dorsally by the DCIC and surrounded laterally and ventrally by the ECIC. In addition to 

inputs from lower auditory centers, the DCIC receives dense descending cortical inputs 

(Winer et al., 1998) and the ECIC receives somatosensory inputs (Aitkin et al., 1981), and 

their neurons are broadly tuned (Syka et al., 2000). In contrast, the CIC is the main 

integrative centre for ascending auditory inputs and has a clear tonotopic organization. The 

CIC has a laminar feature associated with iso-frequency sheets of cells, with low 

frequencies found in the dorsal sheets and high frequencies in the ventral ones, thus 

providing a tonotopic organization (Semple and Aitkin, 1979).  

 

In Chapters 3 and 4, mRNA changes were detected by qRT-PCR using the whole IC, 

precluding identification of regional changes within the IC. In addition, protein is the end 

product of gene expression and it has been reported in previous studies that a discrepancy 

between mRNA and protein expression can occur in some systems (Gutierrez et al., 1997, 

Wang et al., 2009). Because translation, post-translational modification and degradation 
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greatly affects  protein turnover, which may be an important part of the hypotheses 

underpinning the present findings, in the present study, a semi-quantitative 

immunofluorescence study of GABRA1 protein expression was conducted in the DCIC, 

ECIC and 4 tonotopic regions in the CIC of the guinea pig using both cochlear mechanical 

lesion (1-week recovery, Chapter 3) and acoustic trauma (2-week recovery, Chapter 4) 

models. 

 

In light of the tonotopic distribution of the hyperactivity, it is hypothesized that down-

regulation of GABRA1 protein expression would be most marked in the frequency region 

where most hyperactivity occurred. 

 

5.2 Experimental procedures 

5.2.1 Animals and deafness-induction methods 

The experimental procedures complied with the guidelines set by the National Health and 

Medical Research Council of Australia and were approved by the Animal Ethics 

Committee of the University of Western Australia. Efforts were made to minimize the 

number of animals used and their suffering was alleviated by full surgical anaesthesia and 

post-operative analgesia. Twelve guinea pigs weighing between 300 and 350g were 

randomly assigned to 3 groups containing 4 animals per group. 

5.2.1.1 Control group 

Control animals received a subcutaneous (s.c.) injection of atropine sulphate (0.65 mg/kg; 

Apex Laboratories, Sydney, NSW, Australia) and were anaesthetized by an intraperitoneal 

(i.p.) injection of Nembutal (sodium pentobarbitone, initial dose 30 mg/kg; Troy 

Laboratories, Smithfield, NSW, Australia), followed 10–15 min later by 0.15 ml intra-
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muscular (i.m.) injection of Hypnorm (fentanyl citrate 0.315 mg/ml and fluanisone 10 

mg/ml; Vetapharm Ltd., Leeds, West Yorkshire, UK).  

 

Animals were placed on a heating blanket to maintain body temperature at 38 ± 0.5oC. 

They were mounted between hollow ear-bars and the left cochlea was exposed. An 

insulated silver wire electrode was placed on the bony shelf close to the round window to 

record the compound action potential (CAP) of the auditory nerve in response to pure tones 

delivered by a closed sound system (Mulders et al., 2008). Normal hearing thresholds at 

frequencies from 4-24kHz were confirmed using the well-established CAP audiogram 

technique (Johnstone et al., 1979). Details of normal audiograms have been previously 

described (Cody et al., 1980). All acoustic stimuli were synthesized by a computer 

equipped with a peripheral component interconnect card (DIGI 96) connected to an 

analog/digital interface (ADI-9 DS; RME Intelligent Audio Solution, Haimhausen, 

Germany). Sample rate was 96 kHz. The interface was driven by a custom-made computer 

program (Neurosound, MI Lloyd).  

 

After normal CAP thresholds were confirmed, the animals were sacrificed immediately for 

tissue preparation. 

5.2.1.2 Mechanical lesion group (1-week recovery) 

Another group was anaesthetized by a s.c. injection of atropine sulphate (0.65 mg/kg) 

followed by i.p. injection of 1 ml/kg Pamlin (Diazepam 5 mg/ml, Parnell Labs) and i.m. 

injection of 1 ml/kg Hypnorm. 
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After normal CAP thresholds were confirmed, direct mechanical lesions were made in the 

organ of Corti following the method described in Chapter 3. Briefly, a small 80μm hole 

was hand drilled in the wall of the basal turn scala tympani of the left cochlea. A glass 

micropipette electrode (tip diameter ~20 μm) filled with 150 mM KCI was then introduced 

through the hole in scala tympani and into the organ of Corti via the basilar membrane. The 

dc potential difference between the pipette and a reference wire in the neck muscles was 

monitored. The electrode was advanced through the organ of Corti until the sudden 

appearance of a large positive potential (+80 to +100 mV) signaled entry into scala media. 

The pipette was further advanced until it penetrated Reissner's membrane (signaled by a 

drop in the positive voltage towards zero). The pipette was then withdrawn and a CAP 

audiogram obtained to ascertain the magnitude and extent of any losses in neural sensitivity. 

The procedure was repeated several times if necessary in order to produce a substantial 

change in CAP thresholds. A small square of sterile Gelfoam was placed over the scala 

tympani hole and the wound was sutured. The animals were allowed to recover for one 

week before final anesthesia using the same regime as the control group, measurements of 

recovered CAP thresholds in the lesioned cochlea, and tissue preparation. 

 

5.2.1.3 Acoustic trauma group (2-week recovery) 

Acoustic trauma animals first received a s.c. injection of 0.65 mg/kg atropine sulphate as a 

pre-medication and were then anaesthetized by by i.p. injection of 1 ml/kg Pamlin 

(Diazepam 5 mg/ml; Parnell Laboratories, Alexandria, NSW, Australia) and i.m. injection 

of 1 ml/kg Hypnorm. 
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After normal CAP thresholds were confirmed, acoustic trauma was applied monaurally to 

the left ear with continuous 10 kHz pure tones (124dB) for one hour (Mulders and 

Robertson, 2009). During exposure, the right ear canal was plugged with plasticine to 

reduce air-conduction of sound to the opposite cochlea. After the loud tone exposure, CAP 

thresholds were checked again to confirm cochlear trauma. The animals were allowed to 

recover for 2 weeks before final anesthesia using the same regime as the control group, 

measurements of recovered CAP thresholds in the exposed cochlea, and tissue preparation.  

 

5.2.2 Tissue preparation 

Animals were exsanguinated by transcardial perfusion with 0.9% saline, followed by 

fixation with freshly prepared 4% paraformaldehyde in 0.1M phosphate buffer (PB; pH 7.4). 

The whole brain was dissected from the head. Brains were post-fixed in the same fixative at 

4 ºC overnight before being cryoprotected in 30% sucrose in PB at 4 ºC for 48 hours.  

 

A nick was made on the left side of the brainstem to differentiate the left from right after 

tissue sectioning. The brains were trimmed to remove excessive rostral and caudal parts, 

frozen on dry ice and sections were cut on a freezing microtome. For each brain, coronal 

sections (60μm) containing IC were collected continuously in 11 bottles (Series No.1-11) 

with 2ml of PB. Thus each bottle contained one adjacent series of sections. Series No.1 was 

mounted on a VWR Superfrost Plus slide immediately and dried overnight before being 

stained with toluidine blue. This served as a morphological reference for mounting the free-

floating sections of other series in the correct order after immunofluorescence staining. 
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5.2.3 Immunofluorescence cytochemistry (free-floating method) 

The sections in the even-numbered series (No. 2, 4, 6, 8, 10) were rinsed three times in PB 

for 10 minutes before being pre-treated with blocking buffer (PB + 5% goat serum  + 0.1% 

BSA + 0.1% triton) for 2 hours at room temperature. The sections were then incubated on a 

rotator at 4 ºC for 48 hours with polyclonal rabbit anti-GABRA1 (1:50; Santa Cruz 

Biotechnology, Santa Cruz, CA, USA) in PB with 1% goat serum. Sections were then 

rinsed three times in PB and received a second incubation for indirect immunofluorescence 

staining, with a fluorescently labeled secondary antibody: Alexa488-goat anti-rabbit 

immunoglobulin G diluted in PB (1:100; Invitrogen, Mount Waverley, VIC, Australia) for 

2 hours at room temperature in the dark. The sections were then rinsed three times for 10 

minutes with PB and mounted on VWR superfrost plus slides. The sections were dried 

overnight and coverslipped with Prolong Gold antifade Reagent (Invitrogen). Primary 

antibody was omitted in negative control experiments. 

 

5.2.4 Immunofluorescence quantification 

To measure the immunoreactivity, images were captured at 40X magnification using a 

Digital Sight camera(Nikon, Tokyo, Japan) attached to a Nikon Eclipse 80i fluorescence 

microscope (Nikon, Tokyo, Japan). For each control and experimental group, digitized 

images from comparable regions in IC were imported into Image J software (NIH, 

Bethesda, Maryland, USA) for quantitative analysis. A mid-IC section was selected from 

each of the 5 even-numbered series for each animal from the different groups. Hence, 5 

sections from each animal were used to evaluate the immunolabeling density. 

 

Because there was large variation in background staining for different animals, it was 

impossible to set a fixed value for image contrast and threshold for all the animals. An 
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appropriate value for each of the 12 animals (4 individuals from each of the control, 

mechanical lesion and acoustic trauma group) was manually set. Because there was a clear 

difference in background between IC cortex and CIC, 2 images from each animal, one for 

the IC cortex and the other for CIC, were used for the setting. To minimize the subject bias 

in individual judgment, two independent observers were asked to set the value for contrast 

and threshold and their results were plotted for visualization of correlation. The values 

chosen by both observers for either the contrast or threshold showed an obvious correlation 

around the X=Y line. Images were contrasted and thresholded using the values of observer 

1 (Fig. 2.4, Chapter 2). The total area of all pixels corresponding to positively 

immunolabeled puncta was determined for DCIC, ECIC, and 4 frequency regions of CIC: 

3-6 kHz, >6-10 kHz, >10-16 kHz and >16 kHz. The depth from the cortical surface 

corresponding to any frequency in the CIC was estimated as described in detail in Chapter 

2. The result of immunoreactivity quantification was expressed as a density of pixels per 

1000 μm2. All values were mean (averaged across animals within a group) ± S.E.M. 

Statistical significance was evaluated using the One-way ANOVA and Tukey's post-hoc 

multiple comparison tests with a P value of < 0.05 considered significant. 

 

5.3 Results 

5.3.1 GABRA1 immunoreactivity 

Both GABRA1 and GLRA1 immunohistochemistry in the CN and IC were attempted but 

the quality of GLRA1 staining in the CN and IC was poor (data not shown). GABRA1 

immunoreactivity was visible throughout the CN and IC in all three groups of animals. 

Consistent with previous studies (Holt et al., 2005, Argence et al., 2006), the labeling had a 

punctate appearance and was observed both on the neuronal membrane and within the 
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somata, However, the puncta in the CN were extremely fine (data not shown). Therefore, 

only puncta in the IC were quantified. To evaluate whether the positive staining was 

specific for GABRA1, negative control sections were compared with test sections in IC and 

vestibular nuclei. Vestibular nuclei have much bigger GABA-positive cells than those in 

the IC and this structure was chosen to serve as a positive control. It was found that there 

was clear GABRA1 immunoreactivity localized within the cells in the vestibular nuclei 

(Fig. 5.1 A-B) and IC (Fig. 5.1 E-F) while no such labeling was observed in the negative 

control sections in either vestibular nuclei (Fig. 5.1 C-D) or IC (Fig. 5.1 G-H) 
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Fig. 5.1: GABRA1 immunoreactivity in vestibular nuclei and IC. Left column: differential 
interference contrast (DIC) only. Right column: fluorescence (Alexa488) only. Panel A and 
B: test sections in vestibular nuclei. Panel C and D: negative control sections in vestibular 
nuclei. Panel E and F: test sections in IC. Panel G and H: negative control sections in IC. 
White arrows indicate the positions of representative immuno-labelled puncta. Scale bar: 
10μm. 
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5.3.2 GABRA1 immunofluorescence quantification  

When comparing the density results from sections from differently treated groups, it is 

important to consider whether the total area of each of the comparable IC sections from one 

group is significantly different from another due to variability in procedures including 

fixation. Images for the mid-IC section from 4 individuals from each of the control, 

mechanical lesion and acoustic trauma groups used in this study were drawn using a 

drawing tube under 1X magnification. No statistically significant difference in total surface 

area of the IC sections was found between the different groups (Fig. 2.6, Chapter 2). 

5.3.2.1 Ipsilateral IC 

In the ipsilateral IC, there was no statistically significant difference between the control and 

mechanical lesion or acoustic trauma groups in DCIC, ECIC and 4 selected frequency 

regions in the CIC. However, there was a trend of reduction in GABRA1 for both 

mechanical lesion (P = 0.06) and acoustic trauma groups (P = 0.08) in the >10 – 16 kHz 

region of the CIC (Fig. 5.2E). In addition, in the DCIC, there was a trend of up-regulation 

of GABRA1 in the acoustic trauma group (P = 0.07; Fig. 5.2A). 

5.3.2.2 Contralateral IC 

In the higher frequency region of the contralateral IC, there was a tendency of down-

regulation of GABRA1 protein after partial hearing loss (Fig. 5.3D-F). There was 

statistically significant reduction of GABRA1 in both the mechanical lesion and acoustic 

trauma groups compared to the control group in the >10- 16 kHz region of the CIC (Fig. 

5.3E). In addition, there were clear trends of a decrease of GABRA1 in the >6 – 10 kHz 

(Fig. 5.3D) and >16 kHz (Fig. 5.3F) regions of the CIC of the mechanical lesion and 

acoustic trauma groups relative to the control group. In the ECIC, the trend of GABRA1 

reduction was only seen in the acoustic trauma group (Fig. 5.3B). 
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Fig. 5.2: Changes in GABRA1 protein level in ipsilateral IC in mechanical lesion and 
acoustic trauma groups relative to the control group. Regions in the IC are indicated on top 
of each graph. DCIC: dorsal cortex of inferior colliculus. ECIC: external cortex of inferior 
colliculus. CIC: central nucleus of inferior colliculus. Values are mean ± S.E.M. 

 

Changes in GABRA1 protein level in ipsilateral IC 
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Fig. 5.3: Changes in GABRA1 protein level in contralateral IC in mechanical lesion and 
acoustic trauma groups relative to the control group. Regions in the IC are indicated on top 
of each graph. DCIC: dorsal cortex of inferior colliculus. ECIC: external cortex of inferior 
colliculus. CIC: central nucleus of inferior colliculus. * P < 0.05. Values are mean ± S.E.M. 

Changes in GABRA1 protein level in contralateral IC 
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5.4 Discussion 

It has been reported in previous studies that a discrepancy between mRNA and protein 

expression can occur in some systems (Gutierrez et al., 1997, Wang et al., 2009). However, 

such discrepancy between mRNA and protein does not seem to exist in the present study 

using immunofluorescence quantification.  

 

In Chapters 3 and 4, it was found that most hyperactivity occurred in the mid-high 

frequency regions of the contralateral CIC and GABRA1 mRNA was down-regulated in the 

IC 1 week after mechanical lesion and 2 weeks after acoustic trauma. As explained in the 

introduction, decreases in GABRA1 expression may contribute to the elevation of 

spontaneous activity. However, whether the topographic distribution of GABRA1 

expression in the IC corresponds to that of the hyperactivity was not investigated. In the 

present study, GABRA1 protein expression was found to be significantly lower in the 

frequency regions of the contralateral CIC where the hyperactivity was previously shown to 

be most marked (Chapters 3 and 4), consistent with a possible role of GABRA1 in the 

generation and persistence of hyperactivity after cochlear trauma. 

 

5.4.1 Contralateral IC 

In the contralateral IC, statistically significant decreases in GABRA1 protein expression 

were found in the >10 – 16 kHz region of the CIC. This region corresponds to the 

frequency region where most hyperactivity was recorded (Chapter 3 and 4). In mechanical 

lesion animals with 1-week recovery and acoustic trauma animals with 2-week recovery, 

there was dramatically elevated spontaneous activity in the >8 – 16 kHz region of the 

contralateral CIC. The reduction in GABRA1 protein expression may contribute to the 
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increased excitability underlying the hyperactivity described in this region in early Chapters 

of this thesis. 

 

Although not reaching statistical significance, the trend of a reduction in GABRA1 protein 

expression in other frequency regions in the CIC is also consistent with the significant 

increases in spontaneous activity observed in the rest of the frequency regions of the 

mechanical lesion (Chapter 3) and in the >16 kHz region of the acoustic trauma animals 

(Chapter 4).  

 

5.4.2 Ipsilateral IC 

In the mechanical lesion and acoustic trauma group, though not reaching statistical 

significance, there was a trend of reduction in GABRA1 protein expression in the >10 – 16 

kHz region of the CIC. This is consistent with the results obtained from another study from 

our laboratory (Woo and Mulders 2008, unpublished data) that demonstrated spontaneous 

hyperactivity in the ipsilateral IC in all frequency regions above 8 kHz two weeks after 

acoustic trauma, In addition, profound weakening of synaptic inhibition within the whole 

ipsilateral CIC has also been reported after unilateral cochlear ablation (Vale et al., 2004). 

Taken together, these lines of evidence suggest that decreases in GABRA1 protein 

expression may be part of the molecular mechanism for the generation of hyperexcitability 

in the ipsilateral IC after partial hearing loss.   

 

In the ipsilateral DCIC, there was a trend of up-regulation of GABRA1 in the acoustic 

trauma group, but it did not reach statistical significance. Apart from the sparse ascending 

projections, DCIC also receives dense descending projections from cortex to all its layers 

(Winer et al., 1998). Some of the projections may be GABAergic (Syka and Popelar, 1984) 
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because GABA release is reduced in DCIC after cortex ablation (Feliciano and Potashner, 

1995).  Furthermore, there is evidence of increased excitation in the auditory cortex after 

hearing loss (Eggermont and Roberts, 2004), which may lead to elevated GABA release 

from cortical descending projections to the DCIC. Together with increases in GABRA1, 

this suggests an increase in descending inhibitory influences on some of the neurons in the 

DCIC. Because there are intrinsic connections between DCIC and CIC (Coleman and 

Clerici, 1987), these DCIC neurons may in turn be inhibitory neurons projecting to the CIC. 

Therefore, the trend of increase in GABRA1 in the DCIC may lead to decreased inhibition 

and hence hyperactivity in the CIC. 

 

The trend of reduction in GABRA1 protein expression in the IC is consistent with some of 

the previous studies suggesting down-regulation of GABAergic transmission following 

hearing loss. After unilateral cochlear ablation, both Western blotting and 

immunofluorescence studies showed significant decreases in GAD protein expression in the 

contralateral CIC (Mossop et al., 2000, Argence et al., 2006). It has also been suggested 

that the GABAergic transmission is reduced in the CN and IC of aged rat with hearing loss 

(Caspary et al., 1995, Yang et al., 1998, Caspary et al., 1999). In contrast, other studies 

reported that GABA levels in the IC are enhanced after bilateral acoustic trauma (Tan et al., 

2007) and GABA release is elevated in the contralateral CIC after unilateral cochlear 

ablation (Suneja et al., 1998b), In addition, Argence et al. (2006) did not find any changes 

in GABRA1 expression and Holt et al. (2005) even found increases in some GABA 

receptor subunits after cochlear ablation. The discrepancy between results of the present 

study and these studies may be due to differences in the specific methods for induction of 

hearing loss and/or time courses employed.  
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6.1 Summary of major findings 

This study correlated central plasticity at both the functional and molecular levels, in the 

form of changes in neuronal spontaneous activity and gene expression, after peripheral 

partial deafness.  

 

Significant peripheral hearing loss at mid-high frequencies was induced immediately after 

mechanical lesion and acoustic trauma. Significant hearing loss was sustained at most 

frequencies 1-week after mechanical lesion and at some high frequencies 2 weeks after 

acoustic trauma. Spontaneous hyperactivity was most marked in the frequency region of the 

hearing loss.  

 

Transcript profiling studies revealed changes in mRNA levels of neurotransmission- and 

membrane excitability-related genes after the recovery period in both models. After 

mechanical lesion, there was a tendency for a down-regulation of expression of inhibitory 

genes only. In contrast, the acoustic trauma model showed simultaneous up-regulation of 

both the inhibitory and excitatory genes after initial down-regulation of inhibitory genes. 

Apart from changes in mRNA expression, changes in protein expression of the inhibitory 

receptor subunit GABRA1 were also observed in both animal models in the mid-high 

frequency region of contralateral CIC, where spontaneous hyperactivity was most marked.  

 

This is the first study combining measurements of peripheral hearing sensitivity, central 

spontaneous activity and mRNA expression in the same animals. In addition, the present 

study, for the first time, provides data on tonotopic distribution of the GABRA1 protein 

expression in the CIC after hearing loss. 
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Taken together, these results suggest that the down-regulation of inhibitory genes and/or 

up-regulation of excitatory genes may be involved in the generation and persistence of 

spontaneous hyperactivity at the functional level. Such changes in spontaneous activity 

could be involved in the development of tinnitus after deafness. 

 

6.2 Relationship to different models of cochlear trauma 

6.2.1 Increases in central neural activity  

The hyperactivity data from the present study (Chapters 3 and 4) agree with previous 

studies suggesting elevated excitation in the central auditory system after deafness. It seems 

that cochlear trauma in general, rather than its specific induction methods such as cochlear 

ablation, mechanical lesion or acoustic trauma, leads to increases in central spontaneous 

activity (McAlpine et al., 1997, Shepherd et al., 1999, Kaltenbach and Afman, 2000, Dong 

et al., 2009) 

.  

A unilateral frequency-restricted cochlear mechanical lesion induced hyperactivity in all of 

the frequency regions in the guinea pig contralateral CIC, with the maximum activity in the 

region corresponding to that of hearing loss (Chapter 3). Hearing loss induced by unilateral 

cochlear ablation or acoustic trauma has also been shown to induce hyperactivity in the 

central auditory structures of different species. McAlpine et al. (1997) described increases 

in spontaneous activity in contralateral CIC after unilateral cochlear ablation. Multiunit 

surface recordings demonstrated that mean spontaneous rates of DCN neurons increased in 

hamsters and rats following bilateral acoustic trauma, with maximum increases seen at the 

tonotopic region close to the frequency of the exposure tone (Kaltenbach et al., 1998, 

Zhang and Kaltenbach, 1998, Kaltenbach and Afman, 2000, Kaltenbach et al., 2004). 

Single unit recordings in chinchillas showed that fusiform cells in the DCN exhibit an 
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increase in their spontaneous activity after unilateral acoustic trauma, with the increased 

activity more pronounced on the exposed side (Brozoski et al., 2002). In addition to CN, 

spontaneous activity also increases in IC after acoustic trauma. Following unilateral 

acoustic trauma in guinea pigs, dramatic increases in mean spontaneous firing rates of the 

contralateral CIC neurons occurred, with maximum hyperactivity in the frequency range of 

peripheral hearing loss (Chapter 4). Similar results after acoustic trauma have also been 

demonstrated before (Wang et al., 2002, Bauer et al., 2008, Izquierdo et al., 2008, Mulders 

and Robertson, 2009). After bilateral acoustic trauma, a previous study showed an increase 

in the spontaneous activity of CIC neurons in the frequency region near the exposure tone 

(Ma et al., 2006), but they did not have sufficient neurons to establish significance. It is 

worth noting that Wang et al (1996) and Mulders and Robertson (2009) did not find any 

change in spontaneous firing rate in the CIC neurons immediately after acoustic trauma, 

which is consistent with the data in Chapter 4 showing no indication of hyperactivity 

acutely post-acoustic trauma. Apart from CN and IC, acoustic trauma also induces 

hyperactivity in auditory cortex. In cats, elevated spontaneous activity in single neurons 

was recorded in the auditory cortex after bilateral acoustic trauma, with the increases most 

marked in the hearing loss-induced tonotopically re-organized frequency region (Seki and 

Eggermont, 2003).  

 

Besides hyperactivity in the form of increased spontaneous firing rates, other studies have 

also shown increased evoked activity after hearing loss. A study in gerbil using multi-unit 

recordings after unilateral cochlear ablation showed large increases in neural activity in the 

contraleral IC excited by acoustic stimulation of the remaining ear (Mossop et al., 2000). In 

chinchillas, an elevation in evoked activity in the DCN and contralateral CIC neurons was 

reported after unilateral acoustic trauma (Wang et al., 1996, Brozoski et al., 2002).  
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Taken together, these results from the present and past studies suggest that, when the 

cochlear output is abolished or reduced, the central auditory system can increase its neural 

activity in response to the loss of peripheral input, regardless of the specific deafness 

induction methods.  

 

6.2.2 Molecular changes 

The present study of mechanical lesion and acoustic trauma also showed plastic changes in 

gene expression. Molecular changes including mRNA and protein expression of genes 

related to neuronal transmission and excitability, and transmitter release, up-take and 

receptor binding have also been demonstrated after deafness in previous studies. The data 

from the present study and others suggest that inhibitory GABAergic and glycinergic as 

well as excitatory glutamatergic pathways may be modulated in the CN and IC via pre- 

and/or post-synaptic mechanisms.  

 

There is evidence of pre-synaptic changes in the form of transmitter synthesis and release. 

It has been suggested that GABAergic transmission is reduced in the CN and IC of aged rat 

with hearing loss (Caspary et al., 1995, Yang et al., 1998, Caspary et al., 1999). After 

bilateral cochlear ablation in rats, a bilateral reduction of GAD mRNA in IC occurred 

(Argence et al., 2006). Unilateral cochlear ablation induced significant decreases in GAD 

mRNA and protein levels in the contralateral IC of gerbils and rats (Mossop et al., 2000, 

Argence et al., 2006). However, not all the findings are consistent with a reduction in 

GABA. It was found that an elevation in GAD/GABA levels in the IC occurred after 

bilateral acoustic trauma (Milbrandt et al., 2000, Tan et al., 2007). In other studies, 

decreases in glycine-immunoreactivity following bilateral cochlear ablation have also been 
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reported in rat CN (Asako et al., 2005) and glycine release was persistently depressed in 

both the ipsi and contralateral DCN after unilateral cochlear ablation (Suneja et al., 1998b). 

In addition to inhibitory presynaptic changes, Muly et al. (2004) demonstrated sharply 

elevated excitatory pre-synaptic glutamatergic release (assessed by D-[3H]Aspartate 

release) in the ipsilateral CN after unilateral acoustic trauma. Similar observations were 

also reported in the CN and IC after unilateral cochlear ablation (Potashner et al., 1997).  

 

Our mechanical lesion model (Chapter 3) shows features that agree with a down-regulation 

of pre-synaptic inhibitory mechanisms. Unilateral cochlear mechanical lesion showed a 

reduction of GAD in ipsilateral CN and both ipsilateral and contralateral IC one week after 

lesion. In contrast, our acoustic trauma data are different in that there were no significant 

changes in GAD mRNA expression in either CN or IC at any time point after unilateral 

acoustic trauma.  

 

There is also evidence of post-synaptic changes in central nuclei after hearing loss. 

Previous studies show reduction in mRNA level of glycine and GABA receptor subunits in 

the CN after age-related hearing loss (Willott et al., 1997, Campos et al., 2001). 

Pharmacological studies in the CN and IC have demonstrated that glycine receptor binding 

is persistently weakened after unilateral cochlear ablation (Suneja et al., 1998a, Suneja et 

al., 1998b, Potashner et al., 2000). It has also been shown that the glycine receptor subunit 

GLRA1 mRNA and protein levels decrease in the contralateral CIC after unilateral cochlear 

ablation (Argence et al., 2006). However, not all the findings of previous studies are 

consistent with a reduction in inhibitory receptor subunits. For example, Holt et al. (2005) 

showed increases in many GABA-A and glycine receptor subunits in the IC after bilateral 

cochlear ablation. In addition to changes in inhibitory receptors, excitatory AMPA receptor 
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binding was sharply increased in the ipsilateral CN following unilateral cochlear trauma 

(Potashner et al., 1997, Muly et al., 2004).  

 

The findings from our mechanical lesion model (Chapter 3) generally agree with an 

involvement of post-synaptic mechanisms. Unilateral cochlear mechanical lesions resulted 

in a reduction of GABRA1 in ipsilateral CN and both ipsilateral and contralateral IC one 

week after lesion. In addition, GLRA1 was also decreased in ipsilateral CN. In contrast, our 

acoustic trauma model showed significant differences. GABRA1 and GLRA1 were up-

regulated in the ipsilateral CN 4 weeks after acoustic trauma, disagreeing with most of the 

above studies suggesting decreases in their expression. This might be due to differences in 

time course and deafness induction methods. However, there are also similarities between 

our acoustic trauma model and previous studies.  For example, in addition to down-

regulation of inhibitory receptor subunits in some cases, our acoustic trauma model also 

showed increases in the expression of excitatory glutamate receptor subunits in the 

ipsilateral CN 4 weeks after acoustic trauma. This is consistent with previous studies 

suggesting a strengthening of glutamatergic excitation in CN (Potashner et al., 1997, Muly 

et al., 2004). 

 

Besides neurotransmission-related genes, an important gene involved in setting the resting 

membrane potential, a potassium ion background leakage channel KCNK15 has also been 

investigated in the CN and IC. Holt et al. (2006b) demonstrated a large decrease in the 

expression of KCNK15 in the CN 3 days, 3 weeks and 3 months after bilateral cochlear 

ablation, and Cui et al. (2007) showed a similar sustained reduction in the IC. The present 

study generally agrees with this mechanism because a reduction in KCNK15 was observed 
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in the CN and IC in the mechanical lesion model (Chapter 3) and in the IC in acoustic 

trauma model (Chapter 4). 

 

Taken together, these findings generally suggest a down-regulation of inhibitory and/or up-

regulation of excitatory neurotransmission via pre- and/or post-synaptic changes, as well as 

increase in intrinsic membrane excitability via down-regulation of KCNK15 expression, in 

the CN and/or IC following hearing loss.  

 

In addition to the differences with previous studies using similar or different deafness 

models, there are also substantial differences between the gene expression results of our 

own models.  

 

In the cochlear mechanical lesion model (Chapter 3), there was a tendency for reduction of 

inhibitory genes compared to the control in the IC and ipsilateral CN after 1-week recovery. 

In contrast, in the acoustic trauma model (Chapter 4), the gene expression pattern was much 

more complicated. For instance, in the ipsilateral CN, rather than a universal down-

regulation, GLRA1 was first decreased at 2 weeks but then increased at 4 weeks compared 

to the control. Most interestingly, in the mechanical lesion model, GABAergic transmission 

seems to be modulated through both pre- and post-synaptic mechanisms because GAD1 

and GABRA1 were reduced at the same time, whereas in the acoustic trauma model, GAD1 

did not show any significant change compared to the control across all the time points, 

suggesting that alterations in pre-synaptic mechanisms for this transmitter may not play a 

major role in setting excitability after acoustic trauma.  
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It has to be kept in mind that the acoustic trauma animals were allowed to recover for 2 and 

4 weeks whereas the mechanically lesioned animals were allowed to recover for only 1 

week. This discrepancy in recovery time length employed renders the results from these 

two studies not directly comparable. For example, because there is a trend of recovery in 

gene expression from the initial acute down-regulation in the acoustic trauma animals, the 

mechanically lesioned animals may also have revealed similar patterns if they had been 

investigated at the same time points as the acoustic trauma animals.  

 

On the other hand, the discrepancy in gene expression may reflect the distinct nature of 

damage caused by the two different deafness-induction methods. Acoustic trauma initially 

causes massive transmitter release from hair cells and leads to subsequent massive firing 

from auditory nerves to the brain. However, acoustic over-stimulation gradually leads to 

depletion of transmitter stock from the hair cells and also causes damage to some of the hair 

cells, resulting in reduced auditory nerve excitation for a period of time before the 

peripheral functions starts to recover. In contrast, mechanical lesion gives an instant 

physical damage to hair cells and thus immediately silences auditory nerves. This 

difference may be responsible for the different effects in gene expression brought about by 

these two different deafness-inducing methods.  

 

In light of all the above evidence, the difference in gene expression pattern between the 

acoustic trauma model and cochlear mechanical lesion model suggests that the 

extrapolation from conclusions of one model to those of the other should be performed with 

caution. 
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6.3 Possible mechanisms for hyperactivity inferred from the present study 

Both pre-synaptic and post-synaptic changes in inhibitory neurotransmission pathways may 

be involved in the hyperactivity in the CN and IC one week after unilateral cochlear trauma 

in the mechanical lesion model (Chapter 3). The evidence for pre-synaptic changes comes 

from the reduction of GABA synthesis via decreases in GAD expression in all the 

structures studied except contralateral CN. In addition, RAB3 and RAB3GAP, genes 

involved in presynaptic transmitter exocytosis, were investigated for the first time after 

deafness. A reduction of RAB3 and/or RAB3GAP was found in the ipsilateral CN and 

contralateral IC, suggesting decreases in transmitter release. This may affect inhibitory 

pathways more than excitatory pathways, which could further reduce the overall inhibition. 

Similarly, post-synaptic changes are evident in that GABRA1 and/or GLRA1 are down-

regulated in all the structures except contralateral CN. Particularly, the data on tonotopic 

distribution of GABRA1 protein expression revealed that GABRA1 was significantly 

reduced in the frequency region where the hyperactivity was most marked. These results 

suggest a reduction in post-synaptic receptor number/activity and hence a decrease in 

inhibition. Lastly, a reduction in KCNK15 found in all the structures studied except 

contralateral CN implies an increase in intrinsic neuronal membrane excitability, which 

may contribute to the overall increase in excitation. Therefore, the reduction in pre-synaptic 

synthesis/release, decreases in post-synaptic receptor number/activity and increases in post-

synaptic membrane excitability all contribute to the generation of hyperactivity. However, 

this inferred molecular mechanism may only account for the hyperactivity one week after 

mechanical lesion because the long-term development of spontaneous activity and gene 

expression was not investigated in this system.  
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In the acoustic trauma model, it seems that changes in pre-synaptic GABA transmitter 

synthesis are not involved in the generation of hyperactivity, as there were no changes in 

the GAD expression at any time point after acoustic trauma in any of the structures studied. 

However, RAB3GAP was increased 4 week after trauma in the ipsilateral CN and RAB3 

was elevated 2 and 4 week after trauma in the ipsilateral IC. This may indicate changes in 

the pre-synaptic transmitter release. Two different mechanisms may relate these increases 

in RAB3 system to the increase in spontaneous activity in the CIC. One possibility is that 

after acoustic trauma, if the RAB3 system preferentially affects excitatory neurons then its 

increase would contribute to the elevation of spontaneous activity. The other mechanism is 

that, if the RAB3 system preferentially affects the inhibitory neurons, then depending on 

their localization and the specific neural circuitry, the increases in RAB3 system may 

predominantly affect the inhibitory neurons that synapse on other inhibitory neurons such 

as IC inter-neurons (Wagner et al., 1987), thus affecting target neurons in the CIC. This 

could lead to disinhibition in the CIC and hence increases in spontaneous activity.  

 

Complicated post-synaptic changes seem to occur in the ipsilateral CN and contralateral IC. 

In the ipsilateral CN, reduction in post-synaptic inhibitory transmission and the balance 

between inhibitory and excitatory influences may underlie the hyperactivity, because 

inhibitory GLRA1 was decreased 2 weeks after acoustic trauma and simultaneous up-

regulation of inhibitory GABRA1 and GLRA1 and excitatory GRIN1 was observed 4 

weeks after acoustic trauma. In the contralateral IC, the down-regulation of inhibitory 

GLRA1 might contribute to the hyperactivity 2 weeks after acoustic trauma and the 

reduction in inhibitory GABRA1 may be involved in the persistence of hyperactivity 4 

weeks after acoustic trauma. Finally, a reduction in KCNK15 seems to contribute to the 

hyperactivity only in the contralateral IC at 4 week after acoustic trauma.  
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Taken together, unlike the straightforward universal down-regulation of inhibitory 

transmission via both pre-synaptic and post-synaptic mechanisms in the mechanical lesion 

model, the molecular changes in acoustic trauma seem complicated and varied in different 

structures. Thus, the general mechanism for hyperactivity inferred from the acoustic trauma 

model is that the balance between inhibitory and excitatory neurotransmission determines 

the final excitability and hence the generation and persistence of hyperactivity. 

 

6.4 Relationship to tinnitus 

Although behavioral tests for tinnitus in mechanical lesion and acoustic trauma animals 

were not conducted in the present study, the observed central hyperactivity tonotopically 

associated with peripheral hearing loss may have implications for tinnitus. Evidence in both 

human patients and animal models has accumulated that tinnitus is accompanied by 

elevated levels of ongoing nerve cell activity in central auditory structures such as CN, IC 

and AC following peripheral hearing loss.  

 

A human functional magnetic resonance imaging study found that the activation of the 

contralateral IC by bilateral noise exposure was abnormally low in unilateral tinnitus 

patients. These authors suggested that this might be consistent with abnormally high levels 

of basal neuronal activity (Melcher et al., 2000). Positron emission tomography data 

demonstrated hyperactivity in auditory cortex in human tinnitus patients (Langguth et al., 

2006).  

 

Similar hyperactivity has also been found in animal behavioural test models. Neuronal 

hyperactivity in DCN was found in hamsters with salicylate-induced tinnitus (Zacharek et 



 - 141 - 

al., 2002) and in both chinchillas and hamsters with noise-induced tinnitus (Brozoski et al., 

2002, Kaltenbach et al., 2004). It is worth noting that Kaltenbach et al. (2004) also found a 

correlation between the degree to which the spontaneous activity of the DCN neurons was 

increased and the severity of the tinnitus-related behaviour. Increases in neuronal 

spontaneous activity were observed in IC, posterior ventral cochlear nucleus (PVCN) and 

cerebellar paraflocculus of rats with chronic acoustic-exposure-induced tinnitus (Brozoski 

et al., 2007). Hyperactivity in auditory cortex is reportedly associated with salicylate 

induced tinnitus in awake rats (Yang et al., 2007).  

 

Furthermore, the present study demonstrated that the most marked hyperactivity in the CIC 

mid-high frequency region corresponded to the frequency region of the maximum 

peripheral hearing loss. This observation also suggests its implication for tinnitus, because 

most tinnitus patients perceive a phantom sound corresponding to the high frequency region 

of peripheral hearing loss (Meikle et al., 1984, Norena et al., 2002).  

 

The data from the present study show that spontaneous activity remained up to 4 weeks 

after acoustic trauma. Because tinnitus typically show little repite, i.e. the symptoms do not 

reduce with duration of deafness (Eggermont, 2007), the present data are consistent with 

this observation.  

 

Increased spontaneous activity may not be the only explanation for tinnitus development. 

For example, neural synchrony has also been proposed as an alternative mechanism for 

tinnitus because the synchronization of the firings between several neurons in the auditory 

cortex is increased after acoustic trauma and ototoxic drug application (Ochi and 

Eggermont, 1997, Norena and Eggermont, 2003). Neural synchrony in the auditory cortex 
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also increases with time and relates to the tonotopically reorganized frequency region 

induced by acoustic trauma (Seki and Eggermont, 2003). However, animal behavioural 

tests for tinnitus evidence were not performed in these studies and this phenomenon has 

never been shown for the CN and IC. 

 

The present study also showed changes in gene expression after hearing loss. In light of the 

above evidence of hyperactivity associated with tinnitus following hearing loss, deafness-

induced imbalance in inhibitory and excitatory neurotransmission and increases in intrinsic 

neuronal membrane excitability in the central auditory structures accompanying chronic 

elevations in spontaneous activity and synchrony may play an important role in tinnitus 

generation and persistence. Therefore, the differentially expressed genes related to these 

processes identified in the present study may be useful for screening potential molecular 

targets for drug development for tinnitus treatment in the future. 

 

6.5 Strength and limitation of the present study and directions for future studies 

One of the strengths of the present study lies in its combination of measurements of 

peripheral hearing loss, central spontaneous activity and gene expression (mRNA) in the 

same animals. In addition, the precise tonotopic distribution of hyperactivity in the CIC 

neurons was investigated. As reviewed above, previous studies have reported evidence for 

hyperactivity in the IC after cochlear trauma but most of them did not measure the 

peripheral hearing loss and none of them provided extensive data on the fine-grain 

distribution of hyperactivity in relation to neuronal characteristic frequency. Similarly, 

previous studies have shown changes in gene expression related to neurotransmission and 

membrane excitability in central auditory structures but most of them did not measure 
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central spontaneous activity and/or peripheral hearing loss and none of them quantified the 

gene expression in the same animals used for central electrophysiological recordings.  

 

Another strength of the present study lies in the immunofluorescence data on tonotopic 

distribution of the GABRA1 protein expression in the CIC.  Significant decreases in 

GABRA1 protein level were found within the mid-high frequency region where 

hyperactivity was most marked after unilateral deafening induced by either mechanical 

lesion or acoustic trauma. This is the first time that such fine-grain distribution of protein 

expression in relation to the CIC tonotopicity has been investigated. 

 

However, there are also limitations to the present study.  Firstly, as already discussed, the 

mechanical lesion animals had 1-week recovery but the acoustic trauma animals had 2-

week and 4-week recovery. This makes the results from the two models not directly 

comparable and therefore may mask real similarities between the two models. Secondly, 

mRNA expression was quantified for the whole IC and hence only reflected the overall 

change in this structure. Therefore the locally restricted changes in areas such as the CIC 

frequency region corresponding to the peripheral hearing loss may be greatly under-

estimated. Thirdly, the peripheral CAP threshold was only measured in the ipsilateral 

(traumatized) cochlea. Since it may be possible that some animals had idiopathic hearing 

loss in the contralateral cochlea, this may affect the central spontaneous activity and gene 

expression. However, no changes in gene expression were found in the contralateral CN as 

expected, suggesting this possibility is remote. Lastly, this study is purely correlative and 

hence does not establish a cause and effect relationship between hyperactivity and changes 

in gene expression. It describes hyperactivity after cochlear trauma as a phenomenon and 

subsequently found changes in expression of a few genes involved in neurotransmission 
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and membrane excitability. However, this correlation does not prove the essentiality of 

these genes for the generation of hyperactivity. In addition, as there may be other genes 

involved in this process, the genes studied here may not be sufficient for the generation of 

hyperactivity. 

 

In light of the limitation of the present study, future studies should focus on the following. 

Firstly, the recovery time course of mechanical lesion should be the same as that of the 

acoustic trauma. This would make the two models directly comparable and may reveal 

more similar patterns in them, or alternatively, establish genuine differences. Secondly, 

locally restricted changes in mRNA expression should be addressed. Small tissue samples 

(eg. punch biopsies) may be used to isolate the tonotopic areas of interest and qPCR can 

then be performed to quantify the mRNA of interest in them. Alternatively, in situ 

hybridization can be performed to reveal the topographic distribution of changes in mRNA 

expression. Thirdly, CAP thresholds for both the ipsilateral and contralateral cochlea 

should be measured to make sure that no idiopathic hearing loss occurs in either of them. 

Lastly, systematic identification of candidate genes and their functional analysis should be 

performed. Large-scale identification of candidate genes involved in hyperactivity 

generation can be attempted using microarray technology to investigate changes in 

expression of thousands of genes in central auditory structures by following a reasonable 

time course after cochlear trauma. Once differentially expressed genes are identified, a 

bioinformatics search for their known functions can be conducted to screen for the most 

promising candidates. These genes will then become the subject of functional investigation, 

including in vivo analysis of over-expression, knock-out /down or misexpression mutants 

for their effects on time-dependent generation of hyperactivity in central auditory structures 

after cochlear trauma. 
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