University of Windsor

Scholarship at UWindsor

Electronic Theses and Dissertations Theses, Dissertations, and Major Papers

2014

The effect of sodium salicylate on the level of GABAB receptor
subunits in the rat's central auditory system

Sehrish Butt
University of Windsor

Follow this and additional works at: https://scholar.uwindsor.ca/etd

Recommended Citation

Butt, Sehrish, "The effect of sodium salicylate on the level of GABAB receptor subunits in the rat's central
auditory system" (2014). Electronic Theses and Dissertations. 5142.
https://scholar.uwindsor.ca/etd/5142

This online database contains the full-text of PhD dissertations and Masters’ theses of University of Windsor
students from 1954 forward. These documents are made available for personal study and research purposes only,
in accordance with the Canadian Copyright Act and the Creative Commons license—CC BY-NC-ND (Attribution,
Non-Commercial, No Derivative Works). Under this license, works must always be attributed to the copyright holder
(original author), cannot be used for any commercial purposes, and may not be altered. Any other use would
require the permission of the copyright holder. Students may inquire about withdrawing their dissertation and/or
thesis from this database. For additional inquiries, please contact the repository administrator via email
(scholarship@uwindsor.ca) or by telephone at 519-253-3000ext. 3208.


https://scholar.uwindsor.ca/
https://scholar.uwindsor.ca/etd
https://scholar.uwindsor.ca/theses-dissertations-major-papers
https://scholar.uwindsor.ca/etd?utm_source=scholar.uwindsor.ca%2Fetd%2F5142&utm_medium=PDF&utm_campaign=PDFCoverPages
https://scholar.uwindsor.ca/etd/5142?utm_source=scholar.uwindsor.ca%2Fetd%2F5142&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:scholarship@uwindsor.ca

THE EFFECT OF SODIUM SALICYLATE ON THE LEVEL OF GAB Ag RECEPTOR

SUBUNITS IN THE RAT'S CENTRAL AUDITORY SYSTEM

By

Sehrish Butt

A Thesis
Submitted to the Faculty of Graduate Studies
through the Department of Biological Sciences
in Partial Fulfilment of the Requirements for
the Degree of Master of Science
at the University of Windsor

Windsor, Ontario, Canada

2014

© 2014 Sehrish Butt



THE EFFECT OF SODIUM SALICYLATE ON THE LEVEL OF GAB Ag RECEPTOR
SUBUNITS IN THE RAT'S CENTRAL AUDITORY SYSTEM

by
Sehrish Butt

APPROVED BY:

Dr. S. Ananvoranich

Department of Chemistry and Biochemistry

Dr. L.A. Porter

Department of Biological Sciences

Dr. H. Zhang, Advisor

Department of Biological Sciences

June 18, 2014



Author’s Declaration of Originality

| hereby certify that | am the sole author of tthissis and that no part of this thesis has
been published or submitted for publication.

| certify that, to the best of my knowledge, mydisedoes not infringe upon anyone’s
copyright nor violate any proprietary rights andtthny ideas, techniques, quotations, or any
other material from the work of other people in@ddn my thesis, published or otherwise, are
fully acknowledged in accordance with the standafdrencing practices. Furthermore, to the
extent that | have included copyrighted materiat durpasses the bounds of fair dealing within
the meaning of the Canada Copyright Act, | cetthiigt | have obtained a written permission
from the copyright owner(s) to include such maté&)an my thesis and have included copies of
such copyright clearances to my appendix.

| declare that this is a true copy of my thesisluding any final revisions, as approved
by my thesis committee and the Graduate Studiéseofind that this thesis has not been
submitted for a higher degree to any other Uniteii Institution.



ABSTRACT

Tinnitus is a phantom sensation of sound in treeabe of acoustic stimulus and can be
induced by ototoxic drugs such as sodium salicylg@8). Tinnitus is likely related to
hyperactivity in central auditory structures. Ire tbentral nervous system, activity is dependent
on excitatory/inhibitory neurotransmission. Gammareobutyric acid (GABA) is a major
inhibitory neurotransmitter. It can activate th@dyB GABAergic receptor (GABA receptor),
which can control the level of excitation/inhibiiothrough regulating the release of
neurotransmitters and lowering the cell membraneer@l. | hypothesized that SS affects
hearing by changing the level and distribution bé tGABAs receptor in central auditory
structures. My results from immunohistochemical amdtern blotting experiments revealed that
SS reduced the level of GABAreceptors in all major auditory structures. Théuion was
observed in both neuronal cell bodies regions aedsacontaining axonal and dendritic fibers of

neurons.
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1 Introduction
1.1 Audition

Audition or hearing is the ability of an organisensense sound. It is one of the five basic
senses and is important for an organism's biolbficass. Hearing is involved in many
behaviours such as prey catching, predator avoganating, and social communication.
Hearing impairment can have detrimental consequeogan organism's survival (Capranica,
1965). In vertebrates including human, hearingeigethdent on the auditory system, which can

be divided into the peripheral and the central mugisystem (Pickles, 2012).
1.2 Peripheral auditory system

The peripheral auditory system consists of themumiddle, and inner ear. The outer ear
contains the external ear, also known as pinnatfadar canal. The middle ear includes the
three oscicles, i.e., the malleus, incus, and stafiee inner ear includes the cochlea, a spiral
shaped structure. The outer and the middle earsepiaated by the tympanic membrane, also
called the eardrum. The middle and inner earseparated by the oval window of cochlea
(Silverthorn, 2007). Sound waves are transmittethkypinna to the ear canal where they hit the
tympanic membrane, causing the membrane to vibFae vibrations of the tympanic
membrane are amplified by the three oscicles amsterred via the oval window to the Organ

of Corti which is the sensory portion of the coehle

A cochlear duct divides the cochlea into three@ffilled compartments called scalae
vestibuli, scalae tympani, and scalae media. Scedstbuli and tympani contain a fluid known
as perilymph. This fluid has a high concentratibiNa” ions and a low concentration of kons
(Johnstone and Sellick, 1972). Scalae media cantmdolymph which has a high concentration

1



of K* ions and a low concentration of Nians. A thin sheet of connective tissue, calles th
basilar membrane, prevents the endolymph and pgstyfrom mixing (Bosher and Warren,

1968).

The Organ of Corti is a sensory epithelium tlhiatgon the basilar membrane. It is
composed of two types of sensory cells: inner balis (IHC) and outer hair cells (OHC). OHCs
are able to change their length in response tawethbrane depolarization/hyperpolarization,
and this property is referred to as electromoti{iByonwell, 1990). OHCs contact another
membrane called the tectorial membrane which oyeitiae hair cells. IHCs and OHCs contain
stereocilia at their tips or free ends. The stdlieoaf hair cells are connected through tip-links.
Sound vibrations cause the basilar membrane an@¢heial membrane to move, which in turn
moves the hair cells. This movement displacestireacilia, causing mechanosensitive cation
channels located near the tips of stereocilia Enppesulting in the influx of Kions from the
endolymph into a hair cell and depolarization @& dells (Hudspeth, 1982). Thus mechanical
sound vibrations are converted into electrical ptitds, which travel via the cochlear nerve to

the central auditory system (Silverthorn, 2007).
1.3 Central auditory system (CAS)

In mammals including humans, the central audigyistem is composed of six major
neural structures including the cochlear nucleus)(Guperior olivary complex (SOC), nucleus
of lateral lemniscus (NLL), inferior colliculus ()Cmedial geniculate nucleus (MG or MGN),
and the auditory cortex (AC) (See Figure 1). CNCSAd NLL make up the auditory brainstem,
whereas IC makes up the midbrain. MG and AC cartstthe auditory forebrain. The six major

auditory structures form a hierarchy with the CNha&t bottom receiving inputs from the inner



ear while the AC is at the top. The six centralitog structures and their subdivisions can be

seen in Figure 1.

1.3.1 Neural connections in CAS

Projections in the CAS can be defined as asceratidgscending. Ascending projections
refer to projections from lower structures i.eustures located near the sensory organ, to higher
structures i.e. structures located near the cemkbertex (Figure 2a). Descending projections
refer to projections from higher structures to loseuctures (Figure 2b). Ascending projections
connect CN to SOC, NLL, and IC (Schofield and Cosn2905). SOC sends ascending
projections to NLL (Grothe and Koch, 2011), and Nddnd projections to IC (Zhao and Wu,
2001). The IC sends ascending projections to M®ath sides of the brain (Malmierca and
Merchan, 2005). MG sends ascending projectionsuskaly to the ipsilateral AC (Winer and

Schreiner, 2005).

The most important descending projections inchidse from the AC to the MG and the
IC. The IC also sends descending projections t@énmlivary medial olivocochlear cells which
innervate the OHCs. Thus, a pathway from the A@éosensory OHCs is formed (Faye-lund,
1986; Caicedo and Herbert, 1993; Vetter et al. 31S&ldana, 1993). It is thought that the
descending projections from the AC to the MG mottuthe processing of auditory neural
signals carried by ascending projections to thadattmic structure (Winer and Larue, 1987; Roger
and Arnault, 1989; Arnault and Roger, 1990, Shi @adsel, 1997). Descending projections also
modulate processing in the IC (Faye-Lund, 1985g@ain and Clerici, 1987; Games and Winer,
1988; Roger and Arnault, 1989), the SOC (Felicianal., 1995), and the CN (Feliciano et al.,

1995; Weedman et al., 1996a, 1996b).



AUD
AU1 }
AUV

MGd
MGm }
MGy

Figure 1: Schematic representation of coronal sections of the rat brain containing central
auditory structures. Left: diagrams of a rat brain with the black bar indicating the location of its
respective coronal slice. Right: Coronal sections containing central auditory structures in
ascending order going from the bottom to top slice. The first 2 slices contain SOC, CN and its
three subdivisions: DCN, PVCN, and AVCN. The third slice contains NLL and IC which is
divided into its three subdivisions: ICd, ICx, and ICc. The fourth slice contains the three
subdivisions of the MG: MGd, MGv, and MGm. The top slice contains the three subdivisions of
the AC: AU1, AUD, and AUV.



Figure 2. Diagrams of a human brain (left) and a rat brain (right) showing projections between
auditory structures. A: Major ascending projections between auditory structures from cochlea to
the auditory cortex. Intrinsic and commissural projections are not shown for the purpose of
clarity. B: Major descending projections between central auditory structures.



There are also intrinsic projections, i.e., progts confined into an individual nucleus,
and commissural projections, i.e., projections sirgg the midline of the brain and connecting
the structures on both sides (mouse: Gonzalez-iHdezaet al., 1986; rat: Saldana and Merchan,

1992).

1.3.2 Cochlear nucleus (CN)

The CN is located in the hindbrain and is the fiksural structure along the ascending
auditory pathway. It receives direct projectioranirthe spiral ganglion cells in the peripheral
auditory system. CN sends projections to the ctatgeal SOC, IC, NLL, and MG. CN also
receives descending projections from the AC, ICCSand ventral NLL (Schofield and
Coomes, 2005). CN can be divided into two majodstbions: the dorsal CN (DCN) and the
ventral CN (VCN). The VCN can be further subdividetb anterior VCN (AVCN) and

posterior VCN (PVCN). These subdivisions can bensed-igure 1.

VCN

VCN is divided into its posterior and anterior disision by the cochlear root nerve.
AVCN receives input from the ascending branch efebchlear root nerve, whereas PVCN
receives input from the descending branch. CelteerlVCN also receive descending inputs
from the DCN and AC. Cells in PVCN receive a langenber of afferents from auditory nerve
fibers (ANF) (McGinley and Oertel, 2006), and segmdjections to the contralateral NLL, the
dorsal region of ipsilateral SOC (Winer and Schegi2005), and the ventral region of the
contralateral SOC (Warr, 1982). Cells in the AVCigjpct to the ipsilateral DCN, contralateral
and ipsilateral ventral SOC, ventral IC, and cdateaal CN (Merchan et al., 1988). The

innervation of VCN by ANFs is in a tonotopic manmet, ANF fibres with lower frequencies



innervate the ventral region of VCN, while fibreglwhigh frequencies innervate the dorsal

region of VCN (Manis, 1989; Zhang and Oertel, 1994)

Cells in PVCN fire strongly at the onset of a stios (McGinley and Oertel, 2006). They
also respond to the transient component of an aggstimulus, and are specialized to detect
temporal fluctuations in complex sounds (Cao andeéDe2010). Other cells in PVCN encode
complex sounds in a noisy background, and conweyuhtions in ongoing stimuli (Cao and

Oertel, 2010).

Cells in the AVCN fire whenever ANFs fire, and aifele to send precise information
about the temporal properties of acoustic stinmthie SOC. This information is used by the

SOC in sound localization (Young et al., 1988a).

DCN

The DCN can be divided into four layers and a gkawcell domain (GCD). The most
superficial layer, called molecular layer, contagnanule cells and small interneurons (Oertel
and Young, 2004). The second layer contains pyrahnaiglls, which are the major cell type of
DCN. These pyramidal cells receive projections ffid@N (Mugnaini et al., 1980a, 1980b), and
send projections to the contralateral IC and thdiat@ivision of MG (Schofield and Coomes.
2005). The third and fourth layers, also calleddbep layers, contain giant and vertical cells.
Neurons in these layers are contacted by axongdifcaty nerve fibers. There is a tonotopic
organization in the DCN. While the lateral and vahpart of the structure is innervated by
ANFs with low frequencies, the dorsal and mediat pADCN is innervated by fibers with high
frequencies (Manis, 1989; Zhang and Oertel, 19Bdys cells in DCN form isofrequency

sheets, with similar frequency neurons groupingtiogr (Wickesberg and Oertel, 1988). Deep



layer neurons also receive local innervations frot@rneurons in the neighbouring superficial

layers, and send projections to the contralat€rard the MG (Osen et al., 1990).

The GCD is continuous with the first layer of DCad is made up of small cells. These
small cells receive ascending projections from V&id the cochlear nerve (Mugnaini et al.,
1980a, 1980b). The cells in the GCD project togpamidal cells in the superficial layers of

DCN, the IC, medial MG, and SOC (Malmierca et 2002).

DCN is involved in many complex functions. It iegted by somatosensory inputs and
may help suppress sounds generated by movemeintsroself-vocalization (Kanold et al.,

2011; Keohler et al., 2011).

1.3.3 Superior Olivary Complex (SOC)

Like the CN, the SOC is also located in the himadtorThis structure is made up of a
group of small subnuclei including: lateral nuclefishe trapezoidal body (LNTB), the ventral
nucleus of trapezoidal body (VNTB), the medial rwd of the trapezoidal body (MNTB), the
lateral superior olivary nucleus (LSO), the medigberior olivary nucleus (MSO), and the
superior paraolivary nucleus (SPN). SOC receivegptions from the CN, and ipsilateral IC. It
sends projections to the CN, NLL, and IC. SOC pkysle in sound localization (van Adel and
Kelly, 1998), and has also been shown to play@irolnhibiting responses to echoes of sounds
(Malmierca and Merchan, 2005). In spite of the faet the SOC is an important structure in
central auditory processing, it wasn’t a part of timgsis research as existing results indicate that
this structure does not play an important rolehegeneration of tinnitus and it has a relatively

low level of the type-B gamma-aminobutyric acidepgior (GABAs receptor) (see section



1.4.2.2.2). The level of the GABAeceptor and the effect of a tinnitus inducer sodsalicylate

on the level and distribution of the receptor wasfbcus of the present study.

1.3.4 Nucleus of the Lateral Lemniscus (NLL)

The NLL is a fibrous structure located beneathi@éFigure 1). It can be divided into
two subdivisions: the dorsal NLL (DNLL) and the weh NLL (VNLL). VNLL receives inputs
driven by the contralateral ear, and is involvedétecting temporal features of auditory stimuli
(Aitkin et al., 1970). DNLL receives inputs drivey both ears, and is thought to play an
important role in sound localization (Aitkin et,&1970; Bruggae et al., 1970; Bajo et al., 1998).
In spite of the fact that the NLL is an importatrusture in central auditory processing, it wasn’t
a part of my thesis research due to the low lekth® GABAg receptor and the lack of evidence

showing the involvement of this structure in thegmtion of tinnitus.

1.3.5 Inferior Colliculus (IC)

The IC is a midbrain structure and is a major ugiprocessing centre. It receives input
from all the brainstem structures and higher stmgs, and is the primary source of input to the
MG, which in turn projects to the AC. The IC candieided into three subdivisions: dorsal
cortex of the inferior colliculus (ICd), central e¢laus of the inferior colliculus (ICc) and the
external cortex of the inferior colliculus (ICx)i¢fare 1). These subdivisions differ in their
cytoarchitecture, neural connections, and functit@s is considered an auditory nucleus, and is
also referred to as the "lemniscal” part of theitaug midbrain because it receives heavy inputs
from the nucleus of lateral lemniscus. ICx and el called "non-lemniscal” or "extra-
lemniscal” nuclei. They form a multisensory auditpathway and surround the specific auditory

pathway formed by ICc (Morest, 1964a).



ThelCc

The ICc primarily receives inputs from the ipstia VNLL and MSO, contralateral CN,
and ipsilateral and contralateral DNLL and LSO.utgpfrom MSO and LSO are sent to the
ventral part of the ICc, whereas inputs from CN BiNLL end up in the dorsal region of the ICc
(Malmierca et al., 1999a; 1999b). ICc also receinpsits from the ipsilateral and contralateral
ICx and 1Cd (Winer, 2005). There are some inpatthé ICc from higher structures, such as
weak projections from the AC (Schofield, 2009). i@@ojects strongly to the ventral region of
the MG on both sides of the brain, and sends wegjkgions to the medial and dorsal regions
of the MG. It also sends some projections to theretateral IC (Malmierca and Merchan,

2005).

Neurons in the ICc are classified into “flat” aitelss flat” categories based on the shape
of their dendritic fields (Malmierca et al., 1993)ferent lemniscal fibers and neurons with
flattened dendritic fields in the ICc form "fibraagyitic laminae" (Morest, 1964a). Less flat
neurons populate the space between laminae. Tiesddndritic laminae are thought to be
responsible for processing sounds with differeagfirencies, with those in the dorsal region
responsible for low frequencies and those in th@raéregion responsible for high frequencies.
Thus the fibrodendritic laminae form a structurasis of a tonotopic map. Physiological studies
have shown differences in the best frequency fiberéint laminae, supporting that each lamina
covers a small range of frequencies so that ajueacies may be represented (Schreiner and

Langner, 1997).

Physiological studies have also shown that cell€t possess directional selectivity.

Inputs driven by the contralateral ear generathdrigreater responses than inputs driven by the
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ipsilateral ear (Kuwada et al., 2011). Becauseek&ives projections from higher and lower

auditory structures, it plays an important rol@uditory processing.

The ICx

The ICx is located on the lateral side of the id aan be divided into three layers. It
receives the majority of its inputs from the ipwlal MG, neighbouring ICc and ICd, and
ipsilateral and contralateral AC (Malmierca et #4899a; 1999b). It also receives weak
projections from the NLL. ICx also receives somate®ry input from the trigeminal nuclei. It
projects to the medial and dorsal regions of tisdaperal and contralateral MG (Faye-Lund and

Osen, 1985; Huffman and Henson, 1990).

Neurons in ICx respond to binaural input i.e. infpam both ears, and have been shown
to habituate rapidly. These neurons are exciteduatory stimuli and inhibited by
somatosensory stimuli (Aitkin et al., 1978). Thae function of ICx has not been established
but researchers believe that this structure migltdrbintegrative area for auditory and

somatosensory inputs (Jain and Shore, 2006).

ThelCd

The ICd can be divided into four layers. Main s@srof input to this structure arise from
the ipsilateral and contralateral AC (Bajo et 8072). It also receives inputs from the ipsilateral
ICx and ICc, the contralateral IC, DNLL, SPN, and.@Cd projects to the dorsal region of the
MG and ICc (Malmierca and Merchan, 2005). The figmcof this subdivision has not been
established, though it has been shown to playtampaensory systems other than auditory

system (Malmierca and Merchan, 2005).
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Neurons in the ICd respond to both monoaural anaubal stimuli and habituate rapidly
(Aitkin et al., 1975). These neurons show a stn@sgponse at the onset of stimuli, and to
changes in stimuli, suggesting that ICd mightrbived in detecting novel sounds (Lumani

and Zhang, 2010).

1.3.6 Medial Geniculate Nucleus (MG)

The MG is a thalamic structure, and is the lagomstructure before the AC in the
ascending auditory pathway. It receives projectiomis the IC and sends ipsilateral projections
to the AC. It also receives heavy inputs from the MG can be divided into three subdivisions:
dorsal division of the medial geniculate nucleuss@j, medial division of the medial geniculate

nucleus (MGm), and ventral division of the mediahigulate nucleus (MGv) (Figure 1).

The MGv

MGy is part of the "lemniscal” pathway and is ddesed a specific auditory relay centre.
It receives inputs from the ipsilateral IC, and we#aojections from the contralateral ICc
(Gonzalez-Hernandez et al, 1991). It also recailessending inputs from the AC (Malmierca
and Merchan, 2005). MGv is a major source of iripuhe AC in the ascending pathway, and
has major targets in the ipsilateral AC (Winer &afhreiner, 2005). MGv is known to be mainly
involved in auditory processing, whereas MGm andd® known to play a role in integration

of inputs from auditory and other sensory systeBwsdi and LeDoux, 1994).

MGv has a laminar structure, with the laminae mgmarallel to the isofrequency
planes. These isofrequency regions form a tonotmganization, with the dorsal region of MGv
responsible for low frequencies and the ventraloregesponsible for high frequencies (Cetas et
al., 2003). Physiological studies have shown thatiest frequency changes between the planes,
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suggesting that patches of neurons might form fanat groups, each representing a range of
frequencies (Cetas et al., 2003). Neurons in MGpaead to binaural stimuli. Behavioural
studies have shown that this structure does ngtglaajor role in sound localization (Kelly and

Judge, 1985).

The MGm

This is the smallest of the three subdivisionM@, and is composed of a thin layer in
the medial part of the MG. This subdivision recsiascending inputs from a wide range of
auditory structures, including the ICx, CN, SOCJ ANLL (LeDoux et al., 1987). MGm also
receives descending inputs from the AC and retidhi@amic nucleus (Winer, 2005). Besides
auditory inputs, MGm receives somatosensory angavisputs (Malmierca et al., 2002). MGm
projects to the ICd, ICx, and the AC (LeDoux et 8887; Winer, 2005). It also projects to non-
auditory areas including the somatosensory co®@xeafico et al., 1981), and the amygdala

(Otterson and Ben-Ari, 1979; Otterson, 1981; LeDd®85b, 1987).

MGm is not tonotopically organized. However, tlemtral region of MGm contains
higher frequency neurons. Because this subdivisiojects to auditory and somatosensory
regions, it might respond to both types of senstimiuli (Bordi and LeDoux, 1994b). Its
projections to the amygdala suggest that MGm islired in processing the emotional

significance of auditory stimuli (LeDoux et al.,848 1985b).

The MGd

The MGd receives ascending projections primaryt the non-lemniscal parts of the IC
i.e. the ICd, and ICx. It receives descending mtopas from the AC (Winer, 2005). MGd also
receives projections from the somatosensory sygtémer, 1985). As MGd sends projections to
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the ICx, a feedback loop may exist between thestuactures (Winer, 1992). The main target of
MGd projections is the non-primary auditory coriex secondary auditory cortical areas

(Malmiera and Merchan, 2004).

MGd is not tonotopically organized and its neurdoshot respond strongly to acoustic
stimuli. These neurons have been shown to prefaptax sounds over pure tone stimuli,
suggesting that this subdivision might be involiediscriminating sound patterns (Bordi and

LeDoux, 1994a, 1994b).

1.3.7 Auditory Cortex (AC)

The AC is part of the temporal cortex, and is fwom the dorsolateral surface of the
brain. It plays an important role in auditory sditsg perception, and cognition (Gaese and
Ostwald, 1995). The AC in the rat can be subdividetsvo ways. The first way is based on
thalamocortical inputs to the structures as weplagsiological responses. In this way the AC is
subdivided into three regions; a central core wisatalled AU1 or Tel, and surrounding belt
regions located dorsally and ventrally, called @ed Te3 (Figure 1). Tel or AUL is considered
to be the primary auditory cortex (Games and Wih887; Roger and Arnault, 1989; Herbert et
al., 1991; Saldana et al., 1996) whereas Te2 aBdileeconsidered to be secondary auditory
cortices (Arnault and Roger, 1990). The AC can alsalivided into six layers based on neuronal
architecture. These layers are labelled layeMIf@nd are anatomically and physiologically

distinct from each other.

Tel(AU1)

Tel is connected with MGv in a tonotopic manniealdo receives some projections from
MGd and MGm (Roger and Arnault, 1989), and projéztfe2 and Te3 (Romanski and
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LeDoux, 1993b). Studies involving ablation of Tedvd shown that it is not involved in sound
localization (Kelly, 1980). However, it is importafior recognition of complex acoustic signals

(Gaese and Ostwald, 1995).

Te2 and Te3

Te2 is connected to MGd and MGm, whereas Te3lisamnected to Mgm (Arnault
and Roger, 1990; Winer et al., 1999c). Te2 andalsd send projections to the amygdala
(Romanski and LeDoux, 1993a; Shi and Cassel, 199&3 has been shown to play an

important role in discriminating novel complex sdar{(Wan et al., 2001).

Layers|-1V

Layer | is the most superficial layer of the AQlatontains a very small number of
neurons. Its primary sources of input are from M&md cortical cells from within (Winer, 1992;
Winer and Schreiner, 2005). Layer Il lies below &ai; and contains many pyramidal and non-
pyramidal shaped neurons (Winer, 1992). This lgyejects to the neighbouring layers Il and
IV. Like Layer Il, Layer Ill also has many pyramidand non-pyramidal neurons. This layer
receives intrinsic input from the neighbouring ipsaral Layer II, contralateral AC, and MGv.
Layer IV is the thinnest among all the six layeirshe AC and is densely packed with non-
pyramidal small neurons (Games and Winer, 1988} [BEyer receives direct projections from

MGv and Layer Il (Winer and Schreiner, 2005).

Layer V

This is the thickest layer in the AC and contaireny pyramidal neurons with long

apical dendrites that project perpendicular tostiim¢ace of the brain. This layer receives inputs
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from ipsilateral Layers Ill and 1V, and from MG. @uit from this layer varies according to the
neuron type that is projecting. Large neurons \utlg apical dendrites, located deep within the
layer, project to the ICd and ICx on both sidethefbrain. Small neurons, located in the
superficial region of the layer, project to the tralateral AC. Medium sized neurons project to
the AC and IC (Games and Winer, 1988). Neuronkemtost superficial and the deepest

regions of this layer project to the ipsilateral Ménd MGd (Winer and Prieto, 2001).

Layer VI

This layer contains pyramidal and non-pyramidalroas which are small in size and
very densely packed (Schofield, 2009). Input ts tayer comes from MGm (Winer and
Schreiner, 2005). Output from this layer is exaladio the ipsilateral structures including MGd,
MGm, ICd, and ICx. It also weakly projects to treghbouring Layer V, the SOC, and CN

(Schofield, 2009).

1.4 Neurotransmission in the CAS

Neural processing of acoustic information is dejggr on the transmission of signals
among auditory neurons. This transmission is deg@inoh molecules called neurotransmitters.
In the central auditory system, major neurotrangrstleading to an excitatory effect is
glutamate while major neurotransmitter leadingrtardnibitory effect include glycine and
gamma-aminobutyric acid (GABA). Binding of a neuasismitter to its specific receptor can
lead to either excitation or inhibition in a neurmmwhich a receptor is located. The receptors
can be of two types: ionotropic or metabotropic.

lonotropic receptors are linked directly to ioranhels. Their extracellular domain has a

site for ligand binding. Their membrane-spanningidm is an ion channel. Upon
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neurotransmitter binding, the ion channel is opea#dwing for flow of ions. lonotropic
receptors are also called ligand-gated ion chanBelsause these receptors can open ion
channels directly after neurotransmitter binditgyt mediate rapid post-synaptic effects. They
can be activated within a millisecond of actiongmaital arrival, and only remain activated for a
few tens of milliseconds (Purves et al., 2001).

Metabotropic receptors are not directly linkedaio channels. Instead, they modulate ion
channels through an intracellular signalling cascadietabotropic receptors are linked to
molecules called G-proteins. The extracellular dionod metabotropic receptors has a binding
site for a neurotransmitter. The intracellular donands to G-proteins. Binding of the
neurotransmitter causes the activation and subsédigsociation of G-proteins from the
receptor. The dissociated G-proteins can direatigract with an ion channel, or can lead to the
production of intracellular second messengers ahidade a cascade of events and eventually
modify ion channels. Because their mode of actnmolves multiple steps and proteins, they
produce slower responses ranging from hundredsliideconds to minutes or longer.
Metabotropic receptors are also called G-proteupted receptors (Purves et al., 2001).
1.4.1Glutamatergic neurotransmission

Glutamate is the most abundant neurotransmittdrarcentral nervous system
(Silverthorn, 2007). The neurotransmitter is stdredesicles in the terminal of an axon of a
neuron, and is released upon the depolarizatidtheotell membrane of the terminal by an action
potential. The binding of glutamate with its pogtaptic receptors can lead to either excitatory
or inhibitory effect, depending on the specific tyyes of the receptors. Glutamate is usually
considered an excitatory neurotransmitter, as istroases its effect is associated with

depolarization of the cell membrane. In the cemieayous system, there are two major
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categories of glutamatergic receptors, namelydhetropic galutamatergic receptors and the
metabotropic glutamatergic receptors.

Major types of glutamatergic receptors in the cdrduditory system are ionotropic.
They include the-amino-3-hydroxy-5-methyl-4-isoxazolepropionic atfMPA) and the N-
methyl-D-aspartic acid (NMDA) receptors (Silverthp2007).
1.4.1.1 AMPA receptors

These ionotropic receptors are gated ion charthatsaare permeable to sodium and
potassium ions. Upon binding by glutamate, the nehopens and allows sodium ions to flow
into the cell and potassium ions to flow out of ted, resulting in a net effect of depolarization
of the cell membrane and production of excitatagtgsynaptic potentials or EPSPs. These
receptors have a fast time course of activatiod,aae important for processing information
associated with changes, e.g. the acoustic onsesofind (Zhang and Kelly, 2001).
1.4.1.2 NMDA receptors

Similar to the AMPA receptors, NMDA receptors geged ion channels that are
permeable to sodium and potassium ions. In additidhose ions, NMDA channels are also
permeable to calcium ions. Under normal restingpindls, the channel pore of an NMDA
receptor is blocked by magnesium ions. This bloekarg@vents fluxes of ions. The blockage can
be removed by a slight depolarization of the meméyavhich is provided by the activation of
nearby AMPA receptors. When the magnesium ionseam®ved, cations including calcium ions
can move through the channel, causing further @epzaltion of the membrane. In contrast to the
AMPA receptors, the NMDA receptors are importamtrfeediating responses to sustained sound
stimulation (e.g., the plateau of a tune burstiafthand Kelly, 2001; Kelly and Zhang 2002).

Calcium ions can also act as second messengerh adncactivate an intracellular signalling
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cascade, ultimately resulting in increased exditgtmf the neuron. The effect of calcium on the
intracellular signalling cascade last for hoursomger and results in enhanced excitatory
responses in a postsynaptic cell. This enhanceai@xcitatory responses is referred to as long-
term potentiation (Silverthorn, 2007).
1.4.2 GABAergic neurotransmission

GABA is the major inhibitory neurotransmitter imetbrain. Neurons producing GABA
or responding to GABA are referred to as GABAergipproximately 40% of all synapses in the
brain are GABAergic, alluding to its importancetive central nervous system (Malcangio et al.,
1996). GABA is a neutral amino acid synthesizednfigiutamate by the action of the enzyme
glutamic acid decarboxylase (Fagg and Foster, 1R8%k et al., 1979). GABA
neurotransmitter is stored in vesicles by a sodidependent, ATP-dependant transport system.
Upon depolarization, GABA is released into the gfitacleft where it can interact with post-
synaptic GABA receptors. GABA is inactivated byfdgion, and by a high-affinity sodium-
dependant transport system that transports GABASghaptic terminals and glial cells (Fykse
and Fonnum, 1988; Hell et al., 1988).

Upon release, GABA can activate three differepesyof receptors; GABA GABAg,
and GABA: (Enna, 2001). GABA and GABA; receptors exist in the central nervous system of
the rat and other animals, and are present atdugbentrations in the hippocampus, thalamus,
cortex, and cerebellum (Chu et al., 1990; Wamsi&}.¢1986; McCabe and Wamsley, 1986;
Zezula et al., 1988). GABAreceptors have been found mostly in the retinzedkebrae
(Bormann and Feigesnspan, 1995). GABAceptors are present at high levels in the flonta
cortex, the hippocampus, the granule cell layaresébellum, the thalamic medial geniculate

nucleus, and the olfactory bulb. GABAeceptors are present at high levels in the médecu
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layer of cerebellum, interpeduncular nucleus, fabanbrtex, anterior olfactory nucleus, and
thalamic nuclei (Bowery et al., 1987; Young and CH@00). Studies have also found a high
level of expression of GABAreceptors in auditory structures of rats (Bowersle 1987;
Charles et al., 2001; Jamal et al., 2011, 2012bdridt et al., 1994). GABAergic receptors are
very important for the functions of the brain. Taesceptors are involved in numerous processes
such as appetite regulation (Morley, 1980; HansehFeerreira, 1986; Kelly and Grossman,
1979; Lenin Kamatachi et al., 1984, 1986), cardsoudar regulation (Chahl and Walker, 1980;
Persson and Henning, 1980; Robinson et al., 19@@ression (Berretini et al., 1983; Gerner and
Hare, 1981; Gold et al., 1980; Lloyd et al., 1988tty and Sherman, 1981, 1984), seizures
(Lloyd et al., 1986; Manyam et al., 1980; Meldrut875; Scmidt and Loscher, 1981; Tower,
1960; Wood and Peesket, 1973; Wood et al., 1979nWand Lloyd, 1981), anxiety (Iverson,
1983; Macdonald et al., 1986; Olsen and Snowma82;18tudy and Barker, 1982), and stress
(Biggio et al., 1981; Otero-Losada, 1988; Schwattal., 1987; Skerrit et al., 1981).
1.4.2.1 GABA, receptors

GABAA receptors are ionotropic receptors. These receptor be modulated by
benzodiazepines and barbiturates, and are senitihie alkaloid convulsant bicuculline. These
receptors are membrane associated, ligand-gateddshchannels that allow influx of chloride
ions upon opening. Activation of a GARAeceptor leads to hyperpolarisation of the cell
membrane and a fast inhibitory response (Huang R@ABA, receptors outnumber GABA
receptors in most areas of the brain (Chu et 8801
1.4.2.2 GABAs receptors

GABAg receptors are metabotropic receptors that aredié G-proteins and indirectly

affect C&* and K channel conductance in the membrane (FigureGalRAg receptors are
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located either pre-synaptically or post-synapticdfre-synaptic GABA receptors inhibit the
release of GABA or glutamate neurotransmitters (o, 2006; Ma et al., 2002), thereby
regulating either inhibitory or excitatory neuratsanission. For presynaptic GABAeceptors,
binding by GABA causes tHg-subunit of the G-protein to dissociate from thsubunit,
leading to modification of voltage-dependanf Gzhannels. This modification reduces’Ca
influx into a cell and subsequently decreases rieanemitter release from a pre-synaptic
terminal (Ikeda, 1996; Herlitze et al., 1996).

Activation of post-synaptic GABAreceptors leads to prolonged inhibition through th
action of thely-subunits dissociated from the G-protein. The diggedpy-subunits activates
inward rectifier K channels (GIRK), thereby causes hyperpolarizaifom postsynaptic neuron
(Luscher et al., 1997; Ulrich and Bettler, 200MePBy-subunit also activates phospholipase C
which in turn activates protein kinase C, thereimgering a signalling cascade that can
modulate neuronal function (Blank et al., 1992 p&eand Hill, 1998). The-subunit of the G-
protein can modulate cAMP production, initiatingignalling cascade that involves many
intracellular proteins and events. This way, GARAceptors can have long-term effects on

neuronal activity (Bowery et al., 2002).
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Figure 3. General structure and mechanism of action of metabotropic GABAg receptor. (A) The
receptor is coupled with a G-protein which dissociates upon receptor activation by GABA
neurotransmitter. The dissociated G-protein subunits can directly affect ion channels and can
modulate adenylyl cyclase activity. (B) The two known isoforms of the GABAgR1 subunit. The
GABAgl1a subunit has two sushi domains on its N-terminus.
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1.4.2.2.1 GABAs receptor subunits

A functional GABAg receptor is a heterodimer, consisting of a GARA and a
GABAgR2 subunit (Figure 4). These subunits interactughotheir coiled-coil domains and
form a functional GABA receptor. Both subunits are very similar in confation, with each
containing a heptahelical domain (HD) and a vehisap (VFT) module (Pin et al., 2004).

GABAgR1 subunit has two splice variants. These are hBAzR10 and GABAR1j3
subunits. The two splice variants are identicatmcture except for the presence of repeating
sequences on the N-terminus of the GARAa splice variant (Figure 3b). These repeating
sequences are known as sushi domains and areienahily conserved (Huang, 2006). The
exact function of the sushi domains on the GABRAo subunit is not known, but it is believed
that they serve to work as axonal targeting sigtiesguide the subunit towards pre-synaptic
terminals to regulate the release of glutamate. &£8BL3 subunit binds to potassium channels
and allows K ions to flow, and is important for functioning peynaptic GABA receptors.
GABAgR2 subunit may have isoforms as well, but they hatebeen characterized (Chalifoux
and Carter, 2011).

Both subunits and their variants are formed ineth@oplasmic reticulum (ER) (Ige et al.,
2000). The GABAR1 subunit has a retention signal and remainsdriER after production
(Restituito et al., 2005). The GABR?2 subunit is needed for the release and subsequent
trafficking of the GABAsR1 subunit from ER to its destination. Upon bindoegween the two
subunits, the GABAR2 subunit masks the retention signal on GABA, thus allowing the
heterodimer to leave the ER and reach the plasnnabname (Pin et al., 2004; Restituito et al.,

2005).
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VFT

HD

Figure 4. Binding structure of a functional GABAg receptor. The GABAgR1 subunit is on the left
in blue. The GABAgR2 subunit is on the right in yellow. Each subunit is composed of a venus
flytrap (VFT) module and a heptahelical domain (HD). The VFT of GABAgR1 binds GABA
neurotransmitter. The HD of GABAgR2 is associated with a G-protein which is activated when
GABAgR1 binds GABA (Pin et al., 2004).

24



The presence of both subunits is needed to foium&ional GABAs receptor. Studies
have shown that on their own, both subunits havaatiwity. GABAgR2 is able to leave the ER
and go to the plasma membrane but is unable to dr@yvehysiological effect on the membrane.
Without the GABAR2 subunit, GABAR1 subunit can be trafficked to the plasma membrane
when the retention signal is blocked due to mutatioremoval. However, the subunit is non-
functional by itself (Pin et al., 2004). This isch@se each subunit has a specific function in the
GABAg heterodimer. GABAR1 subunit has the binding domain for the neuratratier GABA
on its VTF module. GABAR2 subunit is associated with the G-protein vidlis domain
(Enna, 2001). When the two subunits interact, theity of GABAgR1 for GABA
neurotransmitter is increased so that when it b@ABA, the G-protein associated with the
GABAgR2 subunit is activated and can have various doeast affects (Pin et al., 2004; Enna,
2001).
1.4.2.2.2 Distribution of GABAg receptors in the CAS

Autoradiographical and immunohistochemical stutii@ge revealed a high level of
expression of GABA receptors in most auditory structures. Using thteradiographic
technique, Fubara et al (1996) studied the exmessi GABAg receptors in the big brown bat’'s
central auditory system and found that the expoessi the receptor to be high in AC, MG, and
the dorsal nucleus of IC. The expression in ven@aNLL, SOC, and CN was relatively low.
Similar results were reported by other researchasgd on research using the same technique
conducted in specific structures of other speaiediding guinea pig's CN (Juiz et at., 1994),
and the rat's IC (Mibrandt et al., 1994).

The autoradiography results were supported by inohistochemistry results that

examined the expression of the GABreceptor in the entire auditory system (Charled.et
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2001, Jamal et al., 2011). These results reporteghalevel of the receptor in the AC and MG,
intermediate level in the IC, and low levels in teL, SOC, and CN. Other
immunohistochemistry studies found GAB&xpression in the dorsal CN, and medial SOC
(Lujan et al., 2004; Hassfurth et al., 2010).

Immunohistochemistry studies also gave informasibaut the regional as well as
cellular localizations of GABA receptors in central auditory structures. Qualigatesults from
Jamal et al., (2011) showed that there were regohffarences in the level of the receptor in a
few structures. AC and MG showed no significantedénces in receptor labelling across their
subdivisions. In the IC, receptor expression vaashtighest in the ICd and intermediate in the
ICc and ICx. In the CN, receptor expression was lmghe DCN compared to VCN. Jamal et
al., (2012) quantified receptor expression in hehd reported a high level of expression in the
ICd and an intermediate level in ICc and ICx. Thelg also found that receptor expression was
similarly high in cell bodies across all the IC dislisions. The differences in receptor expression
were seen in the neuropil i.e. the region surraugdie cell bodies. Neuropil contains the axons
and dendrites of cell bodies. While the level d&fding in the neuropil is higher in the 1Cd, the
level is lower in the ICc and ICx.
1.4.2.2.3 Functions of the GABA receptors in the CAS

Physiological studies have supported results floerautoradiography and
immunohistochemistry studies showing the existaic®ABAg receptors in the CN (Lim et al.,
2000), SOC (Isaacson, 1998; Sakaba and Neher, 2@03auchi et al., 2000), IC (Faingold et
al., 1989; Ma et al., 2002; Sun et al., 2006; Suwh\Wu, 2009; Vaughan et al; 1996; Zhang and
Wu, 2000), MG (Peruzzi et al., 1997; Bartlett amditf, 1999), and AC (Buonomano and

Merzenich, 1998; Metherate and Ashe, 1994; Bran#betsal, 2001).
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In the CN, using antagonists of GABAeceptors decreased the amplitude of evoked
IPSCs, leading researchers to believe that aativati these receptors can reduce
neurotransmitter release (Lim et al., 200@)vivo extracellular recordings from IC showed that
activation of GABAs receptors reduced responses to sounds, whereagaizing these
receptors increased responses to tones and sialig@ohplitude modulated sounds (Faingold et
al., 1989; Vaughan et al., 1996; Szczepanial antle]jd.996). Yamauchi and colleagues (1989)
recorded the activity of neurons in the IC and regmbthat blocking GABA receptors in the IC
caused epileptiform burst discharge of action podém In the MG, GABA receptors were
shown to be important for regulating the firingtpats of neurons (Peruzzi et al., 1997). In the
AC, GABAg receptors were found to be important for regutagnaptic activity mediated by
NMDA receptors (Metherate and Ashe, 1994). GABAask also improved temporal
processing in the AC (Jones, 1993; Schulze andnemd999; Wang et al., 2000). These
studies indicate that GABAreceptors are highly involved in auditory procegsi
1.5 Normal auditory functioning requires a balancebetween excitation and inhibition

The function of the central auditory system isetegent not only on excitation but also
on inhibition. A balance between excitatory andhitory neurotransmission is important for the
function. A disruption of this balance can manifiésetlf as various auditory disorders or hearing

impairments.

Loss of this inhibition can have pathological bebaral consequences (Bauer et al.,
1999; Gerken et al., 1984). At the physiologicaklea reduction in inhibition can lead to
hyperactivity in the CAS (Salvi et al., 1990; 2000he hyperactivity was demonstrated by an
increase in the spontaneous firing rate of neunotize IC (Jastreboff and Sasaki, 1986; Chen

and Jastreboff, 1995) and the AC (Kenmochi and Eygget, 1997; Eggermont and Kenmochi,
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1998). Decreased inhibition also causes synchrofidog of groups of neurons, which can
change auditory neural processing (Ochi and Egget;i@97). Decrease in inhibition can also
alters gene expression in the AC, causing abeptastic changes in the AC, and subsequently
alter auditory perception (Panford-Walsh et alQ&0 Reduction in inhibitory neurotransmission
can also lead to an increase in excitation (Gorad.e2008), which can have various detrimental
effects on the CAS. Increased excitatory neurotreéssion has been shown to produce
epileptiform firing in the auditory nerve fibersaalter auditory perception (Guitton et al., 2003;
Guitton and Puel, 2004). Increased excitation @use swelling of the ANF dendrites and lead
to membrane disruption (Puel, 1995). Prolongedtation in the AC can cause shifts in the
receptive fields of neurons (Scholl and Wehr, 2088)ong hearing disorders, tinnitus may also

be related to an imbalance between excitation amithition.

1.6 Tinnitus

Tinnitus is a phantom sensation of sound in tleeabe of an external sound stimulus.
Such sensation can be experienced as constanhuhissing, or whistling. Tinnitus can
interfere with an individual's ability to sleep,aneand work. Almost all adults in the general
population experience transient tinnitus at sometpo their life. However, 6-20% of adult
North American population suffers from chronic s, which can be devastating to a person's
quality of life (Heller, 2003). Only twenty-five peept of people suffering from chronic tinnitus
seeks medical treatment. Tinnitus is detrimental person's quality of life because it is often
accompanied by maladies such as migraines, dizihesring loss, and decreased sound
tolerance. Forty percent of patients suffering friomitus also suffer from hyperacusis, i.e.,
over-amplification of environmental sounds, andmpdpghobia, i.e., fear of environmental

sounds. Tinnitus is more common in aging populasiod among females. Furthermore, its
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prevalence is significantly higher in pregnant feesadhan non-pregnant females (Axelsson and
Ringdahl, 1989; Lockwood et al., 2002). There are types of tinnitus, called objective tinnitus

and subjective tinnitus.

1.6.1 Objective vs. subjective tinnitus

Objective tinnitus is relatively rare. It is dedith by the presence of an actual sound from
inside the body, which leads to the perceptiorhefdound through normal hearing mechanisms.
The actual sound can be generated by a pulsingl Messel near the middle or inner ear
(Weissman and Hirsch, 2000; Liyanage et a., 2006n&z et al., 2007), involuntary muscle
contractions in the middle ear (Abdul-Bagi, 2004ws$am et al., 2005), or inner ear hair cell
stimulation (Chandler, 1983). As such, objectivmiius is the normal perception of an abnormal

sound in the body, and is believed to originatth@peripheral auditory system.

Subjective tinnitus is a common form of tinnittidiffers from objective tinnitus in that
there is no actual, overt sound present. Many reBees believe that subjective tinnitus is
associated with changes in the peripheral andfaraleauditory system (Moller, 2003;
Lockwood et al., 2002; Jastreboff, 1990). Since ynaatients reported tinnitus in one but not
both ears, it was believed for many years thaittisrmay originate from a peripheral source
such as the cochlea. However, clinical observati@ave showed that this cannot account for all
forms of subjective tinnitus. Studies found thatdiing auditory inputs to the brain did not
diminish tinnitus, indicating that central mechamssmust be involved in tinnitus (Berliner et al.,

1992; Barrs and Brackman, 1984; House and Bracka®81,; Kaltenbach et al., 2005).

1.6.2 Inducers of tinnitus
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There are many inducers of tinnitus in the humapugation. These inducers can be
divided into non-medical and medical ones. The mostmon non-medical cause of tinnitus is
loud noise. Individuals who are exposed to loud@®ion regular basis e.g. working at a

construction site, or if they are exposed to iteoad. at a concert, can develop tinnitus.

Medical inducers of tinnitus include various ovlee-counter and prescription drugs.
Many antibiotics, anti-depressants, anti-malarrabg, anti-inflammatory drugs, diuretics, and
certain cancer drugs have been shown to inducgusim humans. Of the above medications,
anti-inflammatory drugs are the most prevalent aads of tinnitus in humans. Aspirin is an
example of such a drug. It is one of the most corezidrugs in the world (PharminfoNet, 1994,
1999; Vane et al., 1998). One hundred and twerligtipills of Aspirin are prescribed in North

America each year (Warner and Mitchell, 2002).

Aspirin is an odorless, white, powdery substancelwts highly soluble in lipids and
slightly soluble in water. Upon exposure to moistut rapidly hydrolyzes into salicylic acids
and acetic acids, with 68% of oral dose reachirsgeswic circulation (Rowland et al., 1972).
Peak plasma levels of salicylic acid are detect@chburs after aspirin ingestion. Salicylic acid
is widely distributed to all the tissues in the paacluding CNS, liver, renal cortex, heart, and
lungs, and has a half-life of 6 hours. Salicylicdas excreted in the urine in a pH dependant
manner. Renal excretion increases from 5% to 80%siaary pH rises above 6.5 (Bayer Corp.

USA).

Aspirin is used for treating a variety of maladeeg. ischemic stroke, acute myocardial
infarction, angina pectoris, and rheumatoid diseaseh as arthritis. Aspirin acts by inhibiting

the synthesis of prostaglandins, and preventslptaiggregation by inactivating cyclo-
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oxygenase enzyme. Aspirin has also been showrhtbitimnflammatory mediators by non-
specifically suppressing cyclo-oxygenase activitperipheral tissue, causing gastric irritation as
a side effect. Other side effects of aspirin ineledagulation abnormalities due to inhibition of
platelet function, stomach pain, nausea, vomitamgl gross gastrointestinal bleeding, and
auditory sensorineural alterations such as tinratus hyperacusis. A detailed description of the

side effects of Aspirin can be seen in Table 1 @ajorp. USA).

1.6.3 Sodium salicylate (SS)

Salicylate is one of the metabolites of Aspirirc@ylsalicylic acid) (Figure 5), and has
been shown to cause auditory abnormalities in pistié&arly reports of salicylate ototoxicity
were given by Muller (1877) who observed the advetetoxic effects of salicylate in patients
being treated for rheumatoid arthritis. Since thmany studies have been conducted in humans

and animals to study the effects of Aspirin anicgkdte.

1.6.3.1 Effects of salicylic drugs on hearing: Studs conducted with human patients

Many studies were conducted with patients takitigee aspirin or salicylate to determine
whether tinnitus was induced, and the plasma dateyevel at which the phantom auditory
sensation is induced. These studies found that tas individual variability amongst subjects.
Jagar and Alway (1946) found that tinnitus appeane®#t out of 38 patients being treated with
salicylate injections for several weeks. Tinnitussvgeen at blood salicylate levels as low as 200
mg/L. Similar findings were reported by Graham &aaker (1948) who studied oral salicylate
therapy in 40 rheumatic patients and 30 non-rhegmpatients. They found that most subjects
experienced deafness at plasma salicylate levelagwng 250 mg/L. Further studies in human

subjects receiving oral salicylate treatment (Myadral., 1965, McCabe and Day, 1965; Mongan
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Figure 5. Molecular structure of aspirin (acetylsalicylic acid) and sodium salicylate.
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Table 1: Adverse reactions to Aspirin/salicylate igestion

Body as a whole

Fever, hypothermia, thirst

Cardiovascular

Dysrhythmia, hypotension, tachyeardi

Central Nervous System

Agitation, cerebral edemma; confusion, dizziness, headache
subdural or intracranial hemorrhage, lethargy, seidures

[92)

Fluid and electrolyte

Dehydration, hyperkalemiatabelic acidosis, respiratory
alkalosis

Gastrointestinal

Dyspepsia, Gl tract bleeding, taltten and perforation, nausea,
vomiting, hepatitis, pancreatitis, Reye's Syndrotramsient
elevation of hepatic enzymes

Hematological

Prolongation of prothrombin time,s#isminated intravascular
coagulation, coagulopathy, thrombocytopenia

Hypersensitivity

Acute anaphylaxis, angioedemajrast bronchospasm, laryngeal
edema, urticaria

Musculoskeletal

Rhabdomylosis

Metabolism

Hypoglycemia in children, hyperglycermaadults

Reproductive

Prolonged pregnancy and labor, stitibj lower birth weight
infants, antepartum and postpartum bleeding

Respiratory

Hyperpnea, pulmonary edema, tachypnea

Special senses

Hearing loss, tinnitus

Urogenital

Interstitial nephritis, papillary necimsproteinuria, renal
insufficiency and failure
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et al., 1973; Halla and Hardin, 1988; Halla et B91; Hicks and Bacon, 1999; and Janssen at
al., 2000) have confirmed that patients experig¢imretus at average blood salicylate plasma
levels of 200 mg/L - 250 mg/L. These studies aégmrted that the minimum plasma salicylate
levels that induced tinnitus were almost alway®Wwel00 mg/L (Jager and Alway, 1946;
Graham and Parker, 1948). For salicylate-indugadttis, the pitch reported by patients was
always in the high frequency range, and showedeatiincrease with plasma salicylate levels

(Alway, 1946; Graham and Parker, 1948).

1.6.3.2 Effects of salicylic drugs on hearing: Studs conducted with animals

Animal models of salicylate-induced tinnitus hdne=n developed and behavioural
paradigms as well as neurophysiological methods baen used to study the neurobiological
bases of the auditory phantom sensation. Jastrahdfhis colleagues (Jastreboff et al, 1988a,
1988b; Jastreboff and Sasaki, 1994) modified thexat conditioning procedure used by Estes
and Skinner (1941) and used it in the study ofitir Jastreboff et al. (1988a, 1988b) used a
combination of water-deprivation and electric febbcks to establish a behavioral paradigm for
evaluating the effect of salicylate on rat’s hegriExperimental subjects were trained to
suppress licking of a licking spout in the preseofcsilence. These animals were tested to find
how systemic application of salicylate affect th@ression of licking during the silent period.
Using this behavioural method, the researchersddliat subcutaneous injections of
300mg/kg/day sodium salicylate (SS) could reliahtjuce a tinnitus-like behavior in rats. The
pitch of tinnitus sensation was about 10 to 11 kkgues consistent with those from human

subjects with high pitch tinnitus.

Jastreboff and his colleagues also studied therdignce of loudness of tinnitus on the
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dose of sodium salicylate. A strong correlation Weasd between the dose and the loudness of
tinnitus when the drug was applied at doses of @@¥8)/kg. The researchers also measured
blood salicylate levels of the animals and fourat the data fit extremely well with the human

data (Jastreboff et al., 1988b).

Recently, other researchers developed other badnaliparadigms to assess the presence
and pitch of tinnitus (Lobarinas et al., 2004; Yaal., 2007; Turner and Parrish, 2008; Ralli et
al., 2010, and Kizawa et al. 2010). Their resudtsitally confirmed findings by Jestreboff and

his colleagues and have approximated the pitcmoittis to 16 kHz.

1.7 Effect of Sodium Salicylate (SS) on peripherand central auditory systems

As indicated in section 1.6.3.@any studies have shown that application of SS can
induce tinnitus-like behaviour in animals (Jastifékebal, 1988a; 1988b; Jastreboff and Sasaki,
1994). The tinnitus-like behaviour persisted evéremthe cochlea or the auditory nerve were
disconnected from the brain (Berliner et al., 199%23ding researchers to believe that tinnitus

involved changes in both the peripheral and thérakauditory systems.

1.7.1 Effect of SS on peripheral auditory system

Researchers studied the effect of SS by recombngpound action potentials (CAP) of
auditory nerve fibers (ANFs). Results indicate tB8tapplication results in a reduction in the
output from cochlea (Cazals, 2000). Muller andezdiues (2003) measured changes in the
activity in the cochlea and auditory nerve fibbafter systemic SS injection. They found that
after the application of 250mg/kg of SS, the oufparin peripheral structures was significantly
decreased. Muller et al., (2009) directly appl&sito cochlea and found that sound-evoked
activity in the cochlea was decreased. Studiesthwraesearchers (Shehata et al., 1991, Oliver
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et al., 2000; Chen at al., 2010) showed that S8cappn decreased the electromotility of the
outer hair cells (OHC) in the ear, thus decreasiiegsignal output from the ear to the central
auditory system. This supplemented the point fhattus was not a result of increased activity

in the ear, and instead had neural correlatesicentral auditory system.

1.7.2 Effect of SS on the Central Auditory System

1.7.2.1 Effect of SS on CN

CN is the first structure in the ascending audifmathway and receives direct inputs from
the peripheral auditory system. Previous studieg lsaggested that CN might play a key role in
the generation of salicylate-induced tinnitus (Brska et al., 2002; Kaltenbach and Godfrey,
2008; Shore et al., 2007). Basta et al. (2008) gotadl experiments using brain slice
preparations. They perfused the tissue containldgvith salicylate solution and used electrodes
to record the activity of neurons. They found imsed activity in the CN after SS application
(Basta et al., 2008). Similar brain slice experiteemere conducted by Wei at al. (2010), who
also reported an increase in spontaneous firirgafbeurons in the CN after SS application.
Holt and colleagues (2010) used manganese enh&nmenal magnetic resonance imaging
(MEMRI) to map the activity in auditory structuralter systemic salicylate injections in rats.
They found a significant increase in activity i tthorsal cochlear nucleus (DCN) but no change
in the ventral cochlear nucleus (VCN). All the iésabove supports the involvement of the CN

in salicylate induced tinnitus.

1.7.2.2 Effect of SSon IC

IC is a mid-brain structure, and is a major augtifrocessing centre. It is the target of
ascending inputs from lower auditory structuresvab as descending inputs from higher
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auditory structures. Because of its importanceuhitary processing, it has been a major focus in
the study of neural mechanisms responsible foittinr{Manabe et al., 1997; Moller, 1995;
Bauer et al. 2000). Wu and colleagues (2003) fabatlafter SS application, c-fos expression in
IC was increased, implying increased activity. Bastd Ernst (2004) worked with brain slices
perfused with salicylate-containing solution, andrid that the spontaneous activity of neurons
in the IC was significantly increased after SS mailon. Increases in spontaneous activity were
also found in studies involving vivo animal preparations (Jastreboff and Sasaki, 1936gn
and Jastreboff, 1995); Manabe et al., 1997). Isdlstudies, SS was injected systemically and an
increase in the spontaneous firing rate was fooneurons in the ICc and ICx after drug
application. Holt et al. (2010) used the MEMRI teicjue to measure the activity in IC after
systemic salicylate injections and found a sigatficincrease in the ICd. These studies support
that the IC serves as a contributor to the phenomehtinnitus.
1.7.2.3 Effect of SS on MG

Limited research has been conducted to studyfteetef SS on the MG. Basta and
colleagues (2008) conducted a brain slice studly Wi and found a change in the spontaneous
firing rate of neurons. These researchers perftieebrain slice with salicylate perfusate and
recorded the spontaneous activity of neurons irdtreal and ventral parts of the MG, and found
that neurons increased their spontaneous firiregatiér local application of SS. This change in
firing rate was correlated with the concentratiéi$8, with higher concentrations eliciting a
greater percent change in the firing rate of nesi(@asta et al., 2008).
1.7.2.4 Effect of SS on AC

AC has been a target of many studies in the tismigésearch field, with most researchers

reporting a change in the neuronal spontaneougtgditer salicylate application. Basta and
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colleagues (2008) found that salicylate causedhamrease in spontaneous firing rate in neurons
in the AC. This increase was more apparent at highiecentrations of SS. Yang et al. (2007)
recorded the activity of neurons in a live rat aftgstemic salicylate application, and found that
sound-evoked neural activity in the AC was increlasiter SS application. Lu et al. (2011)
measured the activity of AC neurons after systeandt local application of SS. They reported
that after either application, the amplitude ofrsinevoked neural activity was increased in the
AC neurons, but the spontaneous activity was retluce

1.8 Current understanding of neural mechanisms resmsible for tinnitus

Available results related to the effect of SS ennal activity in auditory structures
suggest that the tinnitus sensation may be dudipocd balance between excitation and
inhibition i.e. either an increase in excitatoryirad activity or a decrease in inhibitory neural
activity. Tinnitus may also be related to an inseea spontaneous firing of auditory neurons, or
an enhancement in synchronization of activity amaiffgrent auditory neurons. The latter two
might also be a result of an imbalance betweenatian and inhibition.

The hypothesis that dysregulation between excitatnd inhibitory activity might be a
cause of tinnitus is very commonly invoked, andelere many studies to support it. Holt and
colleagues (2010) used manganese-enhanced MRIasumgethe activity of neurons in CN and
IC after tinnitus induction using SS. They foundiaerease in neural activity in the DCN and
ICd in rats that displayed tinnitus-like behavidurvitro physiological studies examining the
immediate effect of SS showed that SS applicagoluced GABA-mediated inhibition in CAS,
leading to increased hyperexcitability (Wang et2008; Gong et al., 2008). A reduction in
GABAergic inhibition was reported by Sun et alQ@®) and Lu et al. (2011) as the cause of

increase activity in the AC. Zou and Shang (20b2ntl a significant decrease in the levels of
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GABA receptor and the enzyme GAD in CAS after salieyfgiplication. Since GAD catalyzes
the production of GABA neurotransmitter, a reductio GAD levels could translate as a
reduction in the level of GABA (Zou and Shang, 20&milar decreases in GABAeceptor
expression and GAD levels have also been reposteshbther study (Basta et al., 2000). A
significant decrease in the number of GAB#ceptor binding sites has been found in the IC
after SS application. It has been suggested tkeaethhanges result in decrease in inhibition in
the CAS and manifest as perception of tinnitus {8asal., 2000).

Decreased inhibition can also lead to increasepamtaneous firing of neurons in the
CAS. Increased spontaneous activity following sédite treatment has been observed in various
structures including the auditory nerve, DCN (Kalack et al., 1998, 2000, 2002; Brozoski et
al., 2002; Chang et al., 2002), IC, and secondadytary cortex (Mulheran and Evans, 1999;
Manabe et al., 1997; Jastreboff and Sasaki, 198@efnont and Kenmochi, 1998). These
increases in spontaneous activity were measurad péiysiological methods. While sound-
driven activity are responsible for normal hear{@tark, 2008; Colletti et al., 2009), an
increases in spontaneous activity after SS appmitamight lead to a phantom sensation of
sound, i.e., tinnitus.

Decreased inhibition can also enhance neural sgngh.e. synchronous firing of groups
of neurons. Synchronous discharges have the paltémtirive post-synaptic targets at higher
auditory structures (Roberts et al., 2008; 2010)&nce of increased neural synchrony and
increased bursting activity has been found follaysystemic application of SS. Chronic
increases in bursting activity was observed inithafter salicylate treatment (Chen and
Jastreboff, 1995; Kwon et al., 1999). Increasedayony of discharge across neural populations

was seen in the auditory nerve after salicylat@ttnent (Cazals et al., 1998). In human patients
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suffering from tinnitus, electroencephalography araynetoencephalography results showed
abnormal synchronous activity between cortical sugdinnitus patients (Weisz et al., 2005;
Schlee et al., 2009). It is believed that increasgtthronous activity and burst finding might
magnify the perceptual weight of tinnitus sensation

SS can cross the blood-brain barrier and affegtares directly (Silverstein et al., 1967).
As discussed above, effects of the drug can be arateeand associated with modifications of
physiological processes such as neurotransmissoopening and closing of ion channels.
In addition to these changes, SS might also afftar cellular mechanisms such as the
expression of proteins. Zou and Shang (2012) reddhat SS could reduce the level of mMRNA
of the GABAxa1 subunit as well as that of the enzyme GAD67a# been found that SS can
increase the level of mMRNA of brain-derived newphic factor in the cochlea and decrease the
expression of Arg3.1, an activity dependant cyttetké protein, in the AC (Panford-Walsh et
al., 2008). An increase in the level of mMRNA of mmmecrosis factos-and that of NMDA
receptor subunit 2A has been found in the CN & after SS administration (Hu et al., 2014).
Existing results therefore indicate that SS carsealnanges in the expression of proteins,
including those related to inhibitory neurotranssios mediated by the GAB&receptors and
those related to excitatory neurotransmission ntediby the NMDA receptors. Most of these
changes are seen after a period of 2-3 hours agdeflact homeostatic regulation of the level
of activity by auditory neurons (Panford-Walsh ket 2008; Hu et al., 2014).

It has yet to be found whether the level of theBaA receptor can be affected by SS.
The GABAg receptor has a relatively high level of expressiothe structures possibly
responsible for the induction/generation of tingitlihe receptor can mediate slow inhibitory

post-synaptic potentials as well as modulate tlease of both inhibitory and excitatory
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neurotransmitters. Therefore, it might play a ratpry role in maintaining a proper level of
activity in the auditory system, similar to whatldes in other nervous systems (Malcangio and
Bowery, 1996). Behavioural studies have shownttiapeak effect of SS occurs 3 hours after
systemic SS application. This time course coinculiés the time frame associated with change
in the expression of many proteins. Therefore &ipday exists that the central auditory system
uses the alteration of the level and distributibthe GABAg receptor as a compensatory
mechanisms for rebalancing the reduction in thetifom the auditory peripheral to the central
nervous system.
1.9 Research Objectives and Hypothesis

The objective of my research project was to examsimnges in the level of GABA
receptors following salicylate treatment. Specificd wanted to find out whether SS could
change the level of GABAreceptors in four major central auditory strucsure. CN, IC, MG,
and AC. All these major auditory structures havelatively high level of the GABAreceptor
and there is evidence showing an involvement cfeltstructures in the generation of tinnitus.
CN is considered by many as a trigger centre fontiis (Brozoski et al., 2002; Kaltenback and
Godfrey, 2008; Shore et al., 2007). The IC is digalory auditory processing centre and
receives convergent ascending and descending ifrpatsall major auditory structures
(Anderson et al., 1980; Druga and Syka, 1984; Deigd., 1997; Faye-Lund, 1985). MG is a
major source of input to the AC in the ascendinpway, and has major targets in the ipsilateral
AC (Winer and Schreiner, 2005). AC plays an impartale in auditory sensation, perception,
and cognition (Gaese and Ostwald, 1995). | wardetetermine if salicylate-induced changes in
receptor levels had any specific cellular and/graeal localization. My hypothesis was that SS

would reduce the level of GABAreceptor subunits in all the major structures.
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2 Experimental methods

The level of the GABA receptors in auditory structures was examinedgusiestern
blotting and immunohistochemical methods. Thesénods have been well established in our
laboratory and have been used to measure the sigmex the GABAR1 and the GABAR?2
subunits in auditory structures (Jamal et al, 281d 2012).
2.1 Animal Preparation

Experiments were conducted using male Wistar(Re#us norvegicus), weighing
between 250-350g. The rats were obtained from €dd&tlver Laboratories Inc. (St. Constant,
QC). The animals were housed in the animal caitjaat the University of Windsor for at
least one week before being used for experimemis.nbise level in the animal care facility was
maintained at 55-60dB SPL. All experimental praged were in accordance with the

guidelines of the Canadian Council on Animal Care.

2.2 Immunohistochemistry (IHC) Experiments

A pair of animals was used for each experimertt) @ach pair named as one case
elsewhere in the present document. In the pairaoimaal was injected with physiological saline
(as control) and the other animal was injected Bi#h(250mg/kg). SS and physiological saline
were injected intraperitoneally (i.p.). After thgeaction, the animals were kept in the animal care
facility for three hours before euthanasia. | udesl time frame because behavioural studies
showed that SS applied at 250mg/kg resulted inrattis-like behavior with the peak effect

appearing three hours after the drug applicatiast(@boff and Sasaki, 1986, 1988).

2.2.1 Tissue collection
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Animals were euthanized by an overdose of sodientgbarbital (120mg/kg, i.p.). They
were then transcardially perfused with 200 ml &M phosphate buffer saline (PBS) and 200 ml
of 4% paraformaldehyde (PFA). The fixed brain weisaeted and placed in 30% sucrose for
cryoprotection. After the brain had sunk, it wastemed in the coronal plane at 30um using a
CM1050 S cryostat (Leica Microsystems, Heidelb&grmany). The sections containing
auditory structures were collected on SuperFrass$ Blass slides (Fisher Scientific, Pittsburg,
PA, USA). Sections with the same neural structén@s the two animals treated with saline and
salicylate-treated were collected on the same blededes each other. Sixteen sections were
collected for each auditory structure and wereegaamn 4 slides. Each slide also contained a
piece of cerebellar tissue serving as a positiveroband for the purpose of normalizing the
level of immunoreactivity (see section 3.1). Asetl slides containing tissue from one auditory
structure was used for each IHC experiment. Thengement of the tissue on the slide can be

seen in Figure 6.

2.2.2 IHC protocol

Slides with tissue of auditory structures weraulvated overnight in the primary antibody
against the GABAR1 or GABAsR2 subunit (1:1000) in 0.1M PBS containing 0.05%0fr and
5% normal donkey serum (NDS). After the incubatibwe, slides were rinsed with 0.1M PBS
three times, 10 minute each time, to wash awayssxgebound primary antibody. The slides
were then incubated in a 0.1M PBS solution congjtuiotinylated secondary antibody (1:400)
and 2% NDS for 2.0 hours at room temperature. Tidlesswere washed again with 0.1M PBS

three times, 10 minute each time, and then incdbata solution containing ExtrAvidin-
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SAL CB SAL1 SS1 SAL2 SS2

SS CB SAL3 SS3 SAL4 S54

Figure 6. Schematic of a slide showing the mounted location of brain slices used in
immunohistochemistry experiments. SAL CB represents the cerebellum section from saline-
treated animal whereas SS CB represents the cerebellum section from SS-treated animal. SAL
represents auditory slices from saline-treated animal. SS represents auditory slices from SS-

treated animal.
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peroxidase (E2886, 1:400) (Sigma-Aldrich, Oakvi#\, Canada) in 0.1M PBS for 1.5 hours at
room temperature. After another set of three rims&1M PBS, the tissue was stained using 3'3'
Diaminobenzidine tetrahydrochloride (DAB) in 0.1Mgsphate buffer (PB). The reaction was
stopped by repeatedly pouring distilled water id aant of the keeper containing the slides. The
tissue was dehydrated by using an ethanol gradies%, 70%, 95%, 100%, and 100%, 5
minutes for each ethanol concentration. The tisgagthen cleared using histosol two times (10
minute each time). Permount (SP-500) (Fisher Séi@ntvas used to coverslip the slides. The

level of immunoreactivity was examined using britiakd microscopy.

2.3 Western Blot experiments

2.3.1 Tissue collection

A pair of animals was used for each experimenttaagair was labeled as one case.
After receiving an intraperitoneal injection oftest saline or sodium salicylate (250mg/kg), the
animals were given a 3 hours survival period. Tlweye then euthanized by an overdose of
sodium pentobarbital (120mg/kg, i.p.). The brairswatracted right away and placed in chilled
artificial cerebrospinal fluid containing (in mM}26 NaCl, 3 KClI, 1.4 KKPO,, 26 NaHCQ, 4
glucose, 1.3 MgS§ and 1.4 CaGl The brain was cut in the coronal plane into 1 sattions,
from which tissues of the CN, IC, MG, and AC weodlected using a #11 scalpel blade, a
Silgard dish, and a stereoscope (Olympus SZX7, dplspan). “The Rat Brain in Stereotaxic
Coordinates” (Paxinos and Watson, 2007) was usedgagde during tissue collection. Tissues
of the cerebellum and the liver were also colledtedh the rats and used for positive and
negative control experiments. Tissues were placegpendorf tubes with homogenization

buffer consisting of 0.32 M sucrose in 5 mM Trisl p.4. The homogenization buffer also
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contained the following protease inhibitorq/@ aprotinin, 10uM phenylmethul sulfonyl
fluoride (PMSF), 1uM leupeptin, and $M pepstatin-A. This homogenization buffer was used
in all the eppendorf tubes containing collecteditaug, cerebellar, and level tissues. The tubes
were kept on ice at all times. The tissue was minbhamogenized using a plastic pestle, and
the homogenate was centrifuged at 3400 rpm for Qites at 4°C to remove cell debris and
nuclei. The supernatant was transferred into ngveegorf tubes. The protein concentration of
each sample was determined using a Bradford A&igy@-Aldrich, Oakville, ON, Canada)

and a Biomate5 spectrophotometer (Thermo Scien8ficrey, UK).

2.3.2 Immunoblotting protocol

Thirty microgram of protein from each sample wdded to 4X sample buffer and
subjected to electrophoresis using a 7.5% sodiutkedd sulphate-polyacrylamide gel (SDS-
PAGE) for 2 hours at 125V. The separated protei@ewransferred from the gel onto a
polyvinylidene fluoride (PVDF)-Plus 0.45 pum membr&@smonics Inc., Minnetonka, MN,
USA) for 2 h at 30V. The membrane was blocked i#h milk in Tris-buffered saline tween
(TBST) for 1 hour at room temperature. The membraag then incubated overnight at 4°C in
the primary antibody (1:1000) against the spe€&BAg receptor subunit and the loading
controls. After primary antibody incubation, themt@&ane was rinsed in TBST three times (10
minutes each wash) to wash off excess antibodynidrabrane was then incubated at room
temperature in the secondary antibody (1:6000 #B&g receptor subunit, 1:10000 for loading
controls) for 2 hours. The membrane was rinsed88T for an additional three times after
secondary antibody incubation. Protein bands wetectied using an enhanced
chemiluminescence (ECL) kit (Pierce, Rockford, USA). Images were acquired using an HD2
gel imaging system and AlphaEase digital analysisvare (Alpha Innotech, CA, USA).
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2.4 Antibodies

The primary antibody used for GABR1 and GABAR?2 was the same for western blot
and immunohistochemical experiments. The primatijpady used against GABAR1 subunit
was rabbit polyclonal GABAR1 antiserum (Santa Cruz Biotechnology Inc, R-300000,

Santa Cruz, CA, USA). The primary antibody usedresjdGABAsR2 was affinity purified
guinea-pig polyclonal GABAR2 antiserum (Chemicon, AB5394, 1:1000, Temecufg, \TSA).
The primary antibody used for Actin in western Igodcedures was mouse monoclonal primary
antibody (Chemicon, MAB1501, 1:1000), and the priyrantibody used foa-Tubulin was also

mouse monoclonal primary antibody (Chemicon, 05;829000).

The secondary antibodies used in western blotrexpats were horseradish peroxidase
(HRP)-conjugated. The secondary antibody for GABA was goat anti-rabbit IgG-HRP (sc-
2000, 1:6000, Santa Cruz Biotechnology Inc.), amd¥ABAsR2 was goat anti-guinea pig IgG-
HRP (AQ108, 1:6000, Chemicon). The secondary adtilfor probing both Actin and-

Tubulin was anti-mouse 1gG (12-349, 1:10000, Sant& Biotechnology Inc.). The secondary
antibody used in immunohistochemistry experimeotS¥ABAsR1 was biotinylated donkey
anti-rabbit IgG (711-005-152, 1:400, Jackson ImnResearch Laboratories, Burlington, ON,
Canada), and for GAB#R2 was biotinylated donkey anti-guinea pig IgG (0&%-148, 1:400,

Jackson ImmunoResearch Laboratories, Burlington, ©dthada).

3 Data analysis

Western blots were quantified using the FluorCi®&®0 imaging system
(ProteinSimple, California, USA). Densitometry vaduof bands for GABAR1 and GABAR?2

were measured and normalized against the densitpraties of bands far-Tubulin.
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Optic density (OD) was used to quantify the leiehe GABAsR1 and GABAR?2
subunits following an immunohistochemical experimé&or this purpose, photomicrographic
images of issue sections containing auditory stingstwere taken using a CTR 6500 microscope
and a DFC 425 digital camera (Leica Microsystenmadelberg, Germany). Fixed settings of
light intensity and exposure were used in all photoographic imaging sessions. For this
purpose, a piece of tissue containing a definedbedlar area was used at the beginning of each
imaging session for setting the intensity and eyposf the microscope light. Thus, ODs of
target areas/cells imaged in different session&lde®i compared quantitatively. The images

taken by the microscope system were exportedfifotimat for offline analysis.

Offline analysis of OD was conducted using the M4 analysis software (Leica
Microsystems). In this analysis, black colour wasigned a value of 0 and white colour was
assigned a value of 255. The Rat Brain Atlas imestaxic Coordinates (Paxinos and Watson,
2007) was used as a guide in defining auditorycsitres and their subdivisions. In four major
auditory structures (i.e., the CN, IC, MG, and A@luding all their subdivisions, the level of
labeling was analyzed for cell bodies and the n@lno combination (i.e., the overall level), cell
bodies, and the neuropil. Since each structurecablected over a course of 16 slices, the results

from all 16 slices were combined for each structure

For measuring the overall level of labeling, aditary structure or a subdivision of a
structure was defined in each tissue section lygusnatomical features in a microscopic image
and the Rat Brain Atlas in Stereotaxic Coordinaié® area, integrated grey (i.e., the sum of the
OD values of all pixels in the defined area), arglygnean (i.e., the mean of the OD values of all

pixels in the defined area were measured.
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For counting the number of labeled cell bodies iarget structure, an OD threshold was
set for the structure. Criteria of inclusion adlae exclusion were also set based on the size of
a cell body. For setting an OD threshold, ten s@awaas (bm x 5um) were randomly chosen in
the neuropil of the target structure. The mean QI3 measured for each of the ten small areas
using ImageJ analysis software (National Institftelealth). The standard deviation of the ODs
of all pixels in the small area was also obtair@end mean values were obtained for both the
mean OD and the standard deviation of OD acrostethemall areas to reflect the overall level
and the fluctuation of labeling in the auditoryustiure/subdivision. A value equalled the grand
mean OD minus 3 times of standard deviation of Gi3 get as a threshold OD in the
identification of cell bodies in the structure/siision. This ensured that only objects darker
than the neuropil by a certain level (defined bin&s of standard deviation in OD across
different pixels in an area) were measured by tA8 koftware as cell bodies. A threshold was
determined for each auditory structure individuatgr each pair of sections (control animal
treated with saline vs. animal treated with SSthrashold was determined by using the section
from the control animal. A resulting threshold v@luas used for tissues from both the control
animal and the SS treated animal. In addition tq B length of an object (i.e. the longest axis
of an object) was used to determine whether touebecbr include an object in the analysis. Only
objects with the longest axis betwegmtand 2%um were considered as cell bodies and were
measured. This criterion was the same for all tiidtary structures and cases. In spite of the
criteria, the software could include non-cell batyects in the analysis or fail to include cell
bodies in the analysis. To avoid errors made bystigvare, human intervention was used in the

identification of cell bodies. The parameters meadiy the LAS software for each identified
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cell body included: area, length, breadth, perimetaindness, derived orientation, integrated

grey, grey mean, and grey variance.

The mean grey value was obtained for the neutopéflect the level of labeling outside
cell body regions in a target structure. An intégglegrey of the neuropil was obtained by
subtracting the integrated grey of a structurehgyihtegrated grey of all the cell bodies in the
structure. The integrated grey for the neuropil i divided by the area of the neuropil in the
structure (difference between the area of the &tra@nd the combined area of cell bodies) to

obtain the mean grey of the neuropil.

3.1 Normalization of IHC results:

OD values obtained from auditory structures wemenalized using the OD in the
molecular layer of the cerebellum (CB). Previousesrch has shown that the molecular layer of
cerebellum (CB) is among the neural structures gipthe highest level of GABAreceptor
expression (Ige et al., 2000). No receptors arsgorein the white matter. Western blotting and
IHC results from the present study showed thati8$®at change the level of GABAeceptors
in the CB (Figure 7). Thus, any changes seen ilC#® in SS-treated animals could be
attributed to the effect of the drug. Due to thevabreasons, OD values in the molecular layer
and white matter of the CB were used as referencgpand were used for normalizing the OD
values from the auditory structures. Two CB sedjame from Saline-treated animal and one
from SS-treated animal, were placed on each sbdéaming auditory structures. OD values
from Saline- and SS-treated animals were useddonalizing OD values of auditory structures

of corresponding animals.

Normalized OD = (Owud' oD V\/M)/(OD Mol - oD WM)
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where OQq is the OD or grey value of an auditory structueshon. ODyy is the OD of the
lightest area of cerebellum. Qf, is the OD of the darkest area in molecular laye&Z®. This

normalization allowed for reliable comparison asuks from different structures and cases.

4 Results

4.1 The effect of SS on level of GABA&R1 and GABAgR?2 subunit in the CB:

Western blot and IHC experiments were conductedudy the effect of SS on CB.
Neither type of experiment revealed an effect olb83he level of GABA subunits (Figure 7).
Shown in Figure 7a and 7b are IHC results. The ©Daecular layer of CB in slices of saline-
treated animal and SS-treated animal was measor&ddases. For each case, 5 CB sections
were measured. OD was measured at ten randomlgrcispets from each of the 5 sections. A
mean OD was obtained by using the 50 measurenremtstiie CB of an animal. Group results
from 7 cases indicated that the mean OD for GABA receptor subunit in the CB was 37.29 for
saline-treated animals, and 36.27 for SS-treatedas (Figure 7b). No statistical difference
was found in the level of labeling between the groups of animals. Similar experiments were
conducted to examine the effect of SS on the leW&ABAgR2 receptor subunit in the CB. No
statistically significant difference was found beem control and SS-treated animals (date not
included). This lack of difference between the yvoups of animals allowed us to use the CB as

a reference for normalizing the level of receptdmits in auditory structures.

Shown in Figure 7c and 7d are results from wendikrtting experimentBands of
immunoblots for GABAR1 receptor subunits were normalized against tbbaeTubulin
(Figure 7c). The band for CB from saline animalegawormalized value of 2.37 whereas the

CB band from SS animal was at 2.26, indicatingigoiicant difference (Figure
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Figure 7: Immunohistochemistry and western blot results showing the effect of SS on GABAgR1
immunoreactivity in cerebellum. (A) Photomicrograph of a cerebellar section from saline-treated
animal and a cerebellar section from SS-treated animal. The molecular layer in the cerebellar
section of saline-treated animal is labeled with an "M". The granule cell layer is labeled with a
"G" and white matter is labeled with a "W". Scale bar: 500um. (B) Bar chart for group results
from immunohistochemical experiments showing immunoreactivity against the GABAgR1
subunit in the molecular layer of the cerebellum of saline-treated animal and the cerebellum of
SS-treated animal. The group results are based on analyses from seven animals treated with
saline and seven animals treated with SS. (C) Western blots showing immunoreactivity against
the GABAgR1 subunit in cerebellar tissue from saline-treated animal and cerebellar tissue from
SS-treated animal. Top blot shows immunoreactivity against the two isoforms of GABAgR1
subunit. The bottom blot shows a-Tubulin immunoreactivity. (D) Bar chart for group results from
western blot experiments showing immunoreactivity against the GABAgR1 subunit in the
cerebellum. The ratio between the OD of the GABAgRL1 (including GABAzR1a and GABAzR1pB)
band, and OD of a-Tubulin band was obtained. The group results are based on ratios from three
animals treated with saline and three animals treated with SS.
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7d). Similar results were seen for the GABR receptor subunit levels in the CB (results not
shown in figure). The band for CB from one salireated animal and CB from one SS-treated
animal gave a normalized value of 1.04 and 1.1pe@s/ely, indicating no significant

difference.

4.2 The effect of SS on overall levels of GABR1 and GABAgR2 subunits in auditory

structures: Western Blotting

Western blotting experiments were conducted usssgies of auditory structures from three rats
for GABAgR1 subunit and tissues from one rat for GAIRR subunit. Bands of immunoblots

for GABAGg receptor subunits were normalized against thoseTafbulin. Results revealed a
trend of reduction in the level of the GABR1 subunit in the CN, IC, and MG 3 hours after the
intraperitoneal injection of SS (Figure 8a). Théuetion in the CN was 13.6%. The reduction in
IC and MG was 26.8% and 15.5%, respectively (Fi@me The reduction in the level of subunit
in the AC was minimal at 7.1%. The level of the GXR2 subunit also appeared to be reduced
by SS in all the structures (Figure 8c). The redmncivas at 35.4%, 71.7%, 49.3%, and 29.8% in

the CN, IC, MG, and AC, respectively (Figure 8d).

4.3 The effect of SS on overall levels of GABR1 and GABAsR2 subunits in auditory

structures: Results based on low magnification IHGmages

IHC experiments were conducted using five pairsatd. In each pair, both subunits were
probed. Three of the five cases or pairs were aedlyor overall level of labeling, as well as cell
bodies and neuropil labeling. Low magnification gea indicated that the level of the

GABAgR1 subunit was decreased by SS in the CN, IC, M@ AC (Figure 9a). For CN, IC,
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Figure 8: Western blots showing immunoreactivity against the GABAgR1 and the GABAgR2
subunit in the major auditory structures of saline-treated animals and SS-treated animals. A:
Western blots showing immunoreactivity against the GABAgR1 subunit in the major auditory
structures. SAL represents tissue from saline treated animals. SS represents tissue from SS
treated animals. Top blots show immunoreactivity against the GABAzR1a and GABAsR1
subunits. The bottom blot shows a-Tubulin immunoreactivity. B: Bar chart for group results from
western blot experiments showing immunoreactivity against the GABAgR1 subunit in major
auditory structures. The ratio between the OD of the GABAgR1a and GABAgR1B band, and OD
of a-Tubulin band was obtained. The group results are based on ratios from three animals. Error
bars represent standard error. C: Western blots showing immunoreactivity against the
GABAgR2 subunit in the major auditory structures. Top blots show immunoreactivity against the
GABAgR2 subunit. The bottom blot shows a-Tubulin immunoreactivity. D: Bar chart for results
from western blot experiment showing immunoreactivity against the GABAgR2 subunit in major
auditory structures. The ratio between the OD of the GABAgR2 band and OD of a-Tubulin band
was obtained. The results are based on ratios from one animal.
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Figure 9A. Low magnification images showing immunoreactivity against the GABAgR1 subunit
in the auditory structures. Left panel contains coronal sections from saline-treated animal. Right
panel contains coronal sections from SS-treated animal. The bottom panel contains CN (1). The
middle panel contains IC (2). The top panel contains MG(3) and AC (4).
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Figure 9B. Group results from immunohistochemical experiments showing overall (neuropil and
cell body combined) immunoreactivity against the GABAgR1 subunit in major auditory
structures. The mean OD for each structure was obtained by combining the OD of all the
subdivisions in the structure. The OD was normalized against GABAgR1 immunoreactivity in the
cerebellum. Results are from analyses conducted using three animals treated with saline and
three animals treated with SS.
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Figure 10A. Low magnification images showing immunoreactivity against the GABAgR2
subunit in the auditory structures. Left panel contains coronal sections from saline-treated
animal. Right panel contains coronal sections from SS-treated animal. The bottom panel
contains CN (1). The middle panel contains IC (2). The top panel contains MG(3) and AC (4).
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Figure 10B. Group results from immunohistochemical experiments showing overall (neuropil
and cell body combined) immunoreactivity against the GABAgR2 subunit in major auditory
structures. The mean OD for each structure was obtained by combining the OD of all the
subdivisions in the structure. Results are from analyses conducted using three animals for
saline and three animals for SS.
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and MG, sections from SS-treated animal showeddighbeling compared to those animals
treated with saline control. In the AC, sectiormirSaline and SS treated animals showed a
small difference in labeling. Overall labeling iach structure was quantified by using OD.
Resulting values were normalized against thosbefolecular layer and the white matter of
the cerebellum (Figure 9b). For each structurenahdividual animal, the integrated OD and the
area were measured in each section with the steuand a weighted average was obtained for
this structure. The quantified results showed iadi@f reduction in all auditory structures. The
labeling in saline CN was reduced by 16% by SSICirthe labeling was reduced by over 31%
by SS. The labeling in the MG was reduced by ctos#1% by SS. The labeling in the AC was

reduced by 11%.

For the GABAR2 subunit, low magnification images revealed a@&se in labeling in
all the auditory structures (Figure 10a). The rédmowas about 11%, 24%, 23%, and 12% in

the CN, IC, MG, and AC, respectively (Figure 10b).

4.4 The effect of SS on regional and cellular digtsutions of GABAgR1 and GABAgR2 in

auditory structures: : Results based on high magni€ation IHC images

4.4.1 The effect of SS on the CN

4.4.1.1 The GABARI1 subunit in the CN

Regional differences exist in the level of immueamtivity against the GAB#R1
subunit in the three subdivisions of the CN. Unieth saline and SS conditions, GAERL
immunoreactivity was high in the DCN and PVCN conggeto AVCN (Figure 11a,b). In both
the saline treated animal and the SS treated anihgasuperficial layers of DCN and the GCD
showed highest level of immunoreactivity. In parstar, the neuropil (region containing the
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axons and dendrites of cell bodies) was darklyl&beith lots of visible puncta (i.e. dark spots
or dots). In contrast, the neuropil labeling in teep layers of DCN was light with fewer labeled
puncta, indicating lower immunoreactivity. Cell lyacdhmunoreactivity was similar across all
the layers of DCN and in GCD. Both PVCN and AVCNwed less punctate labeling in the
neuropil compared to the superficial layers of D&idl GCD. Large cell bodies resembling
globular bushy cells and octopus cells were ddedbgled in the PVCN. In the AVCN,
moderately large labeled cell bodies, presumaldighr bushy cells, were darkly labeled.
There was no apparent difference in immunoreagtagtross the rostral-caudal extent of the

structure.

For SS treated animals, the percentage reductitaibéling was the greatest in the
AVCN followed by PVCN. The reduction was the smsile the DCN. Quantitative analysis
revealed that the reduction in labeling by SS wam1835% in the AVCN, 28% in the PVCN,

and 16% in the DCN (Figure 11c). The reduction naisstatistically significant (p > 0.05).

High magnification images showed that the reducitiotine overall level of the

GABAgR1 subunit was due to changes in the level of lage&h both cell body and neuropil
regions (Figure 11a,b). The neuropil is the regiatside cell bodies and it contains the axons
and dendrites of neurons. For sections from SSeleanimals, both diffused and punctate
labeling in the neuropil was reduced. In the DQi¢, deep layers showed the greatest decrease
in immunolabeling amongst all the layers. Bothub#d and punctate labeling was reduced in
the neuropil. In the PVCN and AVCN, diffused andptate labeling was reduced without any
regional specificity. Cell body labeling was alspally reduced across the entire subdivision.

Quantification of the labeling in the neuropil shemhthat the reduction was greatest in the
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Figure 11A. Immunoreactivity to the GABAgR1 subunit in the CN. Left panel contains coronal
sections from saline-treated animal. Right panel contains coronal sections from SS-treated
animal. Low magnification images show overall (neuropil and cell body combined)
immunolabeling in the DCN and PVCN. High magnification images show neuropil and cell body
labeling. White arrows point towards a labeled cell bodies. Scale bar: 200um in low
magnification images; 50 ym in high magnification image.
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Figure 11B. Immunoreactivity to the GABAgR1 subunit in the AVCN. Left panel contains
coronal sections from saline-treated animal. Right panel contains coronal sections from SS-
treated animal. Low magnification images show overall (neuropil and cell body in combination)
immunolabeling. High magnification images show neuropil and cell body labeling. White arrows
point towards labeled cell bodies. Scale bar: 200um in low magnification images; 50 ym in high
magnification image.
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Figure 11C. Group results from immunohistochemical experiments showing (i) overall (neuropil
and cell body combined) and (ii) neuropil immunoreactivity against the GABAgR1 subunit in the
subdivisions of CN. Analyses were conducted using three animals treated with saline and three
animals treated with SS. The OD of neuropil for each subdivision was obtained by subtracting
the combined integrated grey of all the cell bodies in a subdivision from the overall integrated
grey of the subdivision. Error bars indicate standard error.

63



(i) GABAgR1

3000 - mSAL
LE]

[
(=
(=
o

# of labeled cells
— —
(= (%]
[=] o
(=] o

500 - s

DCN PVCN AVCN

PVCN
800
] []saline
3 400
S 200+
04
0.7 0.8 0.9 1 1.1

Normalized OD

800

# of Neurons
B o
[ | (=]
(=} o
| l

()]
o
(= B - ]

DCN
[]saline
B ss
0.7 0.8 09 1 11
Normalized OD
AVCN

0.8

0.9

Normalized OD

[] saline

1

1.4

Figure 11D. (i) Bar chart showing the total number of GABAgR1 immunoreactive cell bodies in
each subdivision of CN. Error bars indicate standard error. (ii-iv) Histograms showing cgroup

results for normalized OD distribution of GABAzR1 immunoreactive cell bodies in the
subdivisions of CN. Results are from analyses conducted using three animals treated with

saline and three animals treated with SS.
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AVCN (33%), followed by PVCN (27%) and then DCN ¢p(Figure 11c). The reduction was

not statistically significant (p > 0.05).

SS also caused a decrease in the labeling ibaéiés in all three subdivisions (Figure
11d, i, ii, iii). The decrease was reflected in @es of labeled cell bodies and the total number
of labeled cell bodies. As indicated in Figure 1d(ii), (i), the distribution of the OD values
of labeled cell bodies in SS-treated animals wéteshleftward in comparison to that in saline-
treated animals. For both animals treated witmeadind SS, the total number of labeled cell
bodies was highest in DCN, followed by PVCN and AV igure 11d). The cell bodies
seemed more densely packed in the DCN than intttex two subdivisions. The SS-induced
decrease in the number of labeled cell bodies vkt in the DCN, followed by AVCN, and
then PVCN. The reduction in the number of labeleltllmodies was about 74% in the DCN, 71%
in the AVCN, and about 68% in the PVCN. This redutin cell body number was statistically

significant (p < 0.0001).

4.4.1.2 The GABAR?Z2 subunit in the CN

For both animals treated with saline and SS, D@#RVCN showed the highest overall
immunoreactivity, followed AVCN (Figure 12a, b).n§lar to the GABAR1 subunit
distribution, the GABAR2 immunoreactivity was the highest in the sup&fiayers of the
DCN and GCD compared to the deep layers. Both skffluand punctate labeling was relatively
high in the superficial layers. Cell body labelings similar across all the layers of the DCN and
in the GCD. PVCN and AVCN had lower levels of df&d and punctate labeling compared to

the DCN. There were no regional differences in apilitabeling or cell body labeling between
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PVCN and AVCN. Qualitative observations revealeat the CN subdivisions were similar in

labeling across the rostral-caudal extent of thectire.

After treatment with SS, there was a trend of o#ida in the overall level of the
GABAgR2 subunit in all the three subdivisions of the (Mjure 12a,b). The reduction in the
overall level of labeling was the highest in the@Wat 22% (Figure 12c¢). DCN showed an
intermediate reduction at 11%, and AVCN showedsthallest reduction at 7%. This reduction

was not statistically significant (p > 0.05).

High magnification images showed that both diftlaed punctate labeling was reduced
in the neuropil of CN in sections of SS treatedrais (Figure 12a,b). This reduction was greater
in the deep layers of DCN than the superficial tay&he reduction in neuropil immunolabeling
was similar across the entire PVCN and AVCN. ODueslrevealed that SS-induced decrease in
neuropil immunoreactivity was the greatest in tM€R (22%). DCN and AVCN showed
smaller decreases, at 10% and 8% respectively@ic). The reduction was not statistically

significant (p > 0.05).

High magnification images showed that for all thseibdivisions there weren't large
differences in the optic density of labeled celllizs between saline- and SS-treated animals
(Figure 12a,b). The cell bodies appeared equally idaall subdivisions for animals in both
groups. However, SS-treatment resulted in a rednat the number of labeled cell bodies
(Figure 12d). Similar to GABARL, the number of GABR2-immunoreactive cell bodies was
the highest in the DCN, followed by PVCN and AVCrhe percentage reduction in the number
of cell bodies was the highest in AVCN, followed BYCN, and then DCN. Qualitative

examination revealed that in the DCN, the decreasegreatest in the deep layers. The
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Figure 12A: Immunoreactivity to the GABAgR2 subunit in the CN. Left panel contains coronal
sections from saline-treated animal. Right panel contains coronal sections from SS-treated
animal. Low magnification images show overall (neuropil and cell body combined)
immunolabeling in the DCN and PVCN. High magnification images show neuropil and cell body
labeling in the DCN and PVCN. White arrows point towards a labeled cell body. Scale bar:
200um in low magnification images; 50 ym in high magnification image.
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Figure 12B: Immunoreactivity to the GABAgR2 subunit in the AVCN. Left panel contains
coronal sections from saline-treated animal. Right panel contains coronal sections from SS-
treated animal. Low magnification images show overall (neuropil and cell body in combination)
immunolabeling. High magnification images show neuropil and cell body labeling. White arrows
point towards a labeled cell body. Scale bar: 200um in low magnification images; 50 um in high
magnification image.

68



(i) GABAgR2 (ii) GABAgR2
0.5 - 0.5 -

mSAL mSAL
S8 S8

0.4 - 0.4 -
(m] (m]
o o

- 0.3 - 0.3 -
Q o]
N N
= =

€02 €02 -
Q (=]
= =

0.1 - 0.1 -

0 0 -

PVCN AVCN PVCN AVCN

Figure 12C: Group results from immunohistochemical experiments showing (i) overall (neuropil
and cell body in combination) and (ii) neuropil immunoreactivity against the GABAgR2 subunit in
the subdivisions of the CN. Analyses were conducted using three animals for saline and three
animals for SS. The OD of neuropil was obtained by subtracting the combined integrated grey of

all the cell bodies in a subdivision from the overall integrated grey of the subdivision. Error bars
indicate standard error.
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Figure 12D: (i) Bar chart showing the total number of GABAgR2 immunoreactive cell bodies in
each subdivision. (ii-iv) Histograms showing group results for normalized OD distribution of
GABAgR2 immunoreactive cell bodies in the subdivisions of CN. Results are from analyses

conducted using three animals for saline and three animals for SS.
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percentage reduction in the number of labeledbmalies in the AVCN of SS-treated animals
was 44%. The percentage reduction in the numblabeted cell bodies in the PVCN and DCN
of SS-treated animals was at 47% and 74% respéctiMee reduction in number of labeled cell

bodies was statistically significant (p < 0.0000he labeling in cell bodies was also reduced, as

indicated by the leftward shift of the distributiohthe OD values of labeled cell bodies in SS-

treated animals in comparison to that in salinateée animals.

4.4.2 The effect of SS on the IC

4.4.2.1 The GABAR1 subunit in the IC

Low magnification images showed that there wefiedinces in the overall
immunoreactivity against the GABR1 subunit among the three subdivisions of theFigure
13a). For both sections from animals treated watine and SS, ICd had the highest level of
labeling, followed by ICc and ICx. The neuropiltire ICd had a high level of diffused and
punctate labeling. The immunolabeling graduallyuest going from dorsal to medial side of the
ICd. ICx had a moderate level of diffused and patectabeling. The labeling on the medial side
of the ICx was somewhat lighter than the laterd¢ sif the structure. ICc had low levels of
diffused and punctate labeling. The labeling waketaalong the borders with ICd and ICx and
gradually reduced along the dorsoventral-ventroaietiis. The cell body labeling was high in
the ICd and ICx. In the ICc, the cell bodies weng/alightly lighter. There were differences in
overall labeling amongst the subdivisions of theaiCoss the rostral-caudal extent, with the

caudal slices showing higher immunoreactivity inteaubdivision.

A treatment with SS resulted in a decrease irottegall level of labeling in all three
subdivisions (Figure 13b). The percentage redudtias the greatest in the ICc (a 47%
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reduction), followed by the ICx (a 36% reductionfldCd (a 31% reduction). The reduction was
similar across the rostral-caudal extent of thecstire, and was not statistically significant (p >

0.05).

High magnification images showed that the decr@atiee immunoreactivity against the
GABAgR1 antibody occurred in both the neuropil and betlies (Figure 13a). The neuropil of
the IC showed a gradient of labeling, with the Ebdwing the highest level of
immunoreactivity, followed by ICc and ICx. In theuropil of all the IC subdivisions of saline
treated animals, there was a high level of pund#diteling. Both diffused and punctate labeling
was greatly reduced in all IC subdivisions of S&ted animals. Quantitative results revealed
that the immunoreactivity against GABRL1 in the neuropil was reduced by 46% in the IGc, b
34% in the ICx, and by 30% in the ICd (Figure 13h)e reduction was not statistically

significant (p > 0.05).

Differences in cell body labeling were also obserin all the subdivisions of the IC
between saline and SS treated animals (Figure Cétl)bodies in sections from saline-treated
animals were darker compared those in sections 88nreated animals (Figure 13a). There
were fewer labeled cell bodies in the IC of SStedanimals compared to that in the same
structure of saline-treated animals. The total nemab labeled cell bodies was highest in the
ICx, followed by ICc and ICd in both saline and S8e reduction in the number of labeled cell
bodies was highest in the ICc at 96%, intermedrat€x at 81%, and lowest in ICd at 70%
(Figure 13c). The decrease in number of labeledoelies was statistically significant (p <
0.0001). Histograms of OD values of cell bodiesaated that the cell body labeling was

decreased after treatment with SS, indicated leytaard shift of the distribution.
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Figure 13A: Immunoreactivity to the GABAgR1 subunit in the IC. Left panel contains coronal
sections from saline-treated animal. Right panel contains coronal sections from SS-treated
animal. Low magnification images show overall (neuropil and cell body combined)
immunolabeling in the IC. High magnification images show neuropil and cell body labeling in the
ICd, ICx, and ICc. White arrows point towards a labeled cell body. Scale bar: 200um in low
magnification images; 50 um in high magnification image.
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Figure 13B: Group results from immunohistochemical experiments showing (i) overall (neuropil
and cell body combined) and (ii) neuropil immunoreactivity against the GABAgR1 subunit in the
subdivisions of the IC. Analyses were conducted using three animals for saline and three
animals for SS. The OD of neuropil was obtained by subtracting the combined integrated grey of

all the cell bodies in a subdivision from the overall integrated grey of the subdivision. Error bars
indicate standard error.
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Figure 13C: (i) Bar chart showing the total number of GABAgR1 immunoreactive cell bodies in
each subdivision of the IC. (ii-iv) Histograms showing group results for normalized OD
distribution of GABAgR1 immunoreactive cell bodies in the subdivisions of IC. Results are from
analyses conducted using three animals for saline and three animals for SS.
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4.4.2.2 The GABAR?2 subunit in the IC

For both sections from animals treated with sading SS, ICd showed the highest level
of immunoreactivity against the GABR2 among the three subdivisions. Both diffused and
punctate labeling was high in ICd (Figure 14a).réh&as a gradient of labeling with the
immunolabeling decreasing going from dorsal tovibetral part of ICd. The level of
immunolabeling was moderate in the ICx. Diffusdaelang was lighter compared to ICd and
there was less punctate labeling. There was a tiedua the level of immunolabeling along an
axis, from the lateral to the medial part of IGZdland ICx also had darkly labeled cell bodies
packed close together, indicating high cell packlegsity. The level of immunoreactivity was
low in the ICc for both diffused and punctate |labgl The labeling was darker along the borders
with ICd and ICx. There were also differences teling along the rostral-caudal extent of the

IC with the caudal slices showing higher immunolige

Differences were observed in the IC in overall inmoreactivity against the GABR?2
subunit between saline and SS-treated animalsn@&+ed reduction in overall level of
immunoreactivity was similar among the three suisitwms of the IC (28%, 27%, and 24% in the

ICc, ICX, and ICd, respectively) (Figure 14b).

High magnification images showed that a reduditmotihe immunoreactivity against the
GABAgR2 receptor subunit existed in both neuropil arlbdbealy regions (Figure 14a). For
tissues from SS-treated animals, diffused and pted¢abeling in the neuropil was reduced in all
the subdivisions. The level of reduction was simaleross the three collicular subdivisions (28%
in the ICc, 26% in the ICx, and 23% in the ICd)giiie 14b). This reduction was not statistically

significant (p > 0.05).
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Differences also existed in cell body labelingwesgn tissues from control animals and
SS-treated animals (Figure 14a). The total numbkabeled cell bodies in each subdivision also
decreased after SS-treatment. Quantitative resuesaled that the ICc had an 83% reduction in
the number of labeled cell bodies, which was tighést among those in the three subdivisions
(Figure 14c). The reduction in the number of labalell bodies was 73% in the ICx and 62% in
the ICd. This decrease was statistically signifig¢an< 0.0001). In addition to the reduction in
the number of labeled cell bodies, the ODs of ledbekell bodies also decreased after SS
treatment. This decrease was observed in all tiee bubdivisions of the IC, as indicated by the

leftward shift of the histogram of OD values (Figur4c).

4.4.3 The effect of SS on the MG

4.4.3.1 The GABAR1 subunitin the MG

For both saline and SS treated animals, all sugidivs showed the similar levels of
immunoreactivity against the GABR1subunit. The neuropil of the MG showed a higlelef
punctate labeling along with diffused labeling. I®eldy labeling was similar across the three
subdivisions of the MG. The labeling was also samécross the rostral-caudal extent of the MG

as indicated by qualitative examination of tissue.

The overall level of immunoreactivity was diffatdoetween animals treated with saline
and SS. Low magnification images showed that SGcextithe overall level of immunoreactivity
in all three subdivisions (Figure 15a). The MGmstd the greatest percentage reduction
among the three subdivisions (Figure 15b). Thegrgage reduction was 47%, 42%, and 36%
respectively in the MGm, MGv, and MGd, respectivéliiis reduction was not statistically

significant (p > 0.05), and was similar acrossribstral-caudal extent of the MG.
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Figure 14A: Immunoreactivity to the GABAgR2 subunit in the IC. Left panel contains coronal
sections from saline-treated animal. Right panel contains coronal sections from SS-treated
animal. Low magnification images show overall (neuropil and cell body combined)
immunolabeling in the IC. High magnification images show neuropil and cell body labeling in the
ICd, ICx, and ICc. White arrows point towards a labeled cell body. Scale bar: 200um in low
magnification images; 50 ym in high magnification image.
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Figure 14B: Group results from immunohistochemical experiments showing (i) overall (neuropil
and cell body combined) and (ii) neuropil immunoreactivity against the GABAgR2 subunit in the
subdivisions of the IC. Analyses were conducted using three animals for saline and three
animals for SS. The OD of neuropil was obtained by subtracting the combined integrated grey of

all the cell bodies in a subdivision from the overall integrated grey of the subdivision. Error bars
indicate standard error.
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Figure 14C: (i) Bar chart showing the total number of GABAgR2 immunoreactive cell bodies in

each subdivision of the IC. (ii-iv) Histograms showing group results for normalized OD

distribution of GABAzR2 immunoreactive cell bodies in the subdivisions of IC. Results are from
analyses conducted using three animals for saline and three animals for SS
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High magnification images showed that SS redubedeével of immunoreactivity against
the GABAgRL1 in both the neuropil and cell body regions (Fegli5a). After SS treatment, the
diffused and punctate labeling in the neuropil weskiced in all the subdivisions. This reduction
was the greatest in MGm (46% decrease), followetheyMGv (a 40% decrease) and MGd (a
34% decrease) (Figure 15b). The reduction was airagdross the rostral-caudal extent of the

structure. However, this reduction was not statdly significant (p > 0.05).

High magnification images showed that after treattwith SS, there was reduction in
the number of labeled cell bodies (Figure 15a)l Gadlies in sections from saline treated
animals were darkly labelled in all the subdivisai MG. After SS-treatment, the ODs of cell
bodies in all the subdivisions of MG in SS-treaamimals were not significantly changed.
Quantitative results showed that there was a dseneahe total number of labeled cell bodies
after SS treatment (Figure 15c). The reduction thhagyreatest in the MGm (an 89% reduction),
followed by the MGv (an 80% decrease) and MGd @& @lécrease). This reduction was
statistically significant (p < 0.0001). Histograwiscell body labeling indicated that the labeling
in cell bodies was not different (Figure 15c). Th&tributions of labeling in cell bodies for

saline-treated animals and SS-treated animalslveasame.

4.4.3.2 The GABAR2 subunit in the MG

For saline-treated animals, there were no diffeesnn the overall level of labeling
amongst the three subdivisions of the MG (Figura) 18europil and cell body labeling was
similar across all three subdivisions. Qualitagx@mination of tissue revealed that there were

no differences in labeling across the rostral-chagtent of the structure.
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Figure 15A: Immunoreactivity to the GABAgR1 subunit in the MG. Left panel contains coronal
sections from saline-treated animal. Right panel contains coronal sections from SS-treated
animal. Low magnification images show overall (neuropil and cell body in combination)
immunolabeling in the MG. High magnification images show neuropil and cell body labeling in
the MGd, MGv, and MGm. White arrows point towards a labeled cell body. Scale bar: 200um in

low magnification images; 50 um in high magnification image.
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Figure 15B: Group results from immunohistochemical experiments showing (i) overall (neuropil
and cell body combined) and (ii) neuropil immunoreactivity against the GABAgR1 subunit in the
subdivisions of the MG. Analyses were conducted using three animals for saline and three
animals for SS. The OD of neuropil was obtained by subtracting the combined integrated grey of

all the cell bodies in a subdivision from the overall integrated grey of the subdivision. Error bars
indicate standard error.

(=]
-
1
(=]
-8

o
[
I
o
(3]

o
%]
1

Normalized OD
o
[\

Normalized OD

o
-
1
=
=
1

83



5000 -

GABAgR1

(ii)

mSAL
4500 - s
4000 - MGD
g 3500 - 400
Q :
< 3000 - ” [ ]Saline
< 2500 - s - Ml ss
8 EIEJ 200
= 2000 - 2 200-
+ 1500 - 5
2 1004
1000 -
500 7 Il ! : 07 08 09 1 11 12
0 - ' ' ' Normalized QD
MGD MGV MGM
(iii) :
v
MGV (o MGM
800 160
1 [ ]Saline . [ ]saline
5 B00- E 120—_ . ee
5 1 =
élﬂ 400 ié‘f—’ 80
s ty -E T
5 200 - 40-
0+ 0-
07 08 09 1 11 07 08 0o 1 11 12

Normalized OD

MNormalized OD

Figure 15C: (i) Bar chart showing the total number of GABAgR1 immunoreactive cell bodies in
each subdivision of the MG. (ii-iv) Histograms showing group results for normalized OD
distribution of GABAgR1 immunoreactive cell bodies in the subdivisions of MG. Results are from
analyses conducted using three animals for saline and three animals for SS.
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After treatment with SS, the MGd and MGv showedilsir levels of reduction. The
MGm was less darkly labeled compared to MGd and M(z¥S-treated animals. Low
magnification images showed a decrease in the buaraunoreactivity against the GABR?2
subunit after SS treatment (Figure 16a). The MG ®ftreated animals was lighter in labeling
compared to the MG of saline-treated animals. Bldeiction in the overall level of labeling was
highest in MGm (31%), followed by MGd (22%) and M@2%) (Figure 16b). This reduction

was not statistically significant (p > 0.05).

There were not big differences in the level oklaig in the neuropil among different
MG subdivisions for saline treated animals. WHile heuropil in the MGd and MGv was
equally dark, that in the MGm was slightly light&éhere was a lot of punctate labeling in the
neuropil across the MGd and MGv, and moderate lefvplinctate labeling in the MGm. High
magnification images showed that after SS treatnleatreduction in immunoreactivity against
the GABAsR2 existed in both the neuropil and cell bodieg\iFé 16a). The neuropil of all the
three MG subdivisions was lighter with reduceduwi#fd and punctate labeling in animals treated
with SS. The reduction in immunoreactivity in theunopil was 29% in the MGm, 21% in the
MGd, and 21% in the MGv (Figure 16b). This reductwas not statistically significant (p >

0.05).

The level of labeling in cell bodies was differ&etween animals treated with saline and
SS (Figure 16a). For the MG of saline treated alsintaere were no differences in cell packing
density amongst the three subdivisions. Cell bodieall the subdivisions appeared equally
dark. In contrast, there were very few labeled loedlies after SS treatment. Quantitative results
showed that MGm had the highest decrease in thdeuaf labeled cell bodies (Figure 16c). It

showed a 79% decrease. MGd showed a 66% decrehdé@nshowed a 65% decrease. This
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Figure 16A: Immunoreactivity to the GABAgR2 subunit in the MG. Left panel contains coronal
sections from saline-treated animal. Right panel contains coronal sections from SS-treated
animal. Low magnification images show overall (neuropil and cell body in combination)
immunolabeling in the MG. High magnification images show neuropil and cell body labeling in
the MGd, MGv, and MGm. White arrows point towards a labeled cell body. Scale bar: 200um in
low magnification images; 50 um in high magnification image.
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Figure 16B: Group results from immunohistochemical experiments showing (i) overall (neuropil
and cell body combined) and (ii) neuropil immunoreactivity against the GABAgR2 subunit in the
subdivisions of MG. Analyses were conducted using three animals for saline and three animals
for SS. The OD of neuropil was obtained by subtracting the combined integrated grey of all the

cell bodies in a subdivision from the overall integrated grey of the subdivision. Error bars

indicate standard error.
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Figure 16C: (i) Bar chart showing the total number of GABAgR2 immunoreactive cell bodies in

each subdivision of the MG. (ii-iv) Histograms showing group results for normalized OD
distribution of GABAzR2 immunoreactive cell bodies in the subdivisions of MG. Results are from
analyses conducted using three animals for saline and three animals for SS.
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decrease was statistically significant (p < 0.000hg distributions of labeling in cell bodies for
saline-treated animals and SS-treated animalsheasame, indicating equally dark cell body

labeling.

4.4.4 The effect of SS on the AC

4.4.4.1 The GABAR1 subunit in the AC

There was a small difference in immunoreactiviggiast GABAsR1subunit between the
AC of saline and SS treated animals (Figure 17ar)sBline treated animals, there were no
differences in labeling between the three subdwisiof AC i.e. AUL, AUD, and AUV. All three
subdivisions showed a high level of diffused andgtate labeling. The cell bodies were also
equally dark amongst the three subdivisions. Qatali# examination revealed that there were
differences in labeling across the six layers ef AC. The most superficial layers i.e. Layers I-
Il showed darker diffused and punctate immunolagetompared to the deep layers i.e. layers
IV-VI. There were more labeled puncta in layerant Ill compared to layer I. Layers IV and V
diaplayed intermediate diffused labeling with fewadeled puncta whereas layer VI has the

lowest level of diffused labeling with very few mia.

Qualitative examination of the layers showed tiedlt body labeling and packing density
varied between the six layers. Layer | had few lyddbeled cell bodies interspersed between
the neuropil. Layers Il and Il had a large numbkdarkly labeled pyramidal and non-pyramidal
neurons. These neurons were tightly packed togetidcating high cell packing density.
Layers IV and V had large pyramidal neurons whi@rendarkly labeled. Labeled fibers running
from the medial to the lateral extent of the AC avalso seen in these layers. Layer VI had a

large number of small pyramidal neurons packedectogether, indicating high cell packing
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density. However, the cell bodies were lighterabdling compared to the cell bodies in the other
five layers. There were no differences in neuropitell body labeling in the AC subdivisions

and amongst the layers across the rostral-cautithesf the structure.

Low magnification images showed that after treathvath SS, there was a trend of
decrease in the overall immunoreactivity acrosthallsubdivisions of AC and across all the
layers. The reduction in the overall level of labglwas highest in AUV (15%), followed by
AUD (13%) and AU1 (11%) (Figure 17b). This reduatwas not statistically significant (p >

0.05).

There was no difference in neuropil labeling agstrihe three AC subdivisions in saline
treated animal (Figure 17a). All three subdivisidisplayed a high level of diffused and
punctate labeling. High magnification images showed after treatment with SS, a small
reduction in GABAR1 immunoreactivity existed in the neuropil and beldies across the three
subdivisions. The neuropil of SS treated animatsv&d a decrease in diffused and punctate
labeling across all three subdivisions. The reductn immunoreactivity in the neuropil was
14% in the AUV, 13% in the AUD, and 11% in the A{Figure 17b). This reduction was not

statistically significant (p > 0.05).

Diffused and punctate labeling was decreased a@albthe layers of the AC, with the
largest decrease observed in layer VI. Layer IV idhshowed intermediate decrease in neuropil
labeling and layers I-1ll showed the smallest dasee This decrease in labeling was observed

qualitatively.

There was a difference in cell body labeling bemvanimals treated with saline and

animals treated with SS (Figure 17a). The AC ahsaireated animals showed no difference in
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Figure 17A: Immunoreactivity to the GABAgR1 subunit in the AC. Left panel contains coronal
sections from saline-treated animal. Right panel contains coronal sections from SS-treated
animal. Low magnification images show overall (neuropil and cell body in combination)
immunolabeling in the AC. High magnification images show neuropil and cell body labeling in
the AU1, AUD, and AUV. White arrows point towards a labeled cell body. Scale bar: 200um in
low magnification images; 50 um in high magnification image.
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Figure 17B: Group results from immunohistochemical experiments showing (i) overall (neuropil
and cell body combined) and (ii) neuropil immunoreactivity against the GABAgR1 subunit in the

subdivisions of the AC. Analyses were conducted using

three animals for saline and three

animals for SS. The OD of neuropil was obtained by subtracting the combined integrated grey of
all the cell bodies in a subdivision from the overall integrated grey of the subdivision. Error bars

indicate standard error.
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Figure 17C: (i) Bar chart showing the total number of GABAgR1 immunoreactive cell bodies in
each subdivision of the AC. (ii-iv) Histograms showing group results for normalized OD
distribution of GABAgR1 immunoreactive cell bodies in the subdivisions of AC. Results are from
analyses conducted using three animals for saline and three animals for SS.
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cell packing density or cell body labeling amongyst three subdivisions. After SS treatment, the
number of labeled cell bodies decreased (Figurg ITThe decrease was similar across the three
subdivisions with 54% decrease in the AU1, 51% elese in the AUD, and a 50% decrease in
the AUV. This decrease was statistically significgmn< 0.0001). The distribution of the OD of
cell bodies revealed no significant differencehia labeling between the saline-treated animals

and SS-treated animals.

Qualitative observation of cell body labeling gatking density in the layers of AC
revealed a decrease in the number of labeled cdieb and in cell body labeling in all the

layers. The largest decrease was seen in laydoNdwed by layer IV, layers I-lll, and layer V.

4.4.4.2 The GABAR?2 subunitin the AC

Similar to the GABAR1 subunit, the GABARZ2 subunit immunoreactivity was
decreased in the AC after SS treatment (Figure. T8exe were no differences in labeling
among the three subdivisions of AC in the salieatid animal. The level of diffused and
punctate labeling was high in all the subdivisiofisere were immunolabeling differences
among the six layers, with layers I-1ll showing tinghest level of diffused and punctate
labeling, followed by layers IV and V which showietermediate level. Layer VI had the lowest
level of diffused and punctate immunolabeling ansbrige six layers. Cell body labeling and
packing density for GABAR2 subunit immunoreactive cell bodies was simiaGABAsR1
subunit immunoreactive cell bodies. Layers I-llbtdarkly labeled, densely packed, small
pyramidal and non-pyramidal neurons. Layers IV ¥rthd large pyramidal neurons which

were darkly labeled. The cell packing density yels IV and V was low compared to that in
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layers I-lll. Layer VI had small neurons which welensely packed, but they were lighter in

labeling compared to neurons in the other layers.

The labeling was decreased across all three sighmig after SS treatment. The
reduction in immunoreactivity was highest in theVA(14%, followed by AUD (13%) and AU1

(12%) (Figure 18b). This reduction was not statédty significant (p > 0.05).

Qualitative observations revealed that there wéferences in immunoreactivity
reduction among the six layers after treatment Bi#h Layer VI showed the largest decrease in

labeling, followed by layers IV and V, and layet8l|

The neuropil of AC in saline treated animal wasikirly labeled (Figure 18a). Each
subdivision showed a high level of diffused andgate labeling. The level of diffused and
punctate labeling was decreased after SS treatieistdecrease was similar across the three
subdivisions with AUV and AUD at 13% each. AU1 sleaiva 12% reduction in neuropil

labeling (Figure 18b). This reduction was not statally significant (p > 0.05).

Qualitative observations revealed that there wéferences in reduction in the neuropil
among the six layers after treatment with SS. Lajleshowed the largest decrease in labeling,

for both diffused and punctate labeling, followeadldyers IV and V, and layers I-1ll.

Cell body labeling in the AC was different betwesaine treated animal's AC and SS
treated animal's AC (Figure 18a). The AC of satreated animal showed no differences in cell
packing density or cell body labeling among theéhsubdivisions. The cell bodies were densely
packed and equally dark. After SS treatment, theber of labeled cell bodies decreased across

all three subdivisions (Figure 18c). The reductiotabeled cell bodies was highest in the AU1
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(68%). AUD showed a 66% reduction in the numbdabgled cell bodies whereas AUV

showed a 61% reduction. This reduction was stediltyi significant (p < 0.0001).

There were differences in cell body labeling amtirgglayers after SS treatment. Layer
VI showed the largest decrease in the number eldalcell bodies, as well as labeling in the

cell bodies, followed by layers I-1l1, layer IV, drayer V.
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Figure 18A: Immunoreactivity to the GABAgR2 subunit in the AC. Left panel contains coronal
sections from saline-treated animal. Right panel contains coronal sections from SS-treated
animal. Low magnification images show overall (neuropil and cell body combined)
immunolabeling in the AC. High magnification images show neuropil and cell body labeling in
the AUL, AUD, and AUV. White arrows point towards a labeled cell body. Scale bar: 200um in

low magnification images; 50 um in high magnification image.
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Figure 18B: Group results from immunohistochemical experiments showing (i) overall (neuropil
and cell body in combination) and (ii) neuropil immunoreactivity against the GABAgR2 subunit in
the subdivisions of the AC. Analyses were conducted using three animals for saline and three
animals for SS. The OD of neuropil was obtained by subtracting the combined integrated grey of
all the cell bodies in a subdivision from the overall integrated grey of the subdivision. Error bars

indicate standard error.
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Figure 18C: (i) Bar chart showing the total number of GABAgR2 immunoreactive cell bodies in
each subdivision of the AC. (ii-iv) Histograms showing group results for normalized OD
distribution of GABAzR2 immunoreactive cell bodies in the subdivisions of AC. Results are from
analyses conducted using three animals for saline and three animals for SS.
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Figure 19: Bar charts showing neuropil immunoreactivity against the GABAgR1 and GABAgR2
subunits in the major auditory structures. Analyses were conducted using three animals for
saline and three animals for SS. The OD of neuropil was obtained by combining the weighted
averages of neuropil OD from each subdivision in a structure.
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Figure 20: Bar charts showing the total number of GABAgR1 and GABAzR2 immunoreactive
cell bodies in the major auditory structures. Analyses were conducted using three animals for
saline and three animals for SS. The number of immunoreactive cell bodies in the subdivisions
was combined to obtain the total cell body number for each structure.
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5 Discussion

Results from present research indicated thatpetitoneal injection of sodium salicylate
reduced the protein levels of the GAERL and GABAR?2 receptor subunits in the four major
auditory structures (i.e., the CN, IC, MG, and A)ours after the drug application. The
change, presented as a percent difference betwiandbsaline, was the greatest in the IC and
MG, intermediate in the CN, and minor in the ACthe IC, MG, and CN, area differences exist
in the degree of reduction among different subéwis. The reduction in the level of receptor
subunits was observed in both cell body (as reddayethe number of labelled cell bodies and
the optic density reflecting the strength of immreaztivity in a cell body) and the neuropil
areas. Between the two receptor subunits, degfeeslaction were generally parallel across

different auditory structures.

5.1 The relationship between a reduction in the |l of the GABAg receptor and SS-

induced tinnitus

SS-induced tinnitus is accompanied by changesameural activity in the central
auditory system (Berliner et al., 1992; Barrs amddBman, 1984; House and Brackman, 1981,
Kaltenbach et al., 2005). Previous neurophysiokfieuropharmacological experiments have
indicated that SS can directly affect neurotrannreceptors and ion channels (Basta et al.
2000, 2008; Basta and Ernst, 2004). There was eg&showing that the drug could change the
level of certain neurotransmitter receptors in@#S (Bauer et al., 2000). The current study
provides a direct evidence showing that SS cangshtire level of the GABAreceptor in the

CAS. Along with the effect of the drug on other regtansmitter receptors, the drug effect on the
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GABAg receptor can affect the balance between excitatnohinhibition. This may

consequently affect the level of neural activityhe CAS.

In contrast to a reduction in the output from ¢behlea, there is an enhancement in
neural activity in the AC after SS application (Satral., 2009). This difference suggest that the
“gain” was enhanced in signal transmission alorgatbcending auditory pathway. It was
unknown which auditory structure contributed testimcrease in the gain. Results from the
present study show that the level of the GABAceptor was reduced in all the four major
auditory structures. This reduction can very likedyise a reduction in inhibition in every of the
four structures, suggesting that there is no sioglgin of SS-induced tinnitus. The activity in
each auditory structure can be compromised duedmedsed GABAreceptor subunit levels.
This suggests that all the four structures mayrdmute to the increase in the gain, leading to

hyperactivity in neurons in the AC.

All the major auditory structures are connectedaoh other, forming a neural circuit. An
reduction in the level of the GABAreceptor and subsequent enhancement in neurakyaati
each of the structures can lead to a change iwalyehow a neural circuit works. It's very likely
that such an increase in the level of activityllrtree components of a network can lead to
synchronized activation/resonance in the netwotkamepileptic form of physiological
responses. These types of physiological responagdmresponsible for the sensation of

hyperacusis and tinnitus.

5.2 Change in GABAR1 and GABAgR2 receptor levels in the CN

Results from the present study showed that inti@peal injection of a single dose of SS

at the dosage of 250 mg/kg caused a decrease lievitleof GABAsR1 and GABAR?2 receptor
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subunits in the CN 3 hours after the drug applocatlhis change was seen in all the
subdivisions of the CN. CN is considered the trigggntre of tinnitus with many studies
reporting hyperactivity in the DCN after SS treatin@rozoski et al., 2002; Kaltenbach and
Godfrey, 2008; Shore et al., 2007). Not many swd&ve been conducted on the VCN. Holt et
al., (2010) used manganese enhanced-MRI to imagalrectivity after chronic SS treatment
and found an increase in activity in the DCN butthange in the VCN. Wallhauser-Franke et
al., (2003) also reported increase in DCN actiaiter chronic SS treatment but no change in the
VCN. My results show a larger reduction in the GABubunit levels in the VCN subdivisions
than in the DCN, indicating a greater decreasalhibition in the VCN. This should translate to
hyperactivity in the VCN. This difference in resuliight be due to a difference in experimental
procedures. Holt and colleagues, and Wallhauserkiérand colleagues used chronic SS-
treatment whereas | used acute SS treatmentpdisisible that in the case of chronic treatment,
the nervous system was able to homeostaticallylagginhibition in the VCN but not in the

DCN, resulting in persistent hyperactivity in th€ B which was measured.

VCN has low levels of GABAreceptor (Juiz et al., 1994). However, studieagisi
neurochemicals have shown the entire VCN to comtamerous GAD and GABA
immunoreactive endings and cell bodies (Godfregl.etl977, 1978, 1988). The majority of
these GABA immunoreactive endings and cell bodiestrikely contain GABA receptors
since GABA, receptors outnumber GABAeceptors in the CN. The levels of GABReceptors
in the VCN are amongst the highest in the brairnu(€hal., 1990). GABA receptors regulate
the release of GABA which could activate GABPeceptors, so a decrease in GABR&ceptors
could lead to a dysregulation of inhibitory actwih the VCN. GABA; receptors also regulate

the release of glutamate, the excitatory neurotnétter and regulate excitatory activity. It is
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possible that in the VCN, reduction in GABAeceptor levels affects the excitatory and
inhibitory neurotransmission in a similar way sattthe net effect is either an insignificant

change or no change in neural activity.

Studies using neurochemicals have shown thatupericial layers of DCN contains
numerous GAD and GABA immunoreactive endings aridooelies (Godfrey et al., 1977, 1978,
1988). Both GABA, and GABA; receptors are present in the DCN. GAB#&ceptors are
present at high levels in all the layers of DCN retaes the molecular layer of DCN has the
highest level of GABA receptors in the entire CN (Juiz et al., 1994 TGABAg receptors in
DCN might be more involved in regulation of inhibit than excitation. Therefore, the decrease
in GABAg receptor levels in the DCN after SS treatment migluse a greater decrease in

inhibition, leading to hyperactivity in the struotu

DCN receives projections from ANFs and projectthsIC and MG (Schofield and
Coomes. 2005). It is an important structure in targliprocessing, and has been shown to play a
role in suppressing sounds generated by movemesafevocalization (Kanold et al., 2011;
Keohler et al., 2011). A disruption of neural aitivn the DCN can not only interfere with its
roles in sound suppression but these disruptiondedransmitted to IC and MG, leading to

improper auditory processing, and tinnitus.

5.3 Changes in GABAR1 and GABAgR2 receptor levels in the IC

Of the four central auditory structures analya€dshowed the greatest change in
receptor subunit levels after SS treatment. This &greement with neuroimaging results which
reported greater levels of hyperactivity in theci¥npared to other auditory structures after

chronic SS treatment (Holt et al., 2010). The iaseein activity was attributed to a decrease in
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inhibition. Many studies using systemic SS appiczahave found a decrease in GABAergic
inhibition after SS application (Bauer et al., 20B06u and Shang, 2012). My results show that
the decrease in GABAergic inhibition in IC mightrpally be due to a decrease in GABA

receptor levels.

Among the three subdivisions of the IC, ICc haaglltighest reduction in GABAsubunit
levels followed by ICx and then ICd. Chronic SSlaggtion studies have reported the greatest
increase in activity in the ICd followed by ICc atietn ICx (Holt et al., 2010, Wallhauser-
Franke et al., 2003). The difference between ttesinlts and mine might be due to several
reasons. Firstly, Holt and colleagues as well anAfaser-Franke and colleagues used chronic
SS treatment, whereas | used acute SS treatmandyg, the difference in receptor subunit
levels reported in this study is a percentage udiffee. It is measured relative to the labeling in
each subdivision and does not reflect absolutegdanreceptor levels. The three subdivisions
of IC have differential expression of GABAeceptors, with the ICd showing the highest lefel
receptor subunit levels and the ICc showing theekiievel. A small absolute change in ICc can
translate to a large percent reduction whereasmesior even greater absolute change in ICd
might not reach the same percent reduction. Thideaseen in Table X where absolute change
and percentage change is listed for each subdiviSioerefore, a moderate change in ICd and
ICx can have more serious consequences on augitocgssing than the relatively large change

in the ICc.

The hyperactivity reported by previously mentidrs¢udies might be partially because of
the decrease in GABAreceptor levels seen in this study. However, gported hyperactivity
can not entirely be attributed to a decrease in GABceptor levels. It must be noted that ICd

and ICx have an abundance of excitatory NMDA remesptompared to ICc (Ohishi et al.,
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1993). Therefore, it is possible that a slight dase in inhibition i.e. a decrease in GABA
receptor level, can tip the balance between exmitand inhibition in these subdivisions via
decreased regulation of the excitatory NMDA recept®his decreased regulation leads to the

hyperactivity measured by the physiological androoiaging studies.

A higher reduction in ICc compared to ICd can etffiauditory processing. ICc projects
mainly to the MGv which, like ICc, is part of thenhniscal pathway. MG is the last centre for
auditory processing before inputs are sent to tGeAdecrease in inhibition in the ICc could
mean that more excitatory inputs are sent to thevihigh passes them on to the AC, thus

leading to improper auditory processing and tirsiitu

The role of ICd and ICx in auditory processingag known. They have been shown to
contain neurons that habituate rapidly and respomibvel sounds. Habituation is a process by
which a neuron decreases its response to a stimutrgime, and is thought to involve
GABAergic inhibition. Failure to habituate can le@daudiogenic seizures (Chakravarty and
Faingold, 1996). A decrease in GABAReceptor subunit levels in these subdivisionsazarse
the transmittance of noise that the neurons ushaltytuated to, thus producing hyperacusis. A
decrease in GABAmediated inhibition can also lead to audiogenizises where neurons fire
and transmit information to the higher structuresrethough no stimulus is present. This can
lead to perception of phantom sounds i.e. tinniflerefore, a decrease in GABAeceptor
subunits and GABAregulation in ICd and ICx can have more severesequences on auditory
functioning. These two subdivisions might be moreived in the sensation of tinnitus than

ICc.
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5.4 Changes in GABAR1 and GABAgR2 receptor levels in the MG

After IC, MG showed the greatest reduction in GABAIbunit levels. Not many studies
have been conducted on salicylate's effect on M@.cbnducted studies show conflicting
results. Holt and colleagues (2010) found no chamgetivity in MG after chronic application
of SS. Wallhauser-Franke and colleagues (1997,)2008d a slight increase in c-fos
expression, a marker for activity in neurons, in &t not in MGv after chronic SS
application. My results show a large decrease ilB&#Areceptor subunit levels in all the
subdivisions of the MG. The difference in findinggght be due to the difference in

experimental procedures.

MGm showed the largest reduction, followed by M&gwe MGd. MGv and MGd have a
higher level of GABA receptors than MGm. Therefore, the percent redachown here might
be different than the absolute reduction as themiht subdivisions have differential levels of
GABAg receptors. The three subdivisions also have éiffieneural connections in the auditory
system. MGv and MGd project to the auditory comdrereas MGm projects to non-auditory
areas. Thus a change in MGv and MGd might have seEnieus consequences on the function

of MG as a thalamic auditory relay structure tha@il

MGy is considered a specific auditory relay ce@enzalez-Hernandez et al, 1991). It
receives ascending projections from ICc and desognojections from the AC (Malmierca
and Merchan, 2005). It is a major source of inpuhe AC (Winer and Schreiner, 2005). Thus
MGy is very important in auditory processing. A oigse in GABA receptors in MGv can
affect the processing of ascending neural connesfimm the ICc. As it is the last relay

structure before inputs reach the AC, dysregulatdal inputs can be transmitted directly to the
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AC which processes all the incoming informationislleads to faulty neural processing and can
lead to hyperactivity in the AC, resulting in titus and hyperacusis. Further research is needed
to be conducted on the MG to study the effects®b8 neural processing in the MGv, and how

this impacts neural processing in the primary augitortex that MGv projects to.

MGd receives ascending projections from ICd ar I€Calso sends descending
projections to the ICx, forming a feedback loop. M§&ends ascending projections to secondary
auditory cortices. A decrease in GAB#feceptors in MGd not only leads to improper neural
processing of incoming information to the MG, bisioain the ICx through faulty management of
the feedback loop. This can greatly impact the tanglinformation sent to the secondary
auditory cortices that MGd projects to, and cau l@atinnitus and hyperacusis. Further studies
are needed to conducted to study the role of Mi@dnction of tinnitus as this structure is

greatly affected by SS application in terms of GABAceptor subunit levels.

5.5 Changes in GABAR1 and GABAgR2 receptor levels in the AC

Previous physiological studies have reported arease in activity of AC neurons after
systemic SS injection (Sun et al., 2009). This hgpivity has been attributed to a decrease in
GABAergic inhibition (Sun et al., 2009; Lu et &2011). My IHC results indicate a reduction in
GABAg subunit immunoreactivity in the AC, and are inessgnent with previous physiological
findings. It is believed that all cell types in tta's primary auditory cortex are GABAergic
(Otterson and Strom-Mathisen, 1984; Winer and Lat@89; Winer, 1992). Thus GABAergic
inhibition plays a major role in neural processimghe AC, and even a small decrease in

GABAg receptor levels might lead to significant incresaiseneural activity. Since AC is
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involved in auditory perception, the increase innaéactivity can manifest as an auditory

disorder e.qg. tinnitus.

There were no significant differences in GABReceptor subunit levels amongst the
three subdivisions of the AC. However, the différayers of the AC showed differential affect
of the drug. The deep layers i.e. layers IV-VIlod tAC showed a greater qualitative reduction in
GABAg receptor levels than the superficial laydrse deep layers of AC receive ascending
inputs from IC and MG. These layers also send debing projections to those structures,
forming feedback loops to regulate neural procegs@iviiner and Larue, 1987; Roger and
Arnault, 1989; Arnault and Roger, 1990). A decraadbe levels of GABA receptor not only
causes faulty processing of incoming informatiaut, ddso of descending inputs. The improper
regulation through the descending inputs can cena®eurate neural processing in the lower
structures which in turn send inaccurate auditofgrmation to the AC, thus forming a positive
feedback loop. This can lead to information whghisually filtered being sent to the AC. These
layers receive and process the gain of the auddygsiem due to changes in lower auditory, and
in turn, display hyperactivity which leads to thensation of tinnitus. Therefore, the deep layers

of AC might play a greater role in tinnitus sensatihan the superficial layers.

5.6 Cellular distributions of reduction in the leve of the GABAgR1 and GABAsR2

subunits:

In all the auditory structures analyzed, the réidadn the level of the GABAR1 and
GABAgR2 subunits was greater in cell bodies than im#aegopil,. The number of labeled cell
bodies and the OD of labeled cell bodies decreatedSS treatment. Cell bodies contain the

machinery to make proteins. Both the GABH. and GABAR2 subunit are made in the ER
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(Pin et al., 2004, Restituito et al., 2005). Thbuguts can join together to traffic to the cell
membrane to form a functional receptor. In photoogcaphic images, the cell membrane can be
visualized in either cell body areas or the neuyeyhich contains the axons and dendrites. A
reduction in cell body receptor subunit levels dogflect a reduction in the level of functional
GABAg receptors or a decrease in the levels of individubunits available to make the
functional receptor. Recent studies have shownSBatan modify mRNA levels of various
proteins in the auditory structure 2-3 hours adtgtemic application of the drug (Panford-Walsh
et al., 2008; Zou and Shang, 2012; Hu et al., 2004¢ time frame in which these changes

happen coincides with that in which levels of GAB#&ceptor subunits were reduced.

The levels of GABA receptor subunits in the neuropil were reducedllithe auditory
structures after application of SS. The subunith@&neuropil are most likely associated with
functional receptors as neuropil contains the axamtsdendrites of neuron cell bodies. The
decrease in neuropil labeling is probably due tedaiction in receptor subunits available for
making functional receptors and not due to thecei® SS on receptor stability. To date, no
studies have been conducted to study the effesBadn receptor stability. Studies looking at the
early or immediate effect have shown that SS chibinGABA receptors and GABAergic
inhibition, indicating that SS can interact witletG ABA receptors. The possibility that SS
might cause a change in receptor stability by délstang the receptor and might cause a

reduction in receptor levels in the neuropil cartm®tuled out.

The decrease in subunit levels may or may notlagted to receptor turnover. GABA
receptors constantly traffic in and out of the ceimbrane. Studies monitoring GABA£eceptor
trafficking have found that the receptors are dyicaity regulated, with an internalization rate

of 404 mins. The rate of insertion is faster &t2. mins (Wilkins et al., 2008). The receptors
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are constantly replenished to maintain proper ndungtion. SS might affect the cellular
mechanisms involved in regulating receptor turnpaad may either enhance the internalization
of receptors or prevent the reinsertion of receptdhereby reducing the receptors expressed on

the cell membrane.

The rate of internalization of GABAreceptors is affected by agonist and antagonist
binding. Binding of agonists increases the ratmtarnalization whereas antagonist binding
decreases the rate of internalization (Wilkinslgt2z®08). Physiological studies on the direct
effect of SS on neural activity report that SS dases the inhibitory post-synaptic potentials
caused by GABA receptor activation, indicating that SS has aagumistic effect on the
GABAg receptors (Lu et al., 2011). Thus the reducti@nsae this study cannot be attributed to
receptor internalization since the antagonistimaodf SS would decrease the rate of
internalization and cause more receptors to beesspd on the cell membrane. However, the
possibility that SS causes changes in receptoilisgaiannot be ruled out. Further research is

needed to be conducted to address the effect oh3&ceptor stability.

7 Conclusions and future directions:

Intraperitoneal injection of SS causes a reduatahe level of GABAR1 and
GABAgR2 subunits in all the major auditory structuresisTreduction is different for different
structures. The IC and MG are affected the moshb\effect of SS treatment. The drug had a

greater affect on the levels of subunits in thélmedlies than in the neuropil..

My research provides a basis for future tinnitesearch to focus on GABAeceptors. |
studied the effect of SS, a tinnitus inducer, anldvel of GABAs receptors in the auditory

structures. However, tinnitus is also induced hyosure to loud noises. In fact, loud noise is the
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cause of approximately 23% of reported tinnitusesgJinnitus archive, Oregon Health and
Science University). Future studies can examingtssible involvement of GABAreceptors

in noise-induced tinnitus by pairing behaviouralds¢s with immunohistochemical studies.
Researchers can study changes in GABZceptor levels in each auditory structure after
exposure to loud noise to determine if the recelpteels are affected in a manner similar to that

seen after treatment with SS.

Physiological studies monitoring the activity oABA g receptors during tinnitus can be
conducted to decipher the functional role of theseptors in tinnitus. Since my results showed
a decrease in GABAreceptor levels in all auditory structures, thevaty of GABAg receptors
in each auditory structure can be studied to deteriie relative contribution of each structure
to the tinnitus sensation. Pharmacological mantmriausing agonists and antagonists can be
paired with behavioural studies. The receptorstsahlocked using antagonists or activated
using agonists and the strength of tinnitus semsain be measured using behavioural

paradigms to fully decipher the involvement of #nesceptors in tinnitus sensation.

Future research can study the effect of SS onleelinechanisms responsible for
synthesizing GABA receptor subunits. The higher reduction in thélmadies indicates that SS
may be affecting cellular mechanisms. Future ssida monitor effect of SS on transcriptional
and translational machinery to determine the calltdrgets of SS as the drug affects more than
just GABAg receptors. The proteins involved in transcriptortranslation can be knocked out
in a systematic manner and change in receptordemehitored after SS application to determine
the involvement of the protein in the effect of &lication. The transcription and translation of
GABAg receptor subunits can also be monitored to seehwdtage is more affected by SS. The

two subunits are needed to make a functional recepind in the absence of one, the other
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subunit is degraded and recycled. Further reseanmbeded to determine if SS affects one
subunit's production or stability more than theeotmesulting in the downregulation of the other
subunit. The effect of SS on receptor stability also be studied. Florescent tags can be used to
tag the GABAs receptors and monitor their stability during thiedir time frame of SS's effect

to determine if SS can destabilize the functioeakptor or a subunit and cause changes in

receptor levels.
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TABLES

TABLE 2: Summary results regarding the effect of@She GABARL1 subunit in four auditory
structures

% change in GABAsR1 labeling

CN IC MG AC
OVERALL 16.1 31.2 34.0 111
CELL BODY 70.9 82.7 81.6 47.1
NEUROPIL 15.4 30.4 32.3 10.6
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TABLE 3: Summary results regarding the effect of@3he GABAR1 subunit in the

subdivisions of four auditory structures

GABAgRL1 levels
overall Cell body neuropil
oD oD % Total Total % oD oD %
SAL SS reduction| # SAL | #SS | reduction| SAL SS reduction
CN DCN 90.01 100.1 16.1 2395 63( 73.7 90.8 10p.3 .315
PVCN 92.6 111.3 28.4 2084 672 67.8 943 111.8 274
AVCN 101.5 1141 34.6 6210 1806 70.9 103.2 1143 .333
IC ICd 87.0 103.5 31.2 11435 3376 70.5 88(2 104.0 043
ICx 97.9 1134 36.1 18553 3522 81.0 99{4 118.7 345
ICc 96.8 117.5 47.0 13202 564 95.7 980 11y.6 4517
MG MGd 102.7 118.5 35.8 1688 454 73.0 104.6 11P.1 433
MGv 103.7 121.4 41.7 3674 585 84.1 103.4 121.8 401
MGm 107.1 125.2 47.0 634 61 90.3 108.4 1254 456
AC AUl 85.4 94.9 111 13446 731 45.6 869 95.8 610.
AUD 84.5 95.8 13.5 5291 272 48.6 86(1 96.7 13,
AUV 86.9 98.2 14.5 4443 22271 49.9 88.b 994 14.7
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TABLE 4: Summary results regarding the effect of SGABAgR2 subunit in four major

auditory structures.

% change in GABAsR?2 labeling

CN IC MG AC
OVERALL 11.0 24.0 23.3 12.3
CELL BODY 42.2 72.3 70.0 33.7
NEUROPIL 10.4 23.1 21.9 12.2
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TABLE 5: Summary results regarding the effect ofd@3he GABAR1 subunit in the

subdivisions of four auditory structures.

GABAgR2 levels

overall Cell body neuropil
oD oD % Total | Total % oD oD %
SAL SS reduction| # SAL | #SS | reduction| SAL SS reduction
CN DCN 87.3 93.5 11.4 2444 181p 25.6 88(8 944 104
PVCN 89.5 99.5 21.9 1845 864 53.0 918 103.2 219
AVCN 99.9 103.4 7.5 1502 661 56.0 1019 1053 7.4
IC ICd 106.7 116.4 24.0 8491 3246 61.8 107.6  116.8 23.1

ICx 117.0 125.3 27.5 12718 34783 72.7 11T.0 1256 .725

ICc 117.2 125.7 27.9 8234 1436 82.6 118.2 126.3 6 27
MG MGd 106.9 115.8 22.5 918 291 68.3 108.2 1141 .720
MGv 109.2 117.2 221 1729 539 68.8 109.8 117.4 21.3
MGm 110.3 1211 31.2 366 73 20.0 111.8 121.3 28.8
AC AU1 100.8 106.9 12.3 11344 7699 32.1 101.8 107.7 12.2
AUD 101.2 107.6 13.0 4902 32598 33.5 102 108.3 12,7
AUV 103.3 109.7 13.6 3242 1975 39.1 104 11012 13.4
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TABLE 6: Densitometry values of GABR1x and GABARIS subunits.

CB CN IC MG AC
SAL SS | SAL| SS| SAL SS SAL SS SAL S$
GABABR1a | 10512| 9681 | 8611 6940 123068218 | 13576 1335512363| 10722
GABABR1p | 6634 | 7154| 6017 5116 7366 5144 8935 7726 1058670
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APPENDICES
Solutions used in Immunohistochemistry procedures:
0.5M Sodium Phosphate Dibasic
For 1L
70.98g sodium phosphate dibasic powder (NaH2PO@3H2
1L of dH20
0.5M Sodium Phosphate Monobasic
Fo 1L
68.99g anhydrous sodium phosphate monobasic (NaKXRP
1L dH20
0.4M Sodium Phosphate Buffer (PB) (pH=7.2)
For 1L
600ml 0.5M sodium phosphate dibasic solution
200ml 0.5M sodium phosphate monobasic solution
200ml dH20
0.1M Sodium Phosphate Buffer (PB) (pH=7.2)
For 1L
250ml 0.4M PB
750ml dH20
0.1M Phosphate Buffer Saline (PBS) (pH=7.2)
For 1L
250ml 0.4M PB
750ml dH20
4% Paraformaldehyde (PFA) in 0.1M PB (pH = 7.2)

For 1L
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40g PFA powder
1L 0.1M PB
Dissolve PFA powder into PB by heating on asate at low heat settings
Adjust pH with either HCI| or NaOH

Cryoprotectant solution
For 100ml

30g sucrose

100ml PB
0.05% Triton in 0.1M PBS (TPBS)
For 1L

0.05ml Triton X-100

1L 0.1M PBS
3,3' diaminobenzidine tetrahydrochloride (DAB)-nickel solution
For 20ml solution

5ml 0.4M PB

200u1 0.4% NHA4Cl in 0.1M PB solution

200u! Glucose

13.6ml dH20

200u! of 50mg/ml DAB (D5637, Sigma-Aldrich, Oakeil ON, Canada) in 0.1M PB

0.8ml 1% Nickel suplhate in dH20

20u1 of Glucose oxidase (G3660, Sigma-Aldrich)
Solutions used in Western blotting procedures:
Homogenization buffer:
For 10ml solution:

25ul 1M Tris-HCL (pH = 8.0)
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225ul 1M NacCl
20ul 0.5mM EDTA
100pI Triton x-100
Protease inhibitors:
0.5ul/ml aprotinin
10ul/ml PMSF (phenylmethanesulfonyl fluoride)
1pl/m/ leupeptin
1pg/ml pepstatin A
Electrophoresis Sample Buffer (4X):
For 100ml
40ml 87% Glycerol
10ml 2$-mercaptoethanol
40ml 10% SDS (sodium dodecyl sulphate)
100ml 0.5M Tris-HCL
4ml 1% Bromophenol blue
6ml dH20
Lower Gel Buffer (pH = 6.8):
For 1L
182g Tris base
4g SDS
Bring volume up to 1L with dH20
7.5% Lower gel:
For approximately 30ml solution
16.875ml dH20

7.5ml lower gel buffer
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5.625ml acrylamide
112.5u1 10% APS (ammonium persulphate)
33.7% TEMED (N,N,N,N'-tetramethylenediamine)
Upper Gel Buffer (pH = 6.8):
For 200ml
12.1g Tris base
0.8g SDS
Bring volume up to 200ml with dH20
Stacking Gel:
For approximately 10ml solution
6.4ml dH20
2.5ml upper gel buffer
1.125ml acrylamide
30ul 10% APS
20ul TEMED
5X Running Buffer (pH = 8.2)
For approximately 1L
15.1g Tris base
94g Glycine
25ml 10% SDS
Transfer Buffer (pH = 9.2)
TBS-Tween (TBST) Buffer:
For 1L
5ml 10% Tween

995ml TBS buffer
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