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Abstract 

 

Noise-induced hearing loss (NIHL) is a global health problem affecting up to 5% 

of the population worldwide. In many instances, NIHL results from acute 

exposure to traumatic noise. As the injury to the inner ear is mostly due to 

oxidative stress which continues after the cessation of noise exposure, there is a 

brief window of opportunity to rescue cochlear tissues and prevent the hearing 

loss within the first 2-3 days after exposure. We have shown that NIHL can be 

prevented by administration of drugs acting on adenosine receptors in the inner 

ear, and a selective A1 adenosine receptor agonist Adenosine Amine Congener 

(ADAC) has emerged as a potentially effective treatment for cochlear injury and 

resulting hearing loss.  

This study investigated pharmacokinetic properties of ADAC in rat plasma, 

cochlear tissue and perilymph after systemic (intravenous) and local 

(intratympanic) administrations using reverse phase high pressure liquid 

chromatography (RP-HPLC) and liquid chromatography-tandem mass 

spectrometry (LCMS/MS). Both methods were developed and validated in 

accordance with the USA FDA guidelines including accuracy, precision, 

specificity and linearity. Our study shows that ADAC remains stable for 4 hours 

at 37°C, with no metabolites detected by RP-HPLC. The pharmacokinetics (PK) 

of ADAC in rat plasma are characterised by one-compartment PK model with a 

short half-life (5 minutes). ADAC was detected in cochlear perilymph within 2 

minutes following systemic administration, and remained in perilymph above its 

minimal effective concentration (MEC) for at least 2 hours. The 
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pharmacokinetics of ADAC in rat plasma was similar to another selective A1 

adenosine receptor agonist N6-Cyclopentyladenosine (CPA), but distinct from 

the others, such as R- and S-N6-Phenylisopropyladenosine (R- and S-PIA). 

Previous studies supported ADAC as an effective cochlear rescue agent for 

noise- and drug- induced hearing loss. This study further investigated the 

potential of ADAC as a therapeutic agent after acoustic trauma caused by 

exposure to impulse noise. Both systemic (intraperitoneal) and local 

(intratympanic) drug administration routes were investigated. The outcomes 

were measured functionally (ABR thresholds and suprathreshold responses) 

and histologically (quantitative assessment of the loss of hair cells and spiral 

ganglion neurons). Our results demonstrated that ADAC was ineffective in 

mitigating cochlear injury caused by exposure to impulse noise, regardless of 

the drug administration route. Possible reasons include the largely mechanical 

nature of cochlear injury associated with impulse noise, and low permeability of 

the cochlear round window membrane (RWM) for ADAC.  Further studies are 

therefore required to explore alternative routes of drug administration and 

potentially focus on drug combinations for the treatment of impulse noise-

induced cochlear injury, which could include anti-apoptotic and antioxidant 

agents. 
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 Literature Review Chapter 1

 

The flow of this literature review follows initially the travel of sounds. It begins by 

sound waves reaching the outer, middle and inner ear (the Anatomy of the ear), 

followed by auditory transduction inside the cochlea. This literature review then 

describes cochlear injury caused by exposure to continuous or impulse noise.  It 

illustrates structural damage and metabolic disruption in the cochlea in response 

to excessive noise and potential treatments for NIHL, including adenosine A1 

receptor agonists, which are the main topic of this study. 

 

Anatomy of the Ear 1.1 

 

Hearing, an important aspect of human communication, commences with the 

ear’s capture of sound. In mammals, two sensory organs are located in the inner 

ear. The vestibular organ provides a sense of balance and equilibrium, whilst 

the cochlea is the sensory organ of hearing (Silverthorn, 2014). Despite the 

variety of forms, the mammalian ear consists of the outer ear, middle ear and 

inner ear (Figure 1).  
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Figure 1: The anatomy of the human ear (Hearing-Care, 2008). 

 

1.1.1 The Outer Ear 

 

The outer ear consists of the auricle (pinna), a prominent fold of cartilage-

supported skin, and the external auditory meatus (ear canal) which ends at the 

tympanic membrane, or eardrum. The tympanic membrane (eardrum) separates 

the outer and middle ear. The human eardrum is approximately 12 to 90 µM 

thick and 8 to 9 mm in diameter (Lim, 1970). In rats, the eardrum is about 5 µM 

thick. It has a diameter of 4 to 6 mm (Hebel & Stromberg, 1976). The outer ear 

acts like a sound collecting duct. The pinna captures sound waves, and 

contributes to mapping the spectral characteristics of the sound. It also plays a 

role in sound localisation (Geisler, 1998). Sound waves then travel through the 

external auditory meatus (ear canal). The average length of the human auditory 

canal is about 28 mm, and it amplifies sound by approximately 12-15 dB at the 
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frequencies 2-5 kHz (Shaw, 1974). These frequencies are important for speech 

perception.  

 

1.1.2 The Middle Ear 

 

The middle ear is an air-filled chamber which contains three small bones or 

ossicles connected in a chain-like fashion: the malleus, the incus and the stapes 

(Figure 1). The main function of the middle ear is to transfer airborne sound to 

the inner ear, and to overcome the impedance between the air and the inner ear 

fluids. 

The malleus is attached to the eardrum, and the incus. These bones act as 

levers to further amplify the vibrations of the eardrum in response to sound. The 

incus then connects to the stapes, which in turn connects to the oval window, an 

opening to the cochlea covered by a flexible membrane (Figure 1). The main 

function of the middle ear is the mechanical transmission of the sound. The 

sound waves move the eardrum and attached ossicular chain. The stapes 

footplate, attached to the oval window, transfers the vibrations to the 

perilymphatic compartment and to the inner ear structures.  

The middle ear also has two small muscles: the tensor tympani which attaches 

to the malleus, while the stapedius muscle attaches to the stapes (Pickles, 

2008). These two muscles are innervated by the fifth (trigeminal) and the 

seventh (facial) cranial nerves, respectively. Those groups of muscles play an 

important role in sound transmission, especially during loud sound exposure. 
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They restrict the movement of the malleus and stapes to protect the cochlea 

from noise damage. This is known as the attenuation (middle ear) reflex 

(Pickles, 2008; Purves, 2008). The reflex has a delay of 50-100 msec from the 

time that sound reaches the ear, therefore it does not offer much protection from 

sudden loud sounds such as an explosion. The attenuation reflex is also 

activated during speech, so we do not hear our own voices as loudly as we 

otherwise would. 

 

1.1.3 The Inner Ear 

 

The structure of the inner ear is the most complex, as it contains the major 

sensory organs of the ear (Pickles, 2008; Silverthorn, 2014). Anatomically, there 

are two main parts of the inner ear, the vestibular organ and the cochlea (Figure 

2). The vestibular organ comprises the sacculus, utriculus and the semi-circular 

canals. These compartments sense and control the equilibrium, motion and 

spatial orientation relative to gravity. The structure and function of the vestibular 

system are not discussed further in this literature review.  
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Figure 2: The structures of the inner ear.  

The semicircular canals are responsible for motion and balance, whilst the cochlea is 
the sensory organ of hearing (Modified from Purves, 2008). 

 

1.1.4 The Cochlea 

 

The cochlea is the sensory organ of hearing embedded deep inside the 

temporal bone (Pickles, 2008). Internally, it is a membranous tube which 

resembles a marine snail. The human cochlea is approximately 1 cm wide at the 

base, and 0.5 cm wide at the apex. The uncoiled basilar membrane length is 

about 3.5 cm. The cochlea of an adult rat consists of 2.5 turns, and it is much 

smaller than that of a human: only 12.16 mm long when uncoiled (Hebel & 

Stromberg, 1976).  
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In spite of the size differences, the structure of the cochlea is very similar in 

humans and rats. Most of our understanding of the structure and function of the 

cochlea has been derived from animal models, including rats, mice, guinea-pigs, 

gerbils and chinchillas. The anatomy and the functions of the cochlea and the 

organ of Corti will be reviewed in the following sections. 

 

1.1.4.1 The Compartments in the Cochlea 

 

The internal compartments of the cochlea consist of three parallel, fluid-filled 

chambers: the superior scala vestibuli (SV), the middle scala media (SM), and 

the inferior scala tympani (ST) (Figure 4A). The ducts of the scala vestibuli and 

scala tympani are filled with perilymph, interconnecting through an opening 

called the helicotrema. The scala media is separated from the other two 

compartments and is filled with endolymph. Endolymph is secreted by the stria 

vascularis at the lateral wall of the SM. Endolymph has a high concentration of 

K+ (~150 mM) and low concentration of Na+ (~10 mM) (Tasaki & Spyropoulos, 

1959; Kuijpers & Bonting, 1969; Salt et al., 1987; Wangemann et al., 1995). The 

stria vascularis is also associated with cochlear energy metabolism (Thalmann 

et al., 1973; Oishi & Schacht, 2011; Müller & Barr-Gillespie, 2015). The function 

of the stria vascularis is critical to the inner ear, as disruption of the stria 

vascularis alone is sufficient to cause hearing loss (Yamane et al., 1995a). In 

contrast to the scala media, the scala tympani and scala vestibuli both contain 

perilymph. The ionic composition of perilymph is different than endolymph. 
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Perilymph is high in Na+ (~140 mM), and low in K+ ions (~5 mM), resembling 

normal extracellular fluid (Wangemann, 2006; Hibino et al., 2010).  

The scala media is separated from the other two compartments by the 

Reissner’s membrane (a two cell layered membrane) and the organ of Corti, 

and they act as barriers to prevent the mixing of endolymph and perilymph 

(Figure 4B) (Pickles, 2008). The scala media has a large resting positive 

potential called the endocochlear potential of approximately +80-100 mV which 

provides the main driving force for sound transduction (Thalmann et al., 1973; 

Muñoz et al., 1999; Wangemann, 2002; Nin et al., 2008). 

 

1.1.4.2 Lateral Wall Tissues 

 

The cochlear lateral wall comprises the spiral ligament and the stria vascularis, 

and they play an integral role in the maintenance of the cochlear 

electrochemical homeostasis and generation of the endocochlear potential 

(Raphael & Altschuler, 2003; Wangemann, 2006). 

The spiral ligament forms the outer part of the cochlear lateral wall, located 

between the temporal bone and the stria vascularis. The spiral ligament is made 

up from fibrocytes (connective tissues), epithelial cells, blood vessels, and 

extracellular matrix materials. Additionally, the spiral ligament fibrocytes are 

categorised into five subclasses (I to V, shown in Figure 3) based on their 

morphology, function and location (Dallos et al., 1996, Hirose & Liberman, 

2003). Type I fibrocytes are found in the area between the temporal bone and 
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the stria vascularis, and are communicating to the basal cells of the stria 

vasulcaris via gap junctions (Nickel & Forge, 2008). Type II fibrocytes are 

located underneath the spiral prominence adjacent to the outer sulcus cells. 

They are characterised by the numerous cytoplasmic extensions and are 

connected to type I fibrocytes by gap junctions (Nickel & Forge, 2008). Some 

fibrotyes with similar morphology to type II fibrocytes can be found in the 

suprastrial region near the insertion of Reissner’s membrance, and they are 

often referred to as type V fibrocytes. Type III fibrocytes are at the border of the 

temporal bone. Type IV fibrocytes are localised in the inferior region of the spiral 

ligament with the spindle shape morphology (Figure 3).  

Fibrotyes located in the upper and lower regions of the spiral ligament make 

direct contact with perilymph in scala vestibuli and scala tympani. Tight junctions 

located on the spiral prominence and the outer sulcus cells form a barrier to 

prevent mixing of scala tympani perilymph with endolymph inside the scala 

media (Figure 4B). 

The stria vascularis is the medial part of the lateral wall, and it is a highly 

vascularised tissue (Dallos et al., 1996; Raphael & Altschuler, 2003) (Figure 

4B). Three cell types comprise the stria vascularis: marginal, intermediate and 

basal cells. The marginal cells form a monocellular layer on the endolymphatic 

face of the stria vascularis. These cells are rich in microvilli, which have the role 

in potassium absorption and secretion. The basal cells make direct contact with 

the spiral ligament, and the intermediate cells are sitting in between marginal 

and basal cells. Marginal cells and basal cells are connected by tight junctions, 

and their function is to protect the intrastrial space from endolymph and 

perilymph, respectively (Dallos et al., 1996; Raphael & Altschuler, 2003). Both 
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marginal and intermediate cells express Na+/K+-ATPase which plays an 

important role in generating the endocochlear potential (Shi, 2016). The basal 

cells establish a barrier between the stria vascularis and spiral ligament, but still 

communicate with type I and type II fibrocytes in the spiral ligament via gap 

junctions (Nickel & Forge, 2008).  

 

 

Figure 3: Schematic diagram showing the spatial organisation of the spiral 
ligament fibrocytes type I to IV. 

Adapted from Hirose & Liberman, 2003. 



Chapter 1: Literature Review Page 10 

 

1.1.4.3 Spiral Limbus 

 

The spiral limbus, or limbus laminae spiralis, is a structure located medial to the 

organ of Corti. It comprises epithelial cells, fibrocytes, blood vessels and 

extracellular matrix (Van De Water & Staecker, 2011). The epithelial cells 

located on top of the spiral limbus are known as interdental cells. The tectorial 

membrane (TM), which is an cellular connective tissue overlying the organ of 

Corti, is attached medially to interdental cells (Dallos et al., 1996; Raphael & 

Altschuler, 2003). The tectorial membrane plays an important role in auditory 

transduction, which will be described later in this literature review. Four types of 

fibrocytes (stellate, mesothelial, osmiophilic and light cells) are located under the 

epithelial cells, and they occupy the main stromal region of the spiral limbus 

(Kimura et al., 1990). These fibrocytes of the spiral limbus have an important 

role in maintaining the cochlear fluid homeostasis.  
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Figure 4: Histology of the cochlea and the organ of Corti.  

A) Cross section of a single turn in the cochlea. (1) Scala media (2) Scala vestibuli (3) 
Scala tympani (4) Reissner’s membrane (5) Basilar membrane (6) Tectorial membrane 
(7) Stria vascularis (8) Spiral ganglion (9) Spiral lamina and (10) Spiral limbus. Adapted 
from http://www.neuroreille.com/promenade/english/cochlea/fcochlea.htm on 17th 
March 2016; B) A cross section of the cochlear duct showing the organ of Corti (Davis, 
1953). 

A 

B 



Chapter 1: Literature Review Page 12 

1.1.4.4 Cochlear Vascular Arrangements 

 

The cochlea requires adequate blood supply to maintain its high metabolic 

demand. The vascular anatomy of the cochlea, sometimes referred to as 

cochlear vasculature, is unique among other vascular networks, and is highly 

conserved between mammalian species (Axelsson, 1988). The blood vessel 

arrangement of the cochlea is segregational, with capillary beds in the bony 

modiolus separated from other capillary beds in the lateral wall. The separation 

is achieved by the existence of avascular structures like Reissner’s membrane, 

the tectorial membrane and the peripheral part of the basilar membranes 

(Axelsson, 1988). 

The major blood vessel supplying the mammalian inner ear is the labyrinthine 

artery, or the internal auditory artery (Axelsson, 1988). This artery is branched 

from the anterior inferior cerebellar artery or the basilar artery (Mom et al., 

2005). Inside the inner ear, the internal auditory artery is further branched, 

giving rise to the cochlear artery at the point where the major cochlear nerve 

enters the bony modiolus. This then becomes the spiral modiolar artery. From 

this point on, radiating arterioles are branching off and passing through the 

modiolus, over the scala vestibuli, and going into the lateral wall (Mom et al., 

2005). In the lateral wall, these arterioles branch further to become capillary 

beds into the spiral ligament, the stria vascularis, and the spiral prominence 

(Hawkins, 1976; Dallos et al., 1996). These capillary beds form a continuous 

semi-selected layer called the blood-labyrinth barrier. This is achieved by 

forming tight junctions between adjacent endothelial cells and the lack of 
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fenestrations (Hawkins, 1976; Dallos et al., 1996). Radiating arterioles also form 

capillary beds to supply the spiral ganglion, spiral limbus, tympanic lip and 

basilar membrane. At the spiral limbus region close to the basilar membrane, 

the capillaries form another network to provide blood supply to the sensory hair 

cells of the organ of Corti (Hawkins, 1976; Dallos et al., 1996).  

 

1.1.5 The Organ of Corti 

 

The organ of Corti is the principal sensory organ of hearing and it sits on the 

basilar membrane of the cochlea. The organ of Corti itself is a highly 

differentiated sensory epithelium, consisting of specialised hair cells and various 

supporting cells (Dallos et al., 1996; Raphael & Altschuler, 2003). The basilar 

membrane mainly consists of strong connective tissues. The apical surfaces of 

the sensory and supporting cells in the organ of Corti join together via a network 

of tight junctions and adherents junctions, to form the reticular lamina (Figure 

4B). The reticular lamina acts as a barrier between the endolymph of the scala 

media and perilymph of scala (Dallos et al., 1996; Raphael & Altschuler, 2003). 

 

1.1.5.1 Hair Cells 

 

The organ of Corti contains two main types of sensory cells, the flask shaped 

inner hair cells (IHC) and columnar shaped outer hair cells (OHC). There are 

approximately 16,000 hair cells in the adult human cochlea, arranged in one row 
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of IHC and three to five rows of OHC (Purves, 2008). The IHC are the true 

sensory cell type, encoding sound information and sending it to the brain 

through the auditory nerve. The main function of the outer hair cells is to 

enhance the sensitivity and frequency selectivity for hearing, and this is referred 

to as the “cochlear amplifier”. Located on the apical surfaces of the sensory hair 

cells are microvilli-like projections known as stereocilia. Stereocilia are 

interconnected by tip links and side links (Pickles et al., 1984; Furness & 

Hackney, 1985). The tips of stereocilia contain electrical transduction (MET) 

channels that can mediate the electrical responses of the hair cells. The arrays 

of stereocilia also make contact with a fibrous tectorial membrane, which sits 

directly above the hair cells. The tectorial membrane is one of the two non-

cellular structures in the cochlea, and it is made up of collagen, glycoproteins 

and tectorins (the major non-collagenous component of the tectorial membrane) 

(Legan et al., 1997). The TM has an important function in hearing, deflecting the 

hair cells during movements of the basilar membrane and opening the MET 

channels (Legan et al., 2000; Legan et al., 2005). 

The IHC are innervated by dendrites of the auditory nerve (8th cranial nerve), 

and they act as the primary sensory cells of the cochlea. The main role of IHC is 

to convert sound waves into electrical signals (Willems, 2000; Ashmore, 2008). 

As much as 95% of auditory nerve fibres that project to the brain for processing 

auditory information are found to be connected with IHC (Purves, 2008). In 

contrast, the OHC are mainly responsible for cochlear amplification, and are 

innervated by the remaining 5% of the auditory neurons (Liberman et al., 2002). 

Each afferent auditory neuron innervates about 10 OHC (Liberman et al., 2002). 

In the low intensity sound environment, the somatic electromotility of OHC 
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increases the sensitivity (40-60 dB SPL) and frequency selectivity of the cochlea 

(Liberman et al., 2002). During this process, OHC act as a “motor” and are able 

to contract and expand to compensate for the energy lost from the basilar 

membrane, and this is achieved through the expression of a motor protein 

prestin in the OHC. Prestin allows OHC to change their length and provide 

nonlinear elements against the motion of the basilar membrane (Zhang et al., 

2002). The prestin knockout mice thus exhibit minimal cochlear mechanical 

amplification resulting in 40-50 dB higher hearing thresholds when compared to 

the wildtype animals (Liberman et al., 2002). 

 

1.1.5.2 Supporting Cells  

 

The supporting cells of the organ of Corti are highly differentiated in order to 

provide structural stability and/or metabolic support to the sensory hair cells 

(Dallos et al., 1996; Raphael & Altschuler, 2003). For instance, it has been 

shown that the supporting cells play a part in regulating the ionic environment 

inside and nearby the organ of Corti (Kikuchi et al., 2000). The supporting cells 

include the inner and outer sulcus cells, inner border cells, inner phalangeal 

cells, inner and outer pillar cells, Deiters’ cells, Hensen’s cells, Claudius cells 

and Boettcher’s cells (Dallos et al., 1996; Raphael & Altschuler, 2003) (Figure 

4B). The basal parts of the inner and outer pillar cells are tilted in opposite 

directions, in order to provide a triangular support of the organ of Corti, as well 

as to separate the inner hair cells from the outer hair cells. Deiters’ cells spread 

from the basilar membrane all the way to the reticular lamina, providing support 



Chapter 1: Literature Review Page 16 

to the outer hair cells. Hensen’s cells form the lateral border of the organ of 

Corti, and are adjacent to the Deiters’ cells. The Claudius cells are located on 

the basilar membrane, filling the space between the Hensen’s cells and the 

lateral wall (Figure 4B). 
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Auditory Transduction 1.2 

 

Hearing is a complex process which involves the outer, middle and inner ear, 

peripheral and central auditory pathways working together to process sound. 

The processes include the conversion of sound waves into mechanical 

vibrations in the middle ear, movement of the basilar membrane in the cochlea, 

conversion of sound energy into electrical signals by the sensory hair cells and 

auditory neurotransmission to the processing centres in the auditory cortex 

(Silverthorn, 2014).  

First, sound waves are gathered by the outer ear and travel down the ear canal. 

The sound waves then cause vibrations of the eardrum and its attached 

ossicular chain (malleus, incus and stapes). The sound transmission from the 

middle ear to the inner ear is dependent on these three ossicles, as the stapes 

footplate sits in the oval window of the cochlea, which transfers the vibrations to 

the perilymphatic compartment (scala vestibuli) and to the inner ear structures 

(Silverthorn, 2014). The design of the ossicular chain acts as an impedance 

transformer, matching the low impedance of the eardrum to the higher 

impedance of the cochlea (Pickles, 2008). This is done by utilising the lever 

actions of the three ossicles (incus is shorter than malleus) to concentrate the 

vibrating force from the eardrum to the stapes and the oval window. The 

movement of the ossicles also amplifies the sound from the air medium (the 

eardrum) to the fluid medium (the cochlea). In the absence of the ossicles, the 

sound waves could only be transmitted directly from the outer ear to the oval 

window of the cochlea, and much of the sound energy would be reflected due to 
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the large impedance differences between the two media (Pickles, 2008; Purves, 

2008). The vibration of the stapes causes movements of cochlear fluids in the 

scala vestibuli, resulting in a wave-like displacement of the basilar membrane 

and its surrounding structures. This cochlear fluid movement is then reflected at 

the round window membrane of the cochlea, causing it to bulge out slightly 

deforming the cochlear partition (Pickles, 2008; Purves, 2008). The basilar 

membrane is a hydromechanical frequency analyser. It encodes high frequency 

sound at the base and low frequency sound at the apex (Dallos, 1992). This 

creates a tonotopic representation of the cochlea (Békésy, 1960). When the 

basilar membrane is displaced, the organ of Corti also moves vertically. Hair 

cells in the cochlea are stimulated when the basilar membrane is driven up and 

down by differences in the fluid pressure between the scala vestibuli and scala 

tympani. Because this motion is accompanied by a shearing motion between 

the tectorial membrane and organ of Corti, the hair cell stereocilia are deflected. 

This deflection initiates mechano-electrical transduction in the hair cells. 

The stereocilia deflections of the hair cells open MET channels at the tips of the 

hair cell stereocilia. Under these conditions K+ ions from the endolymph flow into 

the hair cells and depolarise them (Wangemann, 2006; Hibino et al., 2010). The 

depolarisation causes opening of voltage gated Ca2+ channels at the base of the 

inner hair cells, triggering the release of the neurotransmitter glutamate, which in 

turn activates postsynaptic glutamate receptors of the spiral ganglion neurons 

(SGN) (Figure 5).  
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Auditory Neurotransmission 1.3 

 

The 8th cranial nerve has an important role in transmitting sound and balance 

information from the inner ear to the brain. Auditory nerve fibres, with cell bodies 

in the spiral ganglion, have direct synaptic connections with the sensory hair 

cells and the cochlear nucleus complex in the brainstem. Spiral ganglion 

neurons are the first group of neurons to generate action potentials in the 

auditory system. Whilst their dendrites make synaptic contact with the base of 

the sensory hair cells, their axons form the auditory component of the 

vestibulocochlear nerve (Bear et al., 2007). The cochlear nuclear complex acts 

as the first relay centre of this pathway, while the second order neurons 

originate here and project upwards to the superior olivary complex (Dallos et al., 

1996; Møller, 2000; Pickles, 2008). The cochlear nuclear complex sends 

neuronal processes both ipsilaterally and contralaterally, therefore, the superior 

olivary complex is the first relay station in the brain that receives auditory 

impulses from both cochleae. The lateral lemniscus pathway then links the 

superior olivary complex to the inferior colliculus in the midbrain. The neurones 

in the inferior colliculus send out axons to the medial geniculate body which then 

sends signals to the auditory cortex. The auditory cortex is located in the 

temporal lobe of the brain, and it has a pivotal role in processing complex sound 

information (Møller, 2000). 

The spiral ganglion neurons are located within the bony modiolus. The spiral 

ganglion is made up of the cell bodies of the spiral ganglion neurons, satellite 

cells, and blood vessels around them. There are two subtypes of spiral ganglion 
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neurons in the cochlea: type I SGN and type II SGN (Spoendlin, 1972, Barclay 

et al., 2011; Froud et al., 2015). Type I SGN make up to 90-95% of the SGN, 

and they project 10-20 single unbranched myelinated dendrites to a single IHC 

(Figure 6). In contrast, the remaining 5-10% of the type II SGN are 

unmyelinated, and they receive input from numerous OHC (Barclay et al., 2011). 

The main role of the type II SGN is still unknown, however, it was postulated 

that OHC and type II SGN drive the medial olivocochlear efferent reflex (MOC). 

The MOC reflex controls the hearing sensitivity by a closed negative feedback 

loop, and the OHC act as both the sensor and the effector (Froud et al., 2015).  



Chapter 1: Literature Review Page 21 

  

Figure 5: Hair cell depolarization and neurotransmitter release.  

Bending of the hair cells stereocilia causes the potassium ion entry through MET 
channels. Consequently, depolarization activates voltage-gated calcium channels, 
allowing calcium influx and the release of neurotransmitter glutamate into the synaptic 
cleft. Glutamate then stimulates the afferent nerve, sending auditory information to the 
brain (OpenLearnWorks, 2013). 
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Figure 6: Innervation of the sensory hair cells in the cochlea. 

Adapted from (Hackney, 2002). 

 

 

  



Chapter 1: Literature Review Page 23 

Noise Induced Hearing Loss (NIHL) and its Causes 1.4 

 

Hearing loss is a growing health problem worldwide. There are over 360 million 

people diagnosed with disabling hearing loss (328 million adults and 32 million 

children), hence it is considered to be the one of the most common sensory 

disabilities in humans (Parham et al., 2011). This estimation is based on hearing 

loss greater than 40 dB in the better ear in adults, and a hearing loss greater 

than 30 dB in the better ear in children. 

Typically, there are three types of hearing loss: conductive hearing loss, 

sensorineural hearing loss and auditory processing disorders. Conductive 

hearing loss involves sound transmission difficulties through the outer or middle 

ear, sensorineural hearing loss refers to damage to cochlear structures (hair 

cells and spiral ganglion neurons), and auditory processing disorders result from 

aberrations to auditory processing pathways. The most common type of 

deafness is sensorineural hearing loss caused by aging (presbyacusis, not 

discussed here), followed by exposure to loud sound. The latter leads to noise 

induced hearing loss (NIHL) which is the main topic of this thesis. Additionally, 

hearing loss can also be categorised by its cause, onset, severity and 

association, as showing in Table 1 below (Willems, 2000). 
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Table 1: Classification of hearing loss. 

Adapted from (Willems, 2000).  

Criteria Subcategory 

Cause Genetic (monogenic or multifactorial) 

 
Nongenetic 

Association Syndromic 

 
Nonsyndromic 

Onset Prelingual 

 
Postlingual 

Type Sensorineural 

 
Conductive 

 
Mixed 

Severity 
 Mild Loss of 21-40 dB 

Moderate Loss of 41-60 dB 
Moderately 
severe Loss of 61-80 dB 
Severe Loss of 81-100 dB 
Profound Loss of >100 dB 

 

NIHL was first described more than one century ago (Haberman, 1890). NIHL is 

caused by exposure to high intensity impulse noise or prolonged exposure to 

moderate or high level of noise. According to the World Health Organization 

(WHO), NIHL affects 5% of the population worldwide (WHO, 2010). The lack of 

hearing protection at work, increasing usage of portable music players, and the 

frequent exposure to loud recreational noise are considered to have a significant 

impact on the incidence of NIHL globally. The National Institute for Occupational 

Safety and Health (USA) reported that 30 million professional workers were 

exposed to damaging levels of noise at work in the USA two decades ago, 9 to 

11 million of them with NIHL, and the numbers are increasing steadily (NIOSH, 

1998). The National Health Interview Survey reported a 17.1% increased 

occurrence in hearing trouble among 18 to 44-year-olds from 1971 to 1991 

(Ries, 1994). In New Zealand, it is estimated that 10% of the entire population 
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has significant hearing loss (Greville, 2001) and among these people, 20-25% 

have NIHL (Thorne et al., 2011). Noise induced hearing loss not only is a severe 

burden for individuals, but it also has significant economic cost. For instance, 

the Accident Compensation Corporation itself in New Zealand spent over 40 

million dollars in 2006 on treating patients with NIHL alone (Thorne et al., 2008). 

Hearing loss (measured as auditory threshold shift) may be temporary (TTS), if 

a repair mechanism is able to restore the organ of Corti, or permanent (PTS) 

when hair cells or neurons die. NIHL can be an outcome of both continuous 

noise and impulse noise, and both of them are likely to cause mechanical 

damage and metabolic disruptions in the inner ear (Mäntysalo & Vuori, 1984; 

Henderson & Hamernik, 1986;; Vlajkovic et al., 2010). The mechanical damage 

occurs usually during exposure to impulse noise, and this involves the excessive 

shearing motion of the organ of Corti against the tectorial membrane, which 

causes hair cells injury. The metabolic stress starts during noise exposure and 

continues for up to two weeks after noise exposure.  It includes oxidative stress, 

glutamate excitotoxicity, Ca2+ influx, inflammation, ischemia/reperfusion injury 

and cochlear synaptopathy (Henderson et al., 2006; Kujawa & Liberman, 2009). 

These will be described in more detail later. Cochlear injuries resulting from 

exposure to continuous and impulse noise have some similarities, but there are 

also features to distinguish them. 
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1.4.1 Continuous Noise and Impulse Noise 

 

Noise-induced cochlear injury and hearing loss depend on both the level of 

noise and duration of exposure. The noise can be classified as continuous and 

impulse noise.  

Continuous noise refers to a series of non-stop, steady state loud sounds 

greater than 85 dB (WHO, 2010). Continuous noise can be produced by 

industrial machines, noisy workplaces, as well as loud recreational music (e.g. 

portable music devices, rock concerts). Continuous noise is usually long lasting 

and is often ignored. During evolution, animals and humans have gained the 

psychological mechanisms to tolerate noise (Dornic & Laaksonen, 1989; Yan et 

al., 2013). However, long periods of exposure to noise cause metabolic stress in 

the inner ear, leading to gradual hearing loss (Vlajkovic et al., 2009; Oishi & 

Schacht, 2011; Müller & Barr-Gillespie, 2015). The cochlear injury induced by 

exposure to continuous noise is mainly caused by metabolic stress, which will 

be described later in this literature review. 

The definition of impulse noise as an auditory stimulus is different from 

continuous noise. This type of sound is characterised as instantaneous, high 

intensity and of a very short duration (Mäntysalo & Vuori, 1984; Henderson & 

Hamernik, 1986; Duan et al., 2004). The risk of impulse noise is mostly 

associated with its instantaneous peak sound pressure level (Brueck, 2016). 

Impulse noise is a frequent occurrence in industrial settings (e.g.: loud machines, 

working with a hammer) and military settings (gunfire, explosion) (Mäntysalo & 

Vuori, 1984; Coleman et al., 2007). Because its duration is short, impulse noise 
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was not recognised as a potential danger to hearing initially. Table 2 shows the 

common sources of impulse noise and their corresponding sound pressure level 

(loudness). During exposure, the high intensity of impulse noise is likely to 

cause more severe mechanical damage in the cochlea. Previous studies have 

shown that almost all cell types in the inner ear could be affected by impulse 

noise, and these include disassociation of the outer hair cells from the 

supporting cells (Henderson et al., 2006), breakage between the outer hair cells 

and the tectorial membrane (Nordmann et al., 2000), tears in the reticular lamina 

(Ahmad et al., 2003), breakage of F-actin in the cuticular plate (Hu and 

Henderson, 1997), and disruption of the extracellular matrices (Henderson et al., 

2006). Metabolic disruptions have also been observed following impulse noise 

exposure. The accumulated evidence shows that impulse noise activates the 

Src family of protein tyrosine kinases in the cochlea, triggers early apoptosis, 

changes the binding of the extracellular matrices to integrins and this would 

activate a variety of cellular signalling cascades including c-JNK, Bax and p53 

(Ilić et al., 1998; Ohinata  et al., 2000; Ohinata et al., 2003; Duan et al., 2004; 

Fetoni et al., 2014; Bielefeld, 2015). Table 3 below illustrates the relationship 

between continuous and impulse noise that cause inner ear injury and NIHL. 
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Table 2: Typical sources of impulse noise. 

Adapted from Brueck, 2016. 

dB SPL Source 

  
<140 Hand hammers in wood working and hot metal fabrication 

 
Proof firing of shot gun cartridges 

 
High velocity rifle with efficient moderator 

140-150 Proof firing of high velocity ammunition 

 
Hand held powered impactive tools 

 
High pressure water jetting 

 
Pneumatic hammers 

 
Fireworks 

 
Small caliber hand guns 

150-160 Shot gun 

 
Large caliber hand guns 

160+ Hunting rifle 

 
Military weaponry 

 
Stun grenades 
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Table 3: Continuous noise and impulse noise. 

Source: Mäntysalo & Vuori, 1984, Duan et al., 2004.  
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1.4.2 Noise Induced Threshold Shift 

 

Hearing loss in humans is represented in audiograms as a threshold shift which 

can affect high, middle or low frequencies, or all of them at the same time. In 

particular, traumatic noise causes a broad range of cellular changes in the 

cochlea leading to temporary (TTS) or permanent threshold shift (PTS).  

TTS occurs after limited duration exposure to moderate noise level, for instance, 

after a rock concert. TTS is characterised by a temporary elevation of hearing 

thresholds after noise exposure, usually within 24 hours after exposure. The 

elevated hearing thresholds will return to pre-exposure level within 24 to 48 

hours (Müller & Barr-Gillespie, 2015), or a maximum of one to two weeks post 

exposure (Wong & Ryan, 2015). For a long period of time, it was believed that 

TTS does not cause structural damage in the inner ear. However, morphological 

changes after exposure to moderate noise causing TTS include swelling of 

primary afferent neurons (Puel et al., 1998; Robertson, 1983), changes in 

stiffness of the stereocilia and their detachment from the tectorial membrane 

(Nordmann et al., 2000; Wang et al., 2002). All these changes are reversible, 

and auditory threshold shifts will return to pre-exposure level. A recent study 

suggested that TTS is an adaptive response of the mammalian cochlea in 

response to loud sound, particularly with longer duration, low level noise 

(Housley et al., 2013). TTS is thought to be the evolutionary adaptation to a high 

noise environment, so that the dynamic range of the cochlea can be extended in 

such an environment. The molecular mechanisms for this adaptation include 

P2X receptor signalling pathways via extracellular ATP (Housley et al., 2013).  
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Exposure to moderate noise also damages synaptic ribbons at the IHC-auditory 

nerve synapse, leading to the spiral ganglion neuron degeneration in the long 

term (Kujawa & Liberman, 2009; Jensen et al., 2015).  

High levels of noise eventually cause a permanent threshold shift (Vlajkovic et 

al., 2010; Wong et al., 2010). PTS can be either a gradual process leading to 

irreversible cochlear damage, or the consequence of acoustic trauma caused by 

impulse noise. In contrast to TTS, PTS is characterised by severe structural 

pathologies: loss of sensory hair cells and spiral ganglion neurons, collapse of 

the organ of Corti, loss of fibrocytes within the spiral ligament, and atrophy of the 

stria vascularis (Jensen et al., 2015). In some cases, damage to the stereocilia 

would recover (Nordmann et al., 2000), however, the loss of stereocilia, disarray 

and fusion are irreversible (Wang et al., 2002). The degree of hearing loss, and 

the sound frequencies affected are determined by the level, frequency band and 

duration of noise (McBride & Williams, 2001; Prince et al., 1997). Continuous 

noise exposure in environmental and occupational settings usually contributes 

to a hearing threshold shift at the high frequency range, particularly in the 4 kHz 

to 6 kHz region of the cochlea (noise notch) (McBride & Williams, 2001). This is 

specific for noise exposure in humans, whilst other mammalian species show 

different hearing sensitivity range (Semenoff & Young, 1964; Fay, 1988). With 

the long term noise exposure, the hearing threshold shift starts to spread to 

higher and lower frequencies (Taylor et al., 1965). 
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1.4.3 Noise Damages the Sensory Hair Cells 

 

OHCs are traditionally considered to be the first structure affected by noise 

exposure (Stebbins et al., 1979; Hamernik et al., 1989). OHCs are more 

susceptible to damage because of their close proximity to the tectorial 

membrane and increased metabolic activity compared to the inner hair cells 

(Sha et al., 2001). Furthermore, extremely high level of noise is able to cause 

rupture of the reticular lamina, causing influx of K+ ions from endolymph, which 

is toxic to the OHCs (Harding & Bohne, 2004). 

Acoustic overexposure leads to dramatic changes of hair cell stereocilia, 

resulting in the loss of mechano-electrical transduction (Henderson et al., 2006). 

The stereocilia break, fuse, collapse and detach from the tectorial membrane 

(Gueta et al., 2008). The damage mainly occurs at the base of stereocilia, and 

particularly the actin filament structure is affected (Liberman & Dodds, 1987).  

The loss of sensory hair cells is the hallmark pathology of NIHL, regardless of 

the type of noise (Figure 7). Hair cell loss is an irreversible process in mammals, 

as the hair cells do not regenerate (Bohne & Harding, 1992; Strominger et al., 

1995). The only treatment options for NIHL are prosthetic devices, such as 

hearing aids and cochlear implants. However, these devices cannot ameliorate 

or repair the damaged inner ear structures, and the novel treatments focusing 

on protection and repair of the inner ear structures is considered a priority. 
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Figure 7: Scanning electron micrograph of the hair cells. 

A) normal and B) noise damaged cochlear sensory epithelium (Ryan, 2000). 

 

 

 

A 

B 

http://www.ncbi.nlm.nih.gov/core/lw/2.0/html/tileshop_pmc/tileshop_pmc_inline.html?title=Click on image to zoom&p=PMC3&id=34365_pq0142053001.jpg
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1.4.4 Noise Induces Death of the Spiral Ganglion Neurons  

 

The last stage of NIHL is the loss of SGN, affecting auditory neurotransmission. 

Noise exposure triggers toxic levels of the excitatory neurotransmitter glutamate 

being released from IHCs into the synaptic cleft, which causes SGN dentritic 

swelling and rupture (Robertson, 1983). SGN loss is found mostly in the regions 

where IHC loss is observed. This suggests that the SGN loss takes place later 

than the HC loss. The delayed SGN loss is likely due to the lack of trophic 

factors released from IHC and supporting cells (Kujawa & Liberman, 2015). 

Dying SGN are characterised by decreased myelin sheath thickness, elongated 

nodes of Ranvier, decrease in lamellar wrap number as well as retraction of 

paranodes (Wong & Ryan, 2015). 

 

1.4.5 Noise-Induced Structural Damage in Non-sensory 

Cochlear Tissues  

 

As described above, the cochlear lateral wall consists of epithelial secretory 

tissues of the stria vascularis and the connective tissues of the spiral ligament. 

There are five types of fibrocytes of the spiral ligament classified as type I to V 

(Spicer & Schulte, 1996). The lateral wall structures have crucial roles in 

secreting and recycling potassium ions and generating the endocochlear 

potential (EP) as the driving force for sensory transduction in the cochlea 

(Thalmann et al., 1973; Muñoz et al., 1999; Wangemann, 2002; Nin et al., 2008). 
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(Crouch et al., 1997; Spicer et al., 1997). Acoustic noise exposure also 

damages the lateral wall structures (Shi & Nuttall, 2003). Hirose & Liberman 

(2003) observed significant reduction of the EP and the loss of type II and IV 

spiral ligament fibrocytes and the swelling of stria vascularis in mice 24 hours 

after noise exposure. This study demonstrated that noise exposure damages 

the lateral wall structures in addition to sensorineural tissues, further contributing 

to noise-induced cochlear dysfunction. 

Figure 8 below shows the main inner ear structures affected by NIHL. 

 

 
Figure 8: The cochlear structures that lead to NIHL. 

Damage to any of the structures highlighted in red would result in hearing loss. Modified 
from Wong & Ryan (2015). 
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1.4.6 An Overview of Metabolic Disruption in NIHL 

 

Previous histological studies in a variety of animal species (chinchillas, guinea 

pigs, gerbils, mice and rats) have shown that the exposure to continuous sound 

pressure levels >85 dB and impulse noise (>120 dB) will induce hearing loss by 

metabolic changes in the cochlea leading to either PTS or TTS. This includes 

oxidative stress, glutamate excitotoxicity, synaptic ribbon loss, increased 

intracellular calcium levels, reduced cochlear blood flow, inflammation, swelling 

of the stria vascularis, and activation of apoptotic and necrotic pathways. 

 

1.4.6.1  Noise-Induced Cochlear Synaptopathy  

 

In the mammalian cochlea, the afferent synapse of the inner hair cell is 

characterised by a spherical or ellipsoidal electron-dense synaptic body, known 

as a ribbon synapse (Fuchs et al., 2003; Khimich et al., 2005). In the 

mammalian cochlea, ribbon synapses are spherical or ellipsoidal shapes, and 

the diameters are ~0.2 microns. A typical ribbon synapse is made up of a series 

of scaffolding proteins such as RIBEYE, Bassoon and Piccolo (Fuchs et al., 

2003). RIBEYE is determined to be the structural protein which holds the shape 

of the ribbon synapse. The remaining two proteins, Bassoon and Piccolo, are 

located at the active zone of the ribbon synapse, and their functions include 

docking and fusion of ribbons to their active zone (Nouvian et al., 2006). A study 

demonstrated that the partial inactivation of Bassoon gene in mice would result 
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in the absence of ribbon synapses anchored at the active zones of IHC (Altrock 

et al., 2003).  

 

Figure 9: The hair cell ribbon synapse. 

A) Confocal reconstruction of the mouse organ of Corti with immunolabelled ribbons 
and B) The molecular composition of a ribbon synapse. Adapted from Nouvian et al., 
2006.  

 

There are approximately 100 synaptic vesicles that are tethered to a ribbon, to 

allow rapid neurotransmitter release (Liberman et al., 1990).  In the auditory 

system, the ribbons control exocytotic release of glutamate-filled vesicles into 

the synaptic cleft, and they are essential for sound-evoked SGN responses 

(Jensen et al., 2015). Loss in numbers or malfunction of the ribbons will result in 

reduced sensitivity of the auditory nerve and desynchronised firing rates (Brandt 

et al., 2005; Khimich et al., 2005; Goutman & Glowatzki, 2007). Synaptic ribbon 

loss and dysfunction is observed in multiple studies after acoustic overexposure 

(Kujawa & Liberman, 2009; Jensen et al., 2015; Wan & Corfas, 2015).  

Recent studies have identified the instant loss of ribbon synapses after noise 

exposure, suggesting that this could be the first sign of noise induced cochlear 

injury (Kujawa & Liberman, 2009; Jensen et al., 2015). The primary loss of 

A B 
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afferent nerve synapses due to noise or aging has been named “cochlear 

synaptopathy” or “cochlear neuropathy”. This noise-induced cochlear 

neuropathy is called “hidden” hearing loss because it does not appear as an 

auditory threshold shift (Kujawa & Liberman, 2009; Furman et al., 2013; 

Liberman & Kujawa, 2014). In a recent study, pubescent mice were exposed to 

moderate noise only, and the outcomes (synaptic ribbon counts, auditory 

threshold shifts, and neuronal survivals) were examined both short term and 

long term (Jensen et al., 2015). This study reported that cochlear synaptopathy 

was observed 24 hours post exposure, and this was reflected as a 51.3% ribbon 

loss compared to the unexposed animals. Cochlear synaptopathy remained 16 

months after noise exposure which further supports the irreversible damage to 

the ribbon synapses immediately after acoustic trauma.  

OHC synaptopathy can also be induced by noise. OHC form synaptic 

connections with medial olivocochlear efferents (Müller & Barr-Gillespie, 2015), 

which modify the cochlear amplification in response to sound by changing OHC 

electromotility (Rabbitt & Brownell, 2011). Previous studies have identified a 

correlation between the OHC synaptic loss with noise exposure (Maison et al., 

2013). Efferent neurons forming synaptic connections with OHC are cholinergic, 

activated by the α9 nicotinic acetylcholine receptor (CHRNA9). Overexpressing 

CHRNA9 in mice significantly reduced noise induced cochlear injury (Maison et 

al., 2002), suggesting the otoprotective effect of this receptor on OHC. Taken 

together, these data demonstrate that maintaining the synapse integrity after 

noise exposure by either protecting the IHC ribbons or stimulating the OHC 

cholinergic efferents could attenuate NIHL in animal models. 
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1.4.6.2 Glutamate Excitotoxicity 

 

Glutamate is a principal fast-acting excitatory neurotransmitter acting on the 

synapses between the IHC and the auditory nerve (Figure 5) (Pujol et al., 1990; 

Hakuba et al., 2000). However, excessive release of glutamate is neurotoxic, 

and this is known as glutamate excitotoxicity (Pujol et al., 1990; Hakuba et al., 

2000). During traumatic noise exposure, supraphysiological levels of glutamate 

are released from IHC into synaptic clefts, resulting in overstimulation of SGN 

afferent dendrites (Pujol et al., 1990; Le Prell et al., 2007). This overstimulation 

is characterised by the swelling of the nerve dendrites leading to SGN (mainly 

type I) injury. At the later stage, the accumulated glutamate triggers a massive 

influx of sodium, potassium, calcium and chloride ions into afferent dendrites 

disrupting cellular homeostasis and leading to SGN cell death. Previous studies 

have also demonstrated the instant increase of free calcium levels in OHC 

following acoustic overstimulation (Fridberger et al., 1998), which could be toxic 

to the sensory hair cells. Intracellular calcium activates calcineurin (a 

calcium/calmodulin-dependent protein phosphatase), which activates 

mitochondria-mediated cell death pathways via the Bcl-2-associated death 

promoter (Vicente-Torres & Schacht, 2006).  

 

1.4.6.3 Calcium Influx 

 

Calcium influx can also trigger a metabolic cascade, including the production of 

free radicals (reactive oxygen species, ROS), activation of calcium-dependent 
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proteases and endonucleases. This will lead to the apoptotic and necrotic cell 

death of type I SGN (Pujol et al., 1999). Additionally, noise exposure also 

enhances the entry of calcium ions into the cytoplasm of the outer hair cells via 

voltage-gated calcium channels, causing degeneration of these cells (Fridberger 

et al., 1998). There is also a linkage between calcium homeostasis imbalance 

triggered by glutamate excitotoxicity and free radical production (Orrenius et al., 

2003). 

 

1.4.6.4 Free Radical Production in the cochlea 

 

It has been postulated that the intense metabolic activity in the cochlea exposed 

to traumatic noise may result in increased free radical formation, causing 

mitochondrial swelling (Ohlemiller et al., 1999; Kopke et al., 2002; Vlajkovic et 

al., 2009; Müller & Barr-Gillespie, 2015). 

Free radicals refer to atoms, molecules or ions which contain at least one 

unpaired electron (Halliwell & Gutteridge, 1998; Gutteridge & Halliwell, 2000). 

Because of their unpaired electron, free radicals are highly chemically reactive 

and can easily cause cellular oxidation. The free radical superfamily includes 

reactive oxygen species (ROS) and reactive nitrogen species (RNS) (Le Prell et 

al., 2007).  Whilst free radicals are essential for physiological cellular processes 

as signalling molecules (Wong & Ryan, 2015), excessive production of free 

radicals leads to cell death, tissue injury and functional deficits. 
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Mitochondria have high oxidation rates and therefore represent the main source 

of free radicals. Following noise exposure, free radicals, apoptosis-inducing 

factor (AIF) and the apoptotic nuclease G (EndoG) are all released from hair 

cells’ mitochondria into the intracellular space, causing oxidative stress in the 

inner ear (Yamashita, Miller, et al., 2004). Many other cellular pathways are 

involved in the production of free radicals, including JNK, Bax, and p53 (Ilic et 

al., 1998). There is a massive increase of free radical production in the cochlea 

within 1-2 h of noise exposure (Nicotera et al., 1999; Ohlemiller et al., 1999; 

Poirrier et al., 2010).  The rapid accumulation of ROS in the cochlea results in 

lipid peroxidation, DNA and protein damage (Yamashita, Jiang, et al., 2004). By-

products of free radical formation, such as peroxynitrite, malondialdehyde and 4-

hydroxynoneal subsequently suppress endogenous antioxidants including 

glutathione (Wong & Ryan, 2015). The excessive ROS levels also promote 

cochlear inflammation by stimulating pro-inflammatory cytokines interleukin-6 

(Wakabayashi et al., 2010) and tumour necrosis factor α (Keithley et al., 2008). 

Hair cell loss, degeneration of supporting inner ear structures, and degenerative 

changes in stria vascularis have been linked to excessive ROS production 

(Oishi & Schacht, 2011; Müller & Barr-Gillespie, 2015). 

It has been shown that both ROS and RNS increased significantly following 

noise exposure (Yamane et al., 1995a; Ohlemiller et al., 1999) and this build-up 

of free radicals could last up to 14 days after exposure (Yamashita, Jiang, et al., 

2004). This extended oxidative stress leads to prolonged cochlear injury after 

noise exposure. 
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1.4.6.5 Inflammation 

 

Inflammation in the cochlea is another possible mechanism of injury associated 

with acoustic trauma. The increase levels of macrophages and leukocytes are 

the indicators of inflammation in the mammalian sensory organs, as this was 

seen in the retina of the eye (Rutar et al., 2010), nose (Vachier et al., 2004), and 

lungs (Sibille & Reynolds, 1990). Early studies have described the presence of 

macrophage-like cells in the cochlea five days after noise exposure (Fredelius, 

1988; Fredelius & Rask-Andersen, 1990). These macrophages were mainly 

present in the organ of Corti, and were likely involved in clearing the cellular 

debris caused by metabolic stress. The transforming monocytes and 

mononuclear leukocytes have been localised in blood vessels of the spiral 

lamina which are also indicators of cochlear inflammation (Fredelius & Rask-

Andersen, 1990). Later studies have demonstrated a large influx of 

inflammatory cells from the cochlear vasculature from two to seven days 

following acoustic overstimulation, disappearing thereafter (Hirose et al., 2005; 

Tornabene et al., 2006; Tan et al., 2008; Wakabayashi et al., 2010). Those 

inflammatory cells were identified using the cell surface marker CD45 

(lymphocyte common antigen), a tyrosine receptor phosphatase present on 

activated macrophages and monocytes (Altin & Sloan, 1997).  The study 

showed that CD45 positive cell numbers were minimal (0.3 cells per section) in 

the control non-noise exposed cochlea, and this number increased to 88 cells 

per section at two and four days after noise exposure (Tornabene et al., 2006). 

Additionally, the CD45 positive cells were mainly localised in the spiral ligament 

(type I and type IV fibrocytes), and in the perilymphatic cochlear spaces (scala 
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vestibuli and scala tympani). Other studies observed the presence of leukocytes 

within the spiral limbus, spiral ganglion (Hirose et al., 2005; Tan et al., 2008; 

Wakabayashi et al., 2010), the stria vascularis, and the perivascular spaces of 

the modiolus (Du et al., 2011).  

 

1.4.6.6 Changes in Cochlear Blood Flow 

 

Early studies have demonstrated the relationship between acoustic trauma and 

the cochlear blood flow. Yamane and co-workers reported a significant 

reduction of cochlear strial blood flow in guinea pigs after traumatic noise 

exposure (3 hours at 120 - 125 dB SPL (Yamane et al., 1995b)). Ohinata and 

co-workers discovered the link between free radical formation and reduced 

cochlear blood flow (Ohinata  et al., 2000). Noise-induced free radical formation 

and a reduction in blood flow lead to ischemia and this positive feedback loop 

will result in more ROS production and further decrease in cochlear blood flow 

(Le Prell et al., 2007). 

 

1.4.6.7 Swelling of the Stria Vascularis 

 

Acoustic overstimulation can cause acute swelling of the stria vascularis in the 

first 24 hours after exposure (Wang et al., 2002). The quantitative analysis of the 

stria vascularis illustrated the shrinkage of noise-exposed stria vascularis 2 
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weeks after the exposure. The location of the shrinkage was also found to be 

associated with the level and frequency of noise exposure (Wang et al., 2002). 

 

1.4.6.8 Necrosis and Apoptosis in the Cochlea 

 

Oxidative stress in the cochlea leads to sensory cell death by both necrosis and 

apoptosis. Necrosis is a passive process involving swelling and rupturing of 

cells, while apoptosis is an active process which requires adequate energy 

supply for the programed apoptotic machinery to function (Majno & Joris, 1995). 

The main difference between the two cell death pathways is in the way they 

impact on the surrounding cells. In necrosis, the rupture of the dying cells 

releases the intracellular contents to the extracellular space, causing 

inflammatory reactions of the neighbouring cells (Hu et al., 2006). In contrast, for 

the cells undergoing apoptosis, the dying cells are eliminated in a programmed 

manner, and the cellular structure of the neighbouring cells are unaffected 

(Yang et al., 2004). A schematic diagram of necrosis and apoptosis is showing 

in Figure 10 below. 



Chapter 1: Literature Review Page 45 

 

Figure 10: Schematic of A) necrotic cell death and B) apoptotic cell death. 

Adapted with permission from Henderson et al., 2006. 

 

Previous studies have suggested that the route of cell death is determined by 

the intracellular energy status (Hu, 2007). Under high cellular ATP levels, cells 

degenerate via apoptosis, whereas at low ATP levels cells degenerate by 

necrosis (Sokolova et al., 2004). A decrease in intracellular energy supply is 

able to switch cellular degeneration route from apoptosis to necrosis in vitro 

(Komatsu et al., 2000). 

Not surprisingly, both necrotic and apoptotic activities were observed in the 

noise damaged cochlea as a result of free radical production (Hu et al., 2002).  

The release of AIF and EndoG from mitochondria also promotes apoptosis. The 

apoptosis triggered by traumatic noise exposure has been extensively studied in 
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animal models. It has been shown that apoptosis triggered by traumatic noise is 

the major contributor to cochlear damage in the first two days post exposure 

(Yang et al., 2004). 

Apoptosis in the cochlea is largely mediated by the c-Jun N-terminal kinase 

(JNK) from the family of mitogen-activated protein kinases (MAPK) (Wang et al., 

2003; Vlajkovic et al., 2009; Meltser et al., 2010). The JNK apoptotic pathway 

can be activated by noise-induced ROS production (Wang et al., 2003) leading 

to cell shrinkage, chromatin condensation, formation of apoptotic bodies and 

cytoplasmic blebs (Wong & Ryan, 2015). JNK activation appears to be causing 

hair cell death following both continuous (Wang et al., 2007) and impulse noise 

exposure (Murai et al., 2008).  
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Experimental Treatments for NIHL 1.5 

 

Currently, the only treatments for NIHL are prosthetic devices such as hearing 

aids and cochlear implants. Both treatment methods are costly, and they do not 

mitigate cochlear injury. In New Zealand, the cost of treating hearing loss is 1.87 

billion dollars a year, which is equivalent to 1.4% of NZ GDP (NFD, 2013). There 

is a strong demand for a proper treatment of sensorineural hearing loss. This 

literature review highlights some experimental treatments which showed 

promise in animal studies. Manipulation of adenosine receptor signalling 

appears to be one of the most promising otoprotective strategies and will be 

described in detail. It must be noted that none of the treatments described below 

has been approved for clinical use.  

 

1.5.1 Antioxidants and Free Radical Scavengers  

 

Noise exposure results in oxidative stress in the inner ear, and one of the 

distinct features is the accumulation of free radicals inside the cochlea. 

Antioxidants have shown their ability to counteract the effects of free radicals, 

and their use as therapeutic agents in NIHL has been extensively tested in 

animal models. This includes N-acetylcysteine (NAC) (Bielefeld et al., 2006), 

glutathione (Yamasoba et al., 1998), D-methionine (Campbell et al., 2011), 

ebselen (Pourbakht & Yamasoba, 2003), resveratrol (Seidman et al., 2003), 

ascorbic acid (Heinrich et al., 2008), water soluble coenzyme Q10 (Fetoni et al., 
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2009), which all partially prevented NIHL when administered prior to noise 

exposure (prophylactic use). Some of the antioxidant treatments were effective 

up to three days post exposure, for example a combination of salicylate and 

trolox, which reduced auditory threshold shifts, hair cell loss and ROS/RNS 

formation (Yamashita et al., 2005). Of those treatments, only NAC is approved 

by the US Food and Drug administration (FDA) for clinical treatment of chronic 

bronchitis and keratoconjunctivitis sicca (Duan et al., 2004). NAC is a precursor 

of glutathione, and high levels of NAC have shown to boost the production of 

glutathione, which has a potential to reduce noise-induced oxidative stress in 

the cochlea.  

 

1.5.2 Anti-Apoptotic Agents 

 

As oxidative stress leads to apoptosis in the cochlea, anti-apoptotic agents have 

been administered to the animals prior to noise exposure in an attempt to 

prevent hair cell death. AM-111 (formerly named D-JNKI), a cell-permeable 

peptide consisting of 31 amino acids, is able to reduce the rates of cellular 

apoptosis by blocking the JNK signalling pathway (Wang et al., 2003). Previous 

studies have been shown that the systemic administration of AM-111, mitigates 

hair cell loss and threshold shifts in chinchillas after exposure to impulse noise 

(Coleman et al., 2007). A similar protective effect of AM-111 against noise- and 

drug-induced hearing loss was reported in mouse studies (Wang et al., 2003). 

AM-111 is currently in stage III clinical development as a post-trauma treatment 

agent (Suckfuell et al., 2007).  
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1.5.3 p53 and Src Inhibitors 

 

As described above, cellular apoptosis in the cochlea can be triggered by 

acoustic overstimulation. Integrins belong to a class of receptor proteins that 

mediate cell growth, cell survival and gene expression. These include protein 

tyrosine kinases (PTKs), serine/tyrosine kinases and small GTPases (Fetoni et 

al., 2014). Changes in integrin morphology and their binding can activate a 

number of signals through the Src family of PTKs and focal adhesion kinase 

(FAK). The interactions between Src and FAK regulate a number of signal 

cascades, including JNK, Bax and p53 (Ilić et al., 1998). p53 is a tumour 

suppressor protein and its activation can trigger cell death (Zhu et al., 2002; 

Forgarty et al., 2010; Lanni et al., 2012). Fetoni and co-workers exposed 

chinchillas to impulse noise, and found that p53 was activated shortly following 

exposure, and the activation of p53 was via the Src signalling pathway (Fetoni 

et al., 2014). Since p53 is positively involved in cellular apoptosis, this study 

then further examined whether the inhibition of p53 could reduce cochlear 

damage caused by impulse noise. This was achieved by local administration of 

either a Src inhibitor (KX1-004), or a direct p53 inhibitor (pifithrin alpha, PFT). 

Both Src and p53 inhibitors significantly reduced hearing threshold shifts and 

outer hair cell loss. Additionally, both KX1-004 (Bielefeld et al., 2013) and PFT 

(Zhang et al., 2003) reduce cochlear injury caused by anti-cancer drug cisplatin.  

In another approach, Harris and co-workers investigated the otoprotective 

effects of three Src inhibitors (KX1-004, KX1-005, and KX1-174) (Harris et al., 

2005). Chinchillas were exposed to continuous noise and the local 
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administration of   all three Src inhibitors provided cochlear protection from noise. 

In particular, KX1-004 was the most effective among the three (Harris et al., 

2005). Later studies found that other Src inhibitors (KX1-141 and KX2-329) are 

also effective in protecting the cochlea against acoustic trauma (Bielefeld et al., 

2011).  These studies pinpoint p53 and Src as potential targets for treating NIHL. 

 

1.5.4 Stem Cell Transplantation 

 

The number of hair cells is determined at the embryonic stage and these cells 

do not regenerate in the mammalian cochlea.  However, recent gene therapy 

and stem cell transplantation approaches have opened the possibility for HC 

regeneration. The overall goal is to introduce embryonic or pluripotent stem cells 

into the noise damaged/aged inner ear, with the hope that these cells will be 

able to differentiate into bona fide hair cells (Müller & Barr-Gillespie, 2015). This 

has been successfully performed in vitro using embryonic stem cells (Oshima et 

al., 2010) or pluripotent stem cells (Koehler et al., 2013).  

Li and co-workers reported that hair cells can be generated in vivo from 

embryonic stem cells, adult inner-ear stem cells and neural stem cells (Li, Liu, et 

al., 2003; Li, Roblin, et al., 2003; Tateya et al., 2003). These studies revealed 

the presence of stem cell-like cells in the mammalian inner ear, with ability to 

differentiate to cells with hair cell characteristics such as mechanotransduction 

and basolateral currents (Malgrange et al., 2002; Li, Liu, et al., 2003; Oshima et 

al., 2010). Another study reported that transplanted human embryonic stem cells 

in adult gerbils with SGN injuries can lead to functional recovery of these 
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neurons (Chen et al., 2012). However, it is difficult to collect inner ear stem cells 

in humans, and the success rate for inner ear stem cell transplantation is low, as 

a majority of the transplanted stem cells die before full integration into the organ 

of Corti (Okano & Kelley, 2012).  Nevertheless, the stem cell approach 

suggested a potential novel treatment for NIHL and other forms of sensorineural 

hearing loss. With the complexity of the inner ear injuries after acoustic trauma, 

one treatment may not be sufficient, therefore the combination of treatments 

may be a better way to restore hearing acuity. 

 

1.5.5 Otoprotective Strategy Based on Activation of Adenosine 

Receptor Signalling in the Cochlea 

 

Activating adenosine receptor signalling in the cochlea is another experimental 

approach that has shown promise for the treatment of sensorineural hearing 

loss, and the details of this strategy are described below.  



Chapter 1: Literature Review Page 52 

Adenosine Receptor Signalling in the Cochlea 1.6 

 

Previous studies of our research group have demonstrated that the stimulation 

of A1 adenosine receptors in the inner ear can mitigate hearing loss caused by 

exposure to traumatic noise or ototoxic anti-cancer drugs (Vlajkovic et al., 2010, 

2014; Wong et al, 2010; Gunewardene et al., 2013). In the remaining part of this 

literature review, adenosine sources in tissues and its metabolism will be 

described, followed by a description of adenosine receptor signalling and 

cytoprotective roles of adenosine receptors.   

Adenosine is a cytoprotective substance released from tissues in response to 

stress (Snyder, 1985; Ribeiro et al., 2003; Haskó & Cronstein, 2004; Fredholm, 

2007). The sources of adenosine in cochlear tissues include extracellular ATP 

hydrolysis, nucleoside transport from the intracellular compartment and release 

from damaged cells (Khan et al., 2007; Vlajkovic et al., 2007). Adenosine is 

generated intracellularly by dephosphorylation of AMP by 5’-nucleotidase, or by 

hydrolysis of S-adenosylhomocysteine (Vlajkovic et al., 2004). Extracellularly, 

adenosine can be produced by enzymatic dephosphorylation of adenine 

nucleotides by a family of ectonucleotidases (Boison et al., 2010). Adenosine 

metabolism occurs via two principal pathways: 1) deamination and hydrolysis 

into inosine by adenosine deaminase (ADA); 2) adenosine kinase (ADK)-

mediated intracellular phosphorylation of adenosine to AMP. ADK has a low Ki 

compares to ADA, therefore, the ADK metabolic pathway is considered to be the 

main route of adenosine metabolism (Kowaluk & Jarvis, 2000; Boison, 2006).  
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In cochlear tissues, extracellular adenosine levels are dynamically regulated by 

the release and re-uptake of adenosine across the cell membrane via 

nucleoside transporters (Khan et al., 2007; Vlajkovic et al., 2009). Another 

potential source of adenosine is the activity of ectonucleotidases that 

breakdown extracellular ATP to adenosine in extracellular compartments 

(Vlajkovic et al., 1998; Vlajkovic et al., 1999; Housley et al., 2002). Noise and 

stress trigger the release and hydrolysis of ATP to AMP in cochlear tissues, 

which is further dephosphorylated into adenosine by ecto-5’-nucleotidase 

(Vlajkovic et al., 2004). Released adenosine is removed from the extracellular 

space by nucleoside transporters (Khan et al., 2007). Intracellularly, adenosine 

kinase (ADK) catalyses intracellular phosphorylation of adenosine to AMP. ADK 

appears to be a major regulator of ambient adenosine levels in the cochlea 

(Vlajkovic et al., 2009; Vlajkovic et al., 2010; Vlajkovic et al., 2011). 
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Figure 11: The molecular structures of adenosine, ATP and ADAC. 

From simple to complex: Adenosine contains an adenine group joined with a ribose 
sugar. ATP has three phosphate groups attached to the ribose sugar. ADAC has a 
basic adenosine structure, but with a long side chain of amine and phenyl groups 
attached to the adenine group. 
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Adenosine Receptors and NIHL 1.7 

 

1.7.1 Adenosine Receptor Signalling 

 

Adenosine exerts its biological effects via P1 adenosine receptors (AR) 

(Fredholm et al., 2011). Four adenosine receptors have been characterised: A1, 

A2A, A2B and A3, and all of them belong to the superfamily of G protein-coupled 

receptors (GPCRs) (Burnstock, 1978; Olah et al., 1992; Tuckera et al., 1992; 

Tucker & Linden, 1993; Fredholm, IJzerman, et al., 2001; Müller & Barr-

Gillespie, 2015). A1 and A3 receptors couple to the Gi family of G proteins and 

stimulate potassium channels, reduce the current through transient voltage-

gated calcium channels and block cAMP production; A2A receptors couple to the 

Gs proteins, while A2B receptors couple to numerous G proteins such as Gs, Gq, 

and G12 (Boison et al., 2010). Adenosine activates all adenosine receptors, 

while inosine can partially activate A1 and A3 receptors (Jin et al., 1997; 

Fredholm et al., 2001).  Adenosine is approximately equipotent at A1, A2A and A3 

receptors, but it is ~50 times less potent at A2B receptors (Fredholm, 2010). In 

humans, the most structurally homologous receptors are A1 and A3 (49% protein 

sequence homology) and A2A and A2B (59% homology) (Jacobson & Gao, 

2006). 

The activation of A1AR and A3AR inhibits adenylate cyclase activity via 

activation of pertussis toxin-sensitive Gi proteins, but increases phospholipase C 

(Calker et al., 1979; Londos et al., 1980; Zhou et al., 1992; Jacobson & Gao, 

2006). Stimulation of A2A and A2B receptors increases adenylate cylase levels, 
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induces the formation of inositol phosphate, increases intracellular Ca2+ levels, 

and activates PKC via pertussis toxin-sensitive Gα15 and Gα16 (Daly et al., 

1983; Brackett & Daly, 1994; Feoktistov & Biaggioni, 1995; Kull et al., 2000; 

Vlajkovic et al., 2009). Activation of A3 receptors promotes PI3 kinases via dose-

dependent phosphorylation of PKB/Akt (Vlajkovic et al., 2009). The diagram 

below demonstrates the different actions of the four ARs and their respective 

signalling cascade (Figure 12). 

 

Figure 12: Signalling pathways of the four adenosine receptors. 

A1ARs and A3ARs inhibit adenylate cyclase, whilst A2ARs and A2BRs stimulate 
adenylate cyclase. CREB, cAMP response element binding protein; DAG, 
diacylglycerol; IP3, inositol 1,4,5-trisphosphate; PI3K, phosphatidylinositol 3-kinase; 
PIP2, phosphatidylinositol-4,5-bisphosphate; PK, protein kinase; PLD, phospholipase 
D; NF-κB, nuclear factor-κB. Adapted from (Jacobson & Gao, 2006). 
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1.7.2 Adenosine Roles in Mammalian Tissues 

 

Accumulated evidence suggests that adenosine has important signalling and 

tissue protective roles in a range of organ systems. Adenosine is thought to be a 

major regulator of blood flow, mostly via A2A adenosine receptors, to match the 

cellular metabolic demand (Linden, 2005). During stressful conditions, the 

disruption of cell membranes will lead to a rapid increase in extracellular ATP, 

which is then broken down to adenosine by ectonucleotidases (McGaraughty et 

al., 2005; Fredholm, 2007). The increasing levels of adenosine will then 

increase blood flow and oxygen supply to the tissue. Adenosine provides 

cytoprotection to the cells by presynaptically limiting the excitatory 

neurotransmission, so the neurons are more likely to survive in hypoxic 

conditions (Halldner et al., 2001). Adenosine can also promote angiogenesis, 

which may be crucial in tissue repair after injury (Adair, 2005; Frantz et al., 

2005; Linden, 2005). As for the cochlea, previous research has demonstrated 

an increase in adenosine release in the cochlear perilymph after oxidative stress 

(Bobbin & Jr, 2005), suggesting its potential role in cytoprotection.  

Cytoprotective roles of adenosine are important for tissue survival under stress. 

Adenosine has been given numerous names in the past few decades which 

allude to its cytoprotective and neuromodulatory roles. Newby (1981) described 

adenosine as a “retaliatory metabolite”, McIIwain  (1985) called it “a life saver” ; 

Engler (1991)  referred to adenosine as  “a signal of life” (Engler, 1991) and 

Ribeiro named it “a fine-tune modulator”(Ribeiro et al., 2003). 
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Adenosine adjusts blood flow accordingly to meet the tissue metabolic demand. 

It causes vasodilation in most blood vessels (except kidney afferent arterioles) 

(Fredholm, 2007). The dilated blood vessels are then able to transport more 

blood upon cellular demand. 

Adenosine is involved in regulating body temperature. Body temperature in 

mammals is precisely regulated because protein functions are heavily affected 

by fluctuations of body temperature (Sherman & Gabai, 2008). Previous studies 

have demonstrated a strong linkage between body temperature and adenosine 

A1 receptor activation in mice (Yang et al., 2007). Mutant mice with adenosine 

A1 receptor deletion exhibited a higher body temperature than wild-type mice, 

resulting in a lower survival rates in the A1R-deficient mice. 

Adenosine modulates cellular networks in the CNS and has a neuroprotective 

role in conditions such as hypoxia and seizures. There is a significant increase 

of extracellular adenosine during hypoxia, which inhibits further release of 

excitatory neurotransmitters and decreases neural firing via A1R (Fredholm et 

al., 2005). Therefore, adenosine elevation during hypoxia limits the neuronal 

excitability so that the neurons are more likely to survive in a low energy and low 

oxygen environment (Fredholm, 2007). The abnormal excitatory activities can 

cause seizures, and adenosine provides neuroprotection by restricting 

glutamate excitotoxicity and stabilising neuronal activity. 

The control of angiogenesis plays a crucial role in mammalian tissues. To 

complete the process of angiogenesis, numerous factors working in an orderly 

cascade are required (Fredholm, 2007). Vascular endothelial growth factor 

(VEGF)-A and B are among the most important in the process (Greenberg & Jin, 
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2005). It has been shown that adenosine plays a long-term role as a vascular 

growth enhancer in places with reduced oxygen tension and has the ability to 

stimulate migration and proliferation of endothelial cells (Frantz et al., 2005). 

Most importantly, adenosine regulates the expression of VEGF in many cell 

types. This highlights an important role of adenosine in regulating angiogenesis. 

Adenosine also regulates the functioning of the immune system, and the 

evidence for this comes from the abundant expression of adenosine receptors in 

the cells of the immune system (Fredholm, 1997). Adenosine also acts as an 

anti-inflammatory agent mostly via A2AR (Cronstein, 1994; Bours et al., 2006). 

Activation of adenosine A1 receptors protects astrocytes and prevents cell death 

via PI3K and Erk1/2 phosphorylation (D’Alimonte et al., 2007; Shang et al., 

2008). 

Adenosine is also a neuromodulator in the auditory system (Vlajkovic et al., 

2009), and has a role in cochlear protection from sensorineural hearing loss. 

The remaining part of this literature review will focus on adenosine receptors in 

the auditory system, and the experimental treatment of noise induced hearing 

loss (NIHL) by A1 adenosine receptor agonists. 
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1.7.3 Adenosine Receptors in the Auditory System 

 

Previous research has demonstrated a wide distribution of adenosine receptors 

in the mammalian cochleae, including chinchillas and rats (Ford et al., 1997; 

Vlajkovic et al., 2007). In rats, all four adenosine receptors are present, with the 

broadest distribution of A3AR (Table 4, showing high affinity adenosine receptors 

A1, A2A and A3). All adenosine receptors are expressed in IHC, supporting 

Deiters’ cells and spiral ganglion neurons (Vlajkovic et al., 2007). These 

structures play important roles in sound transduction, auditory 

neurotransmission and cochlear micromechanics (Vlajkovic et al., 2009). 

Adenosine receptors are also localised in other parts of the auditory system 

(central auditory pathways). For example, A1 receptors are localised in the 

dorsal cochlear nucleus, superior olivary complex, inferior colliculus and even in 

the primary auditory cortex (Rivkees et al., 1995). In contrast, A2A receptors are 

mainly found in parts of the inferior colliculus and layer VI of the primary auditory 

cortex (Rosin et al., 1998).  

  



Chapter 1: Literature Review Page 61 

Table 4 Distribution of Adenosine Receptors in the Rat Cochlea. 

Adapted from Vlajkovic et al., 2007. 

Locations A1AR A2AR A3R 

Organ of Corti    

   Inner hair cells ++ ++ + 

   Outer hair cells   + 

Deiters’ cells ++ ++ ++ 

    Pillar cells   ++ 

Hensen’s cells   + 

Claudius cells   + 

Epithelial cells    

    Inner and outer sulcus cells   ++ 

Lateral wall    

    Spiral ligament  ++ + 

    Stria vascularis    

Spiral ganglion neurones + ++ ++ 

Blood vessels  ++  

(+, light immunostaining; ++, strong immunostaining) 
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Treatment of NIHL with Adenosine Receptor 1.8 

Agonists 

 

As discussed previously, noise induced cochlear injuries result from mechanical 

(immediate) and metabolic (prolonged) damages. ROS can be detected in the 

cochlea soon after noise exposure, spreading from the base to the apex up to 

14 days post noise exposure (Yamashita, Jiang, et al., 2004). This delayed 

pattern of spreading corresponds to a delayed pattern of injury. This is an 

important feature of NIHL, as it provides a window of opportunity for post-

exposure interventions. 

 

1.8.1 Adenosine A1 Receptor Agonists Attenuate NIHL 

 

Adenosine A1 receptor agonists show cytoprotective effects against ischemia 

and cardiac injury (Jacobson & Gao, 2006). Furthermore, adenosine A1 and A3 

receptor agonists are now being developed as cardioprotective and 

neuroprotective agents, whilst A2A and A3 receptor agonists show anti-

inflammatory effects. Activation of the A1 receptor is antinociceptive, while A3 

receptor antagonists are considered as antiglaucoma agents (Jacobson, 

2009b). There are a number of adenosine receptor agonists that have been 

reported so far, either receptor-specific or broadly selective such as adenosine 

(Jacobson & Gao, 2006; Katzung et al., 2011).  
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The expression of A1 receptors is increased in the mammalian cochlea after 

noise exposure (Ramkumar et al., 2004; Wong et al., 2010). Other studies have 

demonstrated the otoprotective effects of A1 adenosine receptor agonists, which 

can mitigate NIHL and cisplatin-induced hearing loss. These include R-phenyl 

isopropyladenosine (R-PIA) (Hu et al., 1997; Hight et al., 2003), 2-chloro-N6-

cyclopentyladenosine (CCPA) (Whitworth et al., 2004; Wong et al., 2010), and 

adenosine amine congener (ADAC) (Vlajkovic et al., 2010; Gunewardene et al., 

2013; Vlajkovic et al., 2014).  

R-PIA is a broadly selective adenosine A1 receptor agonist. Hu and co-workers 

applied R-PIA onto the RWM of the chinchillas’ cochlea before noise exposure 

(Hu et al., 1997) and demonstrated that prophylactic treatment with R-PIA 

reduced auditory threshold shifts. Further histological analysis revealed a 

significant reduction of OHC loss in treated animals (Hight et al., 2003). 

In 2010, Wong and co-workers for the first time demonstrated that the 

therapeutic administration of a selective A1AR agonist CCPA after noise 

exposure could ameliorate NIHL (Wong et al., 2010). In that study, A1AR, A2AAR 

and A3AR agonists were applied individually to the RWM of the rats 6 hours 

after traumatic noise exposure. The auditory brainstem responses (ABR) were 

used to monitor auditory thresholds. The administration of CCPA significantly 

reduced the hearing loss after noise exposure, but the application of A2AAR and 

A3AR agonists had no effect. A selective A1 receptor antagonist completely 

abolished hearing recovery provided by CCPA, suggesting that the effect was 

receptor-specific. 
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1.8.2 Adenosine Amine Congener (ADAC) Attenuates NIHL 

 

ADAC is a synthetic adenosine A1 receptor agonist which was designed in a 

functionalised congener concept (Von Lubitz et al., 1996; Von Lubitz et al., 

1999; Jacobson, 2009a) to cross the blood-brain barrier, and to reduce 

cardiovascular side effects attributed to other adenosine A1 receptor agonists 

(Jacobson et al., 1985; Von Lubitz et al., 1996; Von Lubitz et al., 1999; Vlajkovic 

et al., 2010). This concept is based on modifying the structures of an insensitive 

(inactive) side on a pharmacophore in the chemically functional chain of a 

molecule, in order to enhance or decrease the ligand affinity and selectivity 

(Jacobson, 2009a). A number of GPCR ligands have been subjected to this 

concept, and yielded macromolecular conjugates. This included some 

adenosine A1, A2A and A3 receptor congeners. Since ADAC was created, its 

amine terminal group on the side chain became a favourite approach for the 

modifications, so p-DITC-ADAC, m-DICT-ADAC and FITC-ADAC were also 

designed (Jacobson et al., 1989).  

ADAC showed significant neuroprotective effects against cerebral ischemia in 

gerbils (Von Lubitz et al., 1996) without cardiovascular side effects, such as 

bradycardia, hypotension and hypothermia. In addition, ADAC reduced brain 

injury in a Huntington’s disease model induced by subcutaneous infusion of the 

mitochondrial inhibitor 3-nitropropionic acid (3NP) (Blum et al., 2002).  ADAC 

reduced the size of the striatal lesion, and prevented the development of the 

disease (Blum et al., 2002). 
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ADAC was also used by our research group to investigate its therapeutic 

potential in the treatment of NIHL and cisplatin-induced hearing loss (Vlajkovic 

et al., 2010; Gunewardene et al., 2013; Vlajkovic et al., 2014).  

In the first study, ADAC administration was given to rats 6 or 24 hours after 

noise exposure (Vlajkovic et al., 2010). Outcomes were measured using 

auditory brainstem responses, hair cell counting and oxidative stress markers 

(nitrotyrosine). The study demonstrated significant reduction of ABR threshold 

shifts after the administration of ADAC (5 daily intraperitoneal injections starting 

6 hours after noise exposure). Hair cell counting revealed significantly reduced 

hair cell loss in the ADAC treated rats compared with control untreated rats. The 

percentage of hair cell loss was between 23% and 34% in the middle and basal 

cochlear turns respectively for control non-treated animals, whilst the hair cell 

loss was reduced to 7% and 9% in ADAC-treated animals. Further studies 

demonstrated that earlier ADAC administration, and a 5-day treatment regime 

were superior to later treatment (24 hours after exposure) with a single injection 

of ADAC. No signs of weight loss or hypothermia were associated with ADAC 

treatment. In summary, this study demonstrated that the noise-induced cochlear 

injury can be treated post-exposure, and that the systemic administration of a A1 

receptor agonist was not associated with side effects at the dose that was used 

to mitigate NIHL. A similar lack of side effects was also shown in studies on 

gerbils (Von Lubitz et al., 1996).  

The follow up study (Vlajkovic et al., 2014) further examined dose- and time- 

dependent effects of ADAC in a rat model of NIHL. In the first part of the study, 

rats were treated with five ADAC i.p. injections commencing 6 hours after noise 

exposure (110 dB SPL, 8-16 kHz, 2 hours) with different rescue doses (25, 50, 
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100, 200 and 300 µg/kg). The dose-response study indicated that ADAC was 

most effective at doses >50 µg/kg. In the second part, the dose was kept 

constant at 200 µg/kg, while the treatment began at 12, 24, 48 and 72 hours 

after noise exposure. This time-dependent study revealed that ADAC treatments 

in the first 24 hours were the most effective (up to 25 dB ABR threshold 

improvement), but even delayed treatment after 48 hours provided a clinically 

significant improvement at some frequencies.  

Another study from our lab demonstrated that ADAC also confers partial 

protection from cisplatin-induced ototoxicity (Gunewardene et al., 2013). In rats 

exposed to cisplatin, ADAC ameliorated high frequency hearing loss, improved 

the survival of the outer hair cells and reduced apoptosis of the outer hair cells 

and marginal cells in the stria vascularis. This study provided further support for 

the otoprotective role of ADAC. 

The effect of antioxidant treatment is typically evaluated using markers such as 

4-hydroxynonenal (4-HNE) and nitrotyrosine (NT) (Yamashita et al., 2005; Jiang 

et al., 2007). Our research group has demonstrated that adenosine and the 

selective A1AR agonists CCPA and ADAC reduce the intensity of NT 

immunostaining in the cochlea, pointing at the antioxidant properties of these 

compounds (Vlajkovic et al., 2010; Wong et al., 2010). This is consistent with 

previous studies which have demonstrated that round window membrane 

application of the A1 receptor agonist R-PIA stimulates endogenous antioxidant 

defences including superoxide dismutase, catalase, glutathione peroxidase and 

glutathione reductase (Barbary et al., 1993; Ford et al., 1997).  In this study, we 

will focus on ADAC as a potential target for therapeutic management of noise-

induced cochlear injury.  
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Thesis Objectives 1.9 

 

The main aim of the study was to determine the pharmacokinetic properties of 

ADAC and test the suitability of ADAC as a cochlear rescue agent following 

exposure to impulse noise. 

Specific aims: 

1. Determine the pharmacokinetics of ADAC in rat plasma, cochlea and 

perilymph after systemic (intravenous) administration; 

2. Determine the pharmacokinetics of ADAC in rat cochlea after local 

(intratympanic) administration. 

3. Investigate cochlear recovery from impulse noise after systemic 

(intraperitoneal) and local (intratympanic) administration of ADAC.  

 

 

 

 

 



Chapter 2: Otoprotection of ADAC by Systemic Administration Page 68 

 Pharmacokinetic Studies of Chapter 2

ADAC after Systemic Administration  

 

Introduction 2.1 

 

To date there is a very limited number of pharmacokinetic studies on adenosine 

A1 receptor agonists. Actually, all were done by one research group over two 

decades ago. Mathôt and co-workers first reported the pharmacokinetics of N6-

Cyclopentyladenosine (CPA) in rats (Mathôt et al., 1994), then determined the 

pharmacokinetic properties of three other analogues of CPA: 5’dCPA, 3’dCPA 

and 2’dCPA in a follow-up study (Mathôt, Van der Wenden, et al., 1995). The 

pharmacokinetics of another two adenosine A1 receptor agonists R- and S-N6-

Phenylisopropyladenosine (S- and R-PIA) were determined in a similar manner 

(Mathôt et al., 1995).  

As described previously, adenosine amine congener (ADAC) is a synthetic 

adenosine A1 receptor agonist designed to cross the blood-brain barrier, and 

with reduced cardiovascular side effects compared to other A1 adenosine 

receptor agonists (Jacobson et al., 1985). The repeating CH3 groups suggest 

that ADAC is a lipophilic and non-polar molecule (Smith, 2013), however, little is 

known about the biological fate of ADAC after systemic administration.  
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Previous in vivo neuroprotection studies have used ADAC empirically without 

adequate consideration of pharmacokinetics, or even without prior knowledge of 

its metabolism (Von Lubitz et al., 1996; Blum et al., 2002; Vlajkovic et al., 2010; 

Gunewardene et al., 2013; Vlajkovic et al., 2014). Pharmacokinetics describes 

the movement of a drug through the living organism, including its absorption, 

distribution, metabolism and elimination (Langman & Snozek, 2012). 

Understanding the pharmacokinetic properties of ADAC in experimental animals 

is essential for assessment of its clinical applicability, as it may provide a 

prediction of ADAC pharmacokinetics in humans (Jolivette & Ward, 2005). A 

large proportion of this study utilised analytical technologies, and tested the 

suitability of ADAC as a therapeutic agent for noise induced hearing loss in the 

rat model. The pharmacokinetics of ADAC in blood plasma, cochlear tissue and 

perilymph was investigated, including the putative breakdown products of ADAC. 

In the first part of this chapter, two inter-related analytical technologies were 

applied to study the pharmacokinetic behaviour of ADAC following systemic 

administration: reversed-phase high performance liquid chromatography (RP-

HPLC), and liquid chromatography-tandem mass spectrometry (LCMS/MS). 

RP-HPLC is a powerful tool in analytical technology and separation chemistry 

(Na-Bangchang et al., 2014). It has the power to separate, detect and quantify 

individual compounds from a mixture of complex materials (Dong, 2006; 

Kazakevich & LoBrutto, 2007). The sensitivity of the RP-HPLC system depends 

on both the analyte and the RP-HPLC column being used. The RP-HPLC 

column should be carefully chosen based on the chemical structure of the 

analyte (Sadek, 1999). The limit of quantification (LOQ) is the lowest peak of an 

analyte that can be quantitatively determined by the instrument from 
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background noise. Additionally, the lower limit of quantification (LLOQ,) can be 

defined by running the compound calibration standards at decreasing 

concentrations, and the lowest detectable concentration with suitable precision 

and accuracy defines the LLOQ of that analyte (US Department of Health and 

Human Services FDA, 2001).  

In recent years, mass spectrometry coupled with a typical RP-HPLC system 

(LCMS/MS) has emerged as a powerful tool for providing very high sensitivity 

and selectivity for detection of specific substances. LCMS/MS systems are 

important in basic research and commercial applications. A typical LCMS/MS 

couples liquid-based chromatography techniques with one or more mass 

spectrometers working together. The improvements made in user interfaces, 

computing power, and column characteristics have expanded the potential of 

mass spectrometry-based LCMS/MS systems from rigid and cumbersome 

techniques to powerful, limitless, adaptable, open-source platforms capable of 

identifying numerous analytes in a single sample with complex matrices 

(Langman & Snozek, 2012). A well maintained LCMS/MS has the ability to 

quantify a broad range of analytes even in complex matrices from environmental 

samples (soil, water, polluted air, plant tissues), to biological samples (blood, 

urine, body fluid, body organs) (Das & Pal, 2015; Shobo et al., 2015). The LLOQ 

for LCMS/MS, which remains the principal challenge for all LC analysis, is at 

least three orders of magnitude greater than a conventional RP-HPLC 

(Langman & Snozek, 2012). A schematic diagram (Figure 13) briefly illustrates 

the theory of LCMS/MS.  
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Figure 13: Theory of LCMS/MS.  

The first and the second quadrupoles select the ions, while the collision cell fragments 
the ions according to the user’s instructions. After the compound separation takes place 
in the RP-HPLC part, ionization then converts the analytes from solution phase to gas 
phase. The first quadrupole allows certain ions to go through, and the collision cell 
causes the ion fragmentation. All the fragmented ions are then subjected to the second 
quadrupole, where the second ion selection takes place. The final monitored ions are 
analysed by the detector and revealed as peaks in the spectrum.  

Adapted from http://www.toray-research.co.jp/kinougenri/biology/bio_004.html on 28th 
Nov 2014. 

 

The second part of this chapter compared the potential otoprotective effects of 

ADAC in rats exposed to impulse noise using the systemic administration route. 

This route was chosen in order to make comparison to the otoprotective effect of 

ADAC after exposure to continuous noise. The outcomes were measured 

functionally using auditory brainstem responses and quantitative histology. 

Previous studies have shown the otoprotective effects of ADAC after systemic 

(intraperitoneal) administration in the rat model of noise- and cisplatin-induced 

cochlear injury and hearing loss (Vlajkovic et al., 2010; Gunewardene et al., 

2013; Vlajkovic et al., 2014). However, the otoprotective effect of ADAC against 

impulse noise has not been investigated previously. Understanding the effects 

of impulse noise is crucial, not only because it is likely to cause more 
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mechanical damage and trigger early cellular apoptosis in the cochlea 

compared to continuous noise, but it also relates more frequently to 

occupational status (Fetoni et al., 2014; Bielefeld, 2015; Brueck et al., 2016). 

For instance, workers in the mining industry and military are often exposed to 

impulse noise. The details of impulse noise were described in section 1.4.1 , 

Table 2 and Table 3. 
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Materials and Methods 2.2 

 

2.2.1 Experimental Outline 

 

The first part of this chapter was designed to determine the pharmacokinetics of 

ADAC in rat plasma, cochlear tissue and perilymph after systemic 

administration. The detection methods were first developed and validated, and 

the following studies undertaken:  

• Study 1 (RP-HPLC STUDY): Detection of ADAC in plasma. ADAC was 

administered to adult Wistar rats through the femoral vein and the blood 

samples were collected at time intervals after ADAC injection. The 

purified samples were then analysed with RP-HPLC and ADAC 

pharmacokinetics in rat plasma was determined.  

• Study 2 (LCMS/MS STUDY): Detection of ADAC in cochlear tissue after 

administration through the femoral vein. The animals were euthanised at 

time intervals after ADAC injection, and both cochleae were collected for 

PK analysis. 

• Study 3 (LCMS/MS STUDY):  Detection of ADAC in perilymph after 

administration through the femoral vein. Perilymph was collected from the 

apical turn of the rat cochlea at intervals after ADAC injection and 

analysed by LCMS/MS. 
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The second part of this chapter used the systemic drug administration route to 

assess the potential otoprotective effects of ADAC in rats exposed to impulse 

noise. Animals were exposed to 75 pairs of impulse noise at 155 dB peak sound 

pressure level (SPL) presented over a time period of 75 seconds.  ADAC was 

administered intraperitoneally for five consecutive days starting at 6 hours after 

noise exposure.  Functional outcomes were measured using ABR, while the 

neural injury was assessed histologically by neuronal density measurements in 

the spiral ganglion. 

 

2.2.2 Drug Preparation 

 

ADAC was purchased from Sigma-Aldrich (5 mg, Lot # 067K4712V). The 

preparation of the calibration standards was as follows: 5 mg of ADAC was 

dissolved initially in 200 µl of 1 M HCL, and then diluted in 49.8 mL of 0.9% 

NaCl to make a final volume of 50 mL. The final concentration (100 µg/mL) of 

ADAC was used to prepare calibration standards and injection solutions.  

 

2.2.3 RP-HPLC Instrumentation 

 

The RP-HPLC system used in this study was an Agilent 1100 series (Agilent 

Technologies®, Santa Clara, California, USA) (Figure 14). The whole system 

consisted of a binary pump (G1312A), a solvent degasser (G1379A), a sample 

injection valve (G1329A) with thermal control apparatus (G1330B), a column 
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compartment (G1316A), and a diode-array (DAD) detector (G1315B). 

Integration of peak areas was obtained using a software Chemstation® version 

B.01.03 (Agilent Technologies®, Santa Clara, California, USA).  

 

Figure 14: The Agilent 1100 series RP-HPLC system used in this study. 

 

2.2.4 RP-HPLC Conditions 

 

Reverse phase HPLC separation of ADAC in rat plasma after intravenous 

administration was run on a specialised Phenomenex® Gemini 3µm C18 column 

(150 * 3.00mm, 110 Å, S/N: 622550-3) protected with a Phenomenex® Gemini 

C18 guard column (4 x 2.0 mm i.d.). The column reached its life expectancy 
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after that part of the study. Henceforth, a Gemini 5 µm C18 column (150 * 3.00 

mm, 110 Å, S/N: 625787-3) was used, whilst the guard column (4 x 2.0 mm i.d.) 

remained the same throughout the study. The injection volume was 40 µL. The 

mobile phase used for the separation of ADAC from the rest of the matrix peaks 

consisted of two eluents: 45 mM ammonium formate in water, pH 7 (aqueous 

mobile phase A), and 100% acetonitrile (organic mobile phase B). 

The chromatographic conditions used to obtain the chromatograms for the first 

part of the RP-HPLC study (ADAC concentrations in plasma after intravenous 

administration) are summarized in Table 5A. Mobile phase B was kept at 20% at 

the start of chromatographic separation, and was increased to 40% at 5 min. 

After that, mobile phase B was ramped up to 90%, and slowly decreased to 

20% from 7 min. The flow rate was also elevated to 0.6 mL/min in the middle of 

the run. At the end of the 10 min run, mobile phase B was back to 20% with the 

flow rate of 0.4 mL/min to prepare for the next injection.  

After the first RP-HPLC study, the RP-HPLC column was replaced by a similar 

column but with slightly bigger particle size (5 µm), to reduce pressure for 

operation (Dong, 2006; Kazakevich & LoBrutto, 2007). RP-HPLC 

instrumentation parameters were modified accordingly (Table 5B). Briefly, the 

same gradient was applied, but the flow rate was altered to meet the column’s 

specificity. The starting flow rate was 0.5 mL/min for the first 5 min of the 

injection. From 5.5 min, the flow rate was increased to 0.7 mL/min until 9.5 min, 

and back to 5 mL/min in the last 0.5 min of run time (10 mins). 

The UV-Vis detection was at 254 nm wavelength, and the samples were run 

and kept at 5°C under the thermostat control in the autosampler. The column 
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was washed by injecting 20% acetonitrile (ACN) at the end of each run (details 

shown in Table 5D and 2E). The RP-HPLC column was always kept in 65% 

ACN when not in use as a house keeping practice (Kazakevich & LoBrutto, 

2007).  
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Table 5: The RP-HPLC conditions used to assess ADAC concentrations in blood 
and cochlear tissues.  

The mobile phases and the flow rate gradients for Detection of ADAC in A) plasma and 
B) cochlear tissues. C) Mobile phases and instrument settings. (D, E)  HPLC column 
washing procedure. 

Min %B Flowrate (mL/min) 

0 20 0.4 
1 20 0.4 
5 40 0.4 
5.5 90 0.6 
6.5 90 0.6 
7 20 0.6 
9.5 20 0.6 
10 20 0.4 
   
Min %B Flowrate (mL/min) 
0 20 0.5 
1 20 0.5 
5 40 0.5 
5.5 90 0.7 
6.5 90 0.7 
7 20 0.5 
9.5 20 0.5 
10 20 0.5 

 

Mobile Phase A: 45mM ammonium formate pH 7.4 
Mobile Phase B:100% acetonitrile 
Column: Phenomenex® Gemini 3 µm C18 110 Å, 150 * 3.00mm S/N: 
622550-3 ADAC in plasma, or Phenomenex® Gemini 5 µm C18 110 Å, 150 * 
3.00 mm S/N: 625787-3 ADAC in cochlear tissues 
Injection volume: 40 µL 
Detection wavelength:  254nm, bandwidth 20 nm 
Run time: 10min, RT ~4.5 min 
Thermostat control: 5 °C 
 

 

B 

A 

C 
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Min %C Flowrate (mL/min) 
0 5 0.4 
0.5 5 0.4 
10 90 0.4 
12 90 0.4 
14 20 0.4 
24 95 0.4 
26 95 0.4 
28 80 0.4 
30 65 0.4 
50 65 0.4 
 

Mobile Phase C:100% acetonitrile 
Mobile Phase D:water 
Column: Phenomenex® Gemini 3 µm C18 110 A, 150 * 3.00 mm S/N: 
622550-3 (ADAC in plasma), or Phenomenex® Gemini 5 µm C18 110 Å, 150 
* 3.00 mm S/N: 625787-3 (ADAC in cochlear tissues) 
Injection volume: 80 µL 
Detection wavelength: N/A 
Thermostat control:5 °C 
  

D 

E 
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2.2.5 LCMS/MS Instrumentation 

 

The same Phenomenex® Gemini column (5 µm C18 110Å, 150 * 3.00 mm S/N: 

625787-3) protected with a Phenomenex ® Gemini C18 guard column (4 x 2 mm 

i.d.) was used for LCMS/MS analysis. 

The LCMS/MS system used in this study was Agilent 1200 series RP-HPLC 

(Agilent Technologies®, Santa Clara, California, USA) coupled with Agilent 6460 

series triple quad LCMS/MS detector (G6460A) (Figure 15). Similar to the RP-

HPLC described above, the Agilent 1200 system consisted of a binary pump 

(G1312B), a solvent degasser (G1379B), a sample injection valve (G1367C) 

with thermal control apparatus (G1330B), a column compartment (G1316B), and 

a diode-array (DAD) detector (G1315C). Integration of peak areas was obtained 

using MassHunter Workstation Software version B.06.00 (Agilent 

Technologies®, Santa Clara, California, USA, 2012). 
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Figure 15: The Agilent 1200 RP-HPLC coupled with a 6400 series LCMS/MS used 
in this study. 
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2.2.6 LCMS/MS Conditions 

 

The LCMS/MS method was modified from the RP-HPLC method. The 

LCMS/MS method used the same LC column and the same UV wavelength as 

RP-HPLC. All source parameters including carrier gas, nebulizer gas, sheath 

gas, capillary voltage and nozzle voltage were optimized for the compound 

detection (Table 6B). The mobile phase B was unchanged, however a diluted 

mobile phase A (4.5 mM ammonium formate, pH 7) was used. During the 

reversed phase LCMS/MS separation step, the percentage of organic mobile 

phase was increased to 30% at 5 min, and then to 90% at 6 min. From 7.5 min, 

the mobile phase gradient was reduced to 20% organic phase and 80% 

aqueous phase. The flow rate gradient remained unchanged (Table 6A). The 

wash method was included at the end of each sequence as part of the column 

maintenance. The wash method was unchanged (Table 5D and E). The LC 

column was always kept in 65% acetonitrile (ACN) when not in use. Detection of 

ADAC was monitored by multiple reaction monitoring (MRM). Details of 

electrospray ionisation (ESI) source parameters, MRM transitions and 

compound-dependent parameters are summarized in Table 6B. 
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Table 6: The LCMS/MS conditions used to assess ADAC concentrations in 
cochlear tissues.  

The gradient profiles and the flow rate showing in A), while the instrument settings, 
MRM transitions and compound-dependent parameters showing in B). 

Min %B Flowrate (mL/min) 
0 20 0.5 
1 20 0.5 
5 30 0.5 
6 90 0.7 
6.5 90 0.7 
7.5 20 0.5 
10 20 0.5 

 

Mobile Phase A: 4.5mM ammonium formate pH 7 
Mobile Phase B:100% acetonitrile 
Column: Phenomenex® Gemini 5 µm C18 110Å, 150 * 3.00 mm S/N: 
625787-3  
Injection volume: 20 µL 
Detection wavelength:  254nm, bandwidth 20 nm 
Source parameters: Gas Temp: 275 °C; Gas Flow: 10 l/min; Nebulizer: 25 
psi; Sheath Gas Temp: 350 °C; Sheath Gas Flow: 12 l/min. Capillary Voltage: 
2750 V (positive), 3500 V (negative); Nozzle Voltage: 2000 V 
MRM transitions and compound-dependent parameters: Precursor Ion 
(m/z) Q1: 577.4; Product Ion (m/z) Q3: 445.4; Focusing Potential: 150 V; 
Collision Energy: 20 V; Dwell Time: 100 ms 
Run time: 10 min, RT ~2.5 min 
Thermostat control: 5 °C 
  

B 

A 
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2.2.7 Validation Procedures 

 

The assay was validated in rat plasma in accordance to the US FDA guidelines 

on bioanalytical method for linearity, selectivity/specificity, precision and 

accuracy (US Department of Health and Human Services FDA, 2001). 

Selectivity/specificity was examined by collecting blank plasma and 

homogenised cochlear tissue samples from three different rats and five 

perilymph samples from five rats to look for any endogenous peaks that could 

interfere with the current ADAC peak. Accuracy and precision were evaluated by 

analysing the matrix spike samples at two concentration levels: low QC (1.67 

µg/mL for RP-HPLC, 1 ng/mL for LCMS/MS) and high QC (16.67 µg/mL for RP-

HPLC, 50 ng/mL for LCMS/MS). Five replicates were examined per QC 

concentration. Accuracy was calculated by comparing the detected 

concentration with the true spiked concentration in plasma. Precision was 

expressed as relative standard deviations (RSD %).  

For RP-HPLC, calibration standards of 10 concentrations in the range 0.05 to 

150 µg/mL were prepared in vehicle solutions, whilst for LCMS/MS, another 10 

concentrations ranging from 0.01 to 150 ng/mL were prepared. Calibration 

curves obtained in this study included a blank sample, five non-zero samples 

including the lower limit of quantification (LLOQ). LLOQ was evaluated on the 

signal to noise ratio of 5:1 with precision and accuracy within 20% of the 

nominal value. Linearity was assessed by preparing calibration curves and 

plotting the peak area size of ADAC against its concentration. 
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2.2.8 ADAC Stability at Normal Body Temperature 

 

To test the thermostability of ADAC at body temperature, freshly prepared 

ADAC calibration standards were incubated at 37°C for 4 hours. After that, the 

incubated standards were analysed by RP-HPLC along with standard solutions 

prepared at room temperature. The stability was assessed by comparing the 

incubated standards with the non-incubated concentration. 
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2.2.9 Animals  

 

Male Wistar rats (6-8-weeks old with the mean weight of 250 g) were supplied 

by the Vernon Jansen Unit (an animal facility at the University of Auckland). All 

experimental procedures described in this study were approved by the 

University of Auckland Ethics Committee (AEC number: R935) in accordance 

with the Animal Welfare Act 1999. The animals had free access to food and 

water throughout the experiment.  

The animal groupings in the first part of the chapter are shown below (Table 7 

and Table 8): 
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Table 7: The animal groups in ADAC pharmacokinetic study.  

A) RP-HPLC study; B) LCMS/MS study. 

  

Type of 
Administration 

Number of 
Animals 

Type of Sample 
Collected 

Collection 
Period (min) ADAC Dosage 

Systemic, i.v. 10 Plasma 12 400 µg/kg 
     

 

Type of 
Administration Animal Group 

Number of 
Animals 

Type of Sample 
Collected 

Collection 
Period (min) 

ADAC 
Dosage  

Systemic, i.v. N/A 19 Cochlear Tissue 120 100 µg/kg 
Systemic, i.v. Control (no noise) 12 Perilymph 120 100 µg/kg 
Systemic, i.v. Noise Exposed 17 Perilymph 120 100 µg/kg 

 

 

 

Table 8: The experimental design of the study investigating the effect of systemic 
ADAC administration on cochlear injury after exposure to impulse noise. 

 

Type of 
Administration Animal Group Drug and Dosages 

Number of 
Injections Number of Animals 

Systemic, i.p. Control Vehicle ADAC, 0 µg/kg 5 8 
Systemic, i.p. ADAC ADAC, 100 µg/kg 5 9 

 

 

 

  

A 

B 
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2.2.10 Continuous Noise Exposure 

 

Animals obtained from the VJU maintained at constant ambient noise (~60 dB 

SPL) served as controls. Another group of animals was exposed to continuous 

octave-band noise (110 dB SPL, 8-16 kHz bandwidth for 2 hours) to study the 

effect of acoustic overexposure on ADAC concentrations in perilymph. Noise 

exposures were carried out in a custom built acoustic chamber (Shelburg 

Acoustics, Sydney, Australia) with internal speakers and external controls 

(sound generator and frequency selector). The sound intensity inside the 

chamber was measured using a calibrated Rion NL-40 sound level meter. There 

were minimal deviations of sound intensity (± 1 dB SPL) in the vicinity of the 

animal cage. Up to four rats were placed in the chamber in a standard rat cage, 

where a few food pellets were supplied on the floor of the cage. 

 

2.2.11 Systemic ADAC Administration and Blood Sampling 

 

Animals were anaesthetised with ketamine (90 mg/kg) and xylazine (10 mg/kg) 

administered intraperitoneally. The toe and tail pinch plus the corneal touch 

reflexes were used to determine the level of anaesthesia. Once an appropriate 

depth of anaesthesia was achieved, the skin on the upper medial aspect of the 

left leg was cleaned with 70% ethanol, followed by a skin incision (2 cm) parallel 

to the femoral vein. The femoral vein was exposed and ADAC (400 µg/kg or 100 

µg/kg of body weight depending on the study group) was administered to the 
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animal using a 1 mL sterile BD Tuberculin Syringe with a 30 gauge needle. The 

injection was done by hand and the speed was kept steady at 1 mL/min.  

After drug administration, 0.5 mL of blood was aspirated from the heart by a 2 

mL sterile BD Tuberculin Syringe with a 22 gauge needle. Up to 1 mL of blood 

(2 collections) was taken from each animal, and the interval between each 

collection was at least 2 min. The first sample was drawn 1 min after drug 

delivery. At the end of the experiment, the animals were euthanized by an 

anaesthetic overdose (pentobarbitone, 90 mg/kg, i.p.) and cochlear tissue 

collected for HPLC analysis. 

 

2.2.12 Extraction and Purification of Plasma Samples 

 

Immediately after collection, blood samples were processed according to the 

method modified from Stocchi et al. (1985). Briefly, deproteination was achieved 

by adding 0.5 mL 0.1M KOH to the Eppendorf (EP) tube containing 0.5 mL of 

freshly collected blood, followed by vigorous vortexing. The solution was then 

kept on ice for 3 min, before addition of 1 mL ice-cold Milli-Q water (Millipore 

Corporation®, USA). The entire 2 mL solution mix was carefully transferred into 

an Amicon® Ultra-4 50 K centrifugal filtering device (50 KDa cut off, Merck 

Millipore®, Tullagreen, Carrigtwohill, IRL) and centrifuged at 7,000 rpm for 10 

min. After centrifugation, 1 mL of the clear filtrate was mixed with 50 µL of 1 M 

KH2PO4. This final solution (1.05 mL) was then subjected to RP-HPLC analysis. 
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2.2.13 Cochlear Extraction and Purification 

 

At the endpoint of the experiment, the tympanic bulla containing the cochlea 

was collected, weighed and placed in a Petri dish. Further extraction was carried 

out using small scissors to remove the muscles and tendons attached to the 

bulla. Care was taken to ensure that the stapes attached to the oval window did 

not get damaged and cause leakage of the cochlear fluid. The cochlea was then 

washed 5 times in 15 mL of 0.9% saline. After washing, the cochlea was dried 

using soft tissue paper, and then transferred into an eppendorf tube containing 

400 µL of saline. 

 

2.2.14 Cochlear Solid-phase Extraction for LCMS/MS 

 

The washed cochlea was homogenised using a sterile mini-pestle (20 strokes), 

vortexed, and centrifuged at 10,000 rpm for 10 min. After centrifugation, 300 µL 

of supernatant was subjected to solid-phase extraction (SPE) clean-up. During 

method development, three different SPE cartridges: Phenomenex® Strata C18-

E (50 mg/1mL), Strata-X 33µ Polymeric Reversed Phase (PRP, 30 mg/1mL), or 

Agilent Elute C8 (50 mg/1mL) cartridges were anchored on a manifold 

connected to a pressure pump. The SPE cartridge was first pre-conditioned in 1 

mL of methanol and then water. After loading the supernatant (300 µL), the 

cartridge was washed once with 1 mL of 5% methanol in water, and then dried 

in a vacuum pump for 5 min. In the elution step, a clean EP tube was placed 

under the manifold and pure methanol (4 x 0.5 mL) was added to the cartridge 
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to elute the analyte of interest. For method optimization, the analyte was eluted 

with methanol + 2% ammonia, methanol + 20% dichloromethane (DCM), and 

acetone. The final SPE clean-up method is summarised in Table 9 below.  

The final eluent was evaporated dry in a covered Labconco® Refrigerated 

Centrivap concentrator which was coupled with a Centrivap cold vacuum trap. 

After evaporation, the sample was finally reconstituted with 100 µL of saline, 

and transferred to a LC vial for subsequent LCMS/MS analysis (Table 9). 

Preconditioning, loading, washing and eluting of the SPE cartridge was 

performed with vacuum at 10 mmHg constant pressure. 

 

Table 9: Solid phase extraction of cochlear samples. 

Cartridge: Agilent Bond Elut C8 SPE (50 mg/1mL) 
Conditioning 1: 3 times 1 mL pure methanol 
Conditioning 2: 3 times 1 mL pure water 
Sample loading: 300 µL 
Wash: 1 mL of 5% methanol 
Drying: 5 min 
Elution 1: 0.5 mL pure methanol 
Elution 2: 0.5 mL pure methanol 
Elution 3: 0.5 mL pure methanol 
Elution 4: 0.5 mL pure methanol 
Total volume: 2 mL 
Drying Time: 8-12 h 
Reconstitution: 100 µL saline 
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2.2.15 Perilymph Sampling from the Cochlea 

 

Wistar rats were anesthetised with Ketamine® (25 mg/kg) and Domitor® (0.5 

mg/kg) and supinely positioned under a dissection microscope (Leica Wild M7A) 

and the head was fixed to the head-holder using specially designed stainless 

steel hooks. The neck area was wiped clean with 70% ethanol and the neck 

was opened with a large incision in the ventral region (Figure 16A). 

The salivary and sub-lingual glands were exposed by separating the fascia and 

connective tissue, then dissected out using thermocautery. The trachea was 

exposed by bluntly teasing out the sternohyoid muscle. After a small incision in 

the trachea, the rat was intubated with an endotracheal tube. 

After gently teasing away the muscles and connective tissue, the tympanic bulla 

was exposed. A small hole was made in the bulla and the bony capsule was 

opened gently using forceps to expose the cochlea. The cochlea was wiped with 

a sterile tissue paper to clean off the connective tissue (periosteum), then dried 

using compressed air. The drying step was carried out to avoid any seepage 

and loss of perilymph via the bone due to capillary effect (Figure 16B). 

The scala media was identified on the apical turn of the cochlea as a dark band 

due to rich vasculature. Using fine needle, the area above the scala media, 

corresponding to the helicotrema, was punctured (~50 µm). A calibrated 

capillary tube (Harvard Apparatus GC100-10 1.0 mm O.D. x 0.58 mm I.D.) with 

2.26 µL marked on the side was held over the perforation as soon as the 

perilymph fluid started oozing out (Figure 16C). 
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The total volume of the perilymph collected per cochlea was 2.26 µL. The 

capillary tubes were calibrated for volume using the ID and length of the 

capillary. To avoid contamination with cerebrospinal fluid or endolymph, the 

volume of 2.26 µL was chosen as smaller than the average rat cochlea 

perilymph volume (3.02 µL; Thorne et al., 1999).  The rate of the fluid 

accumulation in the capillary was about 9-10 µL/min and it took about 15 

seconds to collect the perilymph sample. Fluid collection was stopped 

immediately when the 2.26 µL mark was reached. The collected 2.26 µL of 

perilymph sample was emptied into a vial with 50 µL of saline by pumping it out 

with a rubber squeeze balloon and transferred to a LC vial with a plastic insert. 

The samples were then kept at -80°C until LCMS/MS analysis.  
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Figure 16: Perilymph sampling from the cochlear apex.  

A) The anatomy of the neck region; B) The ventral approach to expose the auditory 
bulla; C) Schematic diagram of the perilymph sampling procedure. 

C 
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Chapter 2: Otoprotection of ADAC by Systemic Administration Page 95 

2.2.16 Intracerebroventricular administration of ADAC  

 

The bony labyrinth of the cochlea has two types of fluids – endolymph and 

perilymph. Perilymph communicates with cerebrospinal fluid via the 

perilymphatic duct (cochlear aqueduct), hence there is a possibility of 

contamination of perilymph with CSF. To ensure that there was no 

contamination with CSF in our perilymph sampling procedure, 10 µL of ADAC 

solution (200 µg/ml) was administrated into the lateral ventricle of the rat brain 

by intracerebroventricular (ICV) injection, and the perilymph was collected as 

described previously.  

This procedure was adapted from (Salt et al., 2006). Briefly, the rats were 

anesthetised and the head was positioned in a stereotaxic apparatus. The skin 

over the head region between the ears was sterilised with povidone-iodine and 

an incision was made. The skin was retracted to expose the bregma (the point 

on the skull where the frontal bone and parietal bones meet). A hole (∅ 100 µm) 

in the skull was drilled at the following coordinates: 1.2 mm caudal to bregma, 

1.5mm lateral to the midline (Houpt et al., 1998). A Hamilton syringe with a 29G 

needle was inserted at a 90° angle to the depth of 5 mm below the skull surface, 

and the 10 µL volume of ADAC solution was injected slowly at a rate of 10 

µL/min. The syringe was then removed and checked for any leakage from the 

site. The hole was then sealed with dental cement. The schematic diagram 

(Figure 17) shows the site of administration. 

The perilymph collection timing is shown in Table 10 below: 
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Table 10: ADAC administration into the brain lateral ventricle and perilymph 
sampling timeline from the left (L) and right (R) cochlea. 

Animal Cochlea Sampled (L, R) Time of Collection (min) 
1 L 6.00 
1 R 8.50 
2 L 6.10 
2 R 12.30 
3 L 6.50 
3 R 14.00 

 

 

 

 

 

 

Figure 17: ADAC administration into the brain lateral ventricle. 

The blue arrow shows the site of ADAC administration 
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2.2.17 Pharmacokinetic Analysis 

 

Pharmacokinetic analysis of the ADAC concentration-time data was performed 

using PKSolver, a freely available menu-driven add-in program for Microsoft 

Excel written in Visual Basic for Applications (VBA) (Zhang et al., 2010). Both 

one- and two-compartment models were characterised, and the most 

appropriate pharmacokinetic model was determined using the coefficient of 

determination (R2). Non-compartmental parameters were also obtained with 

PKSolver for internal comparison. Pharmacokinetic parameters were calculated 

for study 1 and study 2 separately. 

 

2.2.18 Auditory Brainstem Responses 

 

Auditory Brainstem Responses (ABRs) were used to assess auditory thresholds 

before and after noise exposure in treated and control animals. ABRs are 

auditory evoked potentials which represent the synchronous activity of the 

auditory nerve and the central auditory pathways in the brainstem and midbrain 

(Ruth & Lambert, 1991). ABR waveforms are generated in response to a tone 

pip or click auditory stimulus, and consist of five waves (I-V). Wave I is produced 

by the auditory nerve (cranial nerve VIII) proximal to the cochlea, thus best 

representing cochlear function. Waves II-V represent activity in regions of the 

ascending auditory pathway in the brainstem and midbrain (Skoe & Kraus, 

2010). 
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2.2.18.1 Equipment and Preparation of Animals 

 

ABRs were measured in a custom built sound attenuating chamber (Shelburg 

Acoustics, Sydney, Australia). The Tucker-Davis Technologies (TDT) auditory 

physiology workstation system III and BioSig digital signal processing software 

(TDT, Alachua, Fl, USA) were used to generate auditory stimuli and measure 

ABRs. A closed-field electrostatic speaker (EC1 SN:3699) with 10 cm of plastic 

tubing was used to deliver the auditory stimulus to the left ear. Electrodes were 

connected to a Medusa RA4LI headstage amplifier with 20x gain. Calibration 

was performed weekly, to ensure that the electrical signal delivered to the 

speaker produced accurate sound intensities across all frequencies. 

ABRs were performed one day prior to noise exposure (baseline) and 14 days 

after exposure (final). For the ABR measurements, rats were anaesthetised with 

a mixture of Ketamine (25 mg/kg) and Domitor® (0.5 mg/kg) delivered 

intraperitoneally. Adequate depth of anaesthesia was determined by loss of the 

withdrawal reflex in the hind paws. Tympanic membranes were routinely 

checked before ABR measurements for signs of infection or physical trauma. 

Three fine platinum electrodes were placed subdermally: the negative electrode 

(active) was placed at the mastoid region ipsilaterally to the ear of interest, the 

positive electrode at the vertex of the scalp, and the ground electrode at the 

mastoid region contralaterally to the ear of interest. Tubing was inserted into the 

ear canal and the electrode impedance matched to 1 kΩ. Only the responses to 

sound in the left ear were assessed in each animal. 
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2.2.18.2 ABR Recording and Threshold Determination 

 

ABRs were recorded using tone pip stimuli, delivered from 90 dB SPL to 5 dB 

SPL, attenuating the sound intensity in 5 dB increments. Responses were 

acquired in a 10 ms window (Figure 18). 

Tone pip stimuli were delivered at 4, 8, 12, 16, 20, 24 and 28 kHz frequencies. 

Tone pips were 5 ms in duration with a 1 ms cosine-gated rise and fall time at a 

21/s presentation rate. Responses to tone pips were acquired at an alternating 

polarity sampling rate of 512 (90 and 270 degrees), and averaged for each 

sound intensity. Responses were filtered (30-3000 Hz), and a notch filter at 50 

Hz was applied automatically to all responses. 

The ABR threshold in this study was defined as the lowest sound intensity 

capable of evoking the PI/NI complex of Wave I at an amplitude of or greater 

than 120nV to the nearest 5 dB. ABR recordings were repeated at sound 

pressure levels 10 dB above and below threshold in 5 dB increments. In cases 

where no threshold was identified at the maximum output of the system 

(thresholds above 90 dB SPL), thresholds were given an arbitrary value of 95 

dB SPL. Assessment of input/output function was not possible in all animals as 

thresholds occasionally exceeded 90 dB SPL. Suprathreshold amplitudes for 

Wave I were measured at 90 dB at frequencies 8, 12, 16 and 20 kHz. 

The average duration of the ABR procedure, including threshold repeats, was 

approximately 1 hour per animal. Animals were given one subcutaneous dose of 

Antisedan (1 mg/kg) to reverse the sedative effects of Ketamine/Domitor 

anaesthesia and placed back into their cages in a recovery position. 
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Figure 18: An example of ABR Waveforms I-V. 

Individual traces show ABRs generated by tone pip stimuli at 12 kHz presented to the 
left ear; taking an average of 512 repeats per trace. Each waveform was evoked at a 
sound intensity gradient from 90-35 dB SPL. Waves I-V are shown as the major wave 
complexes of the ABR. Square white markers indicate the peak to trough labels used to 
measure Wave I amplitude. 

 

 

2.2.19 Impulse Noise Exposure 

 

Control animals obtained from the VJU were maintained at constant ambient 

noise (~60 dB SPL). Experimental animals were anesthetised by ketamine (90 

mg/kg) and xylazine (10 mg/kg) administered intraperitoneally before exposing 

to impulse noise: 75 pairs at 155 dB peak sound pressure level presented over 

a time period of 75 s.  

The rat was placed in a custom built acoustic chamber (Shelburg Acoustics, 

Sydney, Australia) during noise exposure, and both ears were exposed to 

I 
II 

III IV 
V 
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impulse noise (the left ear first) (Duan et al., 2006). The impulse nose was 

generated from the sound card of a desktop Dell computer. The output from the 

sound card was attached to a power amplifier (SKY-2000 II Skytec) and the 

power amplifier output was connected to a loudspeaker (compression Titanium 

horn driver 13cm 120W, 8Ω). The loudspeaker was attached to a cone shaped 

horn. During stimulation, the narrow end of the cone was attached to a silicon 

tubing which was placed in the ear canal (closed field system). 

During calibration, the narrow end of the cone was attached to tubing connected 

to PCB microphone (model 378C01, USA). The position of the microphone 

mimicked the position of the eardrum during stimulation. Calibration was done to 

ascertain that the loudspeaker system generated the desired level of acoustical 

signal (Figure 19A). The calibration was done by assessing the waveform and 

amplitude on the oscilloscope, as shown in Figure 19B. The amplitude of the 

waveform was calculated and compared against the standard calibrator (1kHz, 

94 dB).  

After noise exposure, animals were allowed to rest for 6 or 24 h before drug 

administration. 
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Figure 19: The desired acoustical waveform and amplitude spectrum of the 
impulse noise. 

A) During calibration; B) During impulse noise exposure. 
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2.2.20 Cochlear Extraction for Histology Analyses 

 

Two weeks after drug administration, both cochleae were extracted from each 

animal, and used to compare hair cell and spiral ganglion neuron survival in 

treated and non-treated cochlea. 

At the end-point of each experiment, animals were given an anaesthetic 

overdose (pentobarbitone, 90 mg/kg intraperitoneally). The animals were then 

transferred into a fume hood and their chest cavity opened to expose the 

beating heart. Whole body intracardial perfusion was performed using a 

pressurised tubing system set up to pump flush solution (0.9% NaCl containing 

10% of the vasodilator NaNO2) and fixative (4% paraformaldehyde (PFA) in 0.1 

M PB, pH 7.4). A needle was inserted into the left ventricle of the heart while 

simultaneously cutting the right atrium. After the blood was completely flushed 

out with flush solution, the animals were fixed with 4% PFA by cardiac perfusion. 

Animals were then decapitated and the auditory bullae removed. 

The cochleae were then superfixed through the round and oval windows with 4% 

PFA to fix the organ of Corti. After overnight fixation at 4°C, cochleae were 

decalcified in 5% EDTA solution for 7 days at 4°C. Cochleae were then 

cryoprotected in 30% sucrose overnight, fixed in optimal cutting temperature 

compound (OCT), snap frozen with N-pentane, and stored at -80°C for further 

processing. 
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2.2.21 Spiral Ganglion Neuron Counts 

 

Cochleae designated for spiral ganglion neuron density measurements were 

cryosectioned at 12 μm and six alternate mid-modiolar sections were collected 

and placed in 0.1 M PBS (pH 7.4) in a 24 well plate. The blocking and 

permeabilisation step was performed in 0.1 M PBS containing 1% Triton X-100 

and 10% normal donkey serum for 1 hour. After this, cochlear cryosections were 

incubated overnight at 4°C with the goat polyclonal Neurofilament (NF-L) 

antibody (2 μg/mL; Santa Cruz Biotechnology, Inc.) in antibody solution (0.1% 

Triton X-100 and 10% normal donkey serum) to label spiral ganglion neurons. 

The next day sections were washed in 0.1 M PBS (3 x 10 minutes), and 

incubated for 2 hours at room temperature with the donkey anti-goat secondary 

antibody (Alexa Fluor 488; Invitrogen) at a concentration of 3.33 μg/mL (1:600 

dilution in 0.1 M PBS with 10% normal donkey serum). Sections were then 

washed (3 x 10 minutes) in PBS, and counterstained with Hoechst nuclear stain 

(1 μg/mL in 0.1 M PBS; Life Technologies). Sections were mounted on a 

microscope slide with Citifluor AF1 mounting medium containing PBS and 

glycerol, covered with a cover slip and sealed with nail polish. 

Slides were imaged with an Axiocam camera controlled by NIS-elements BR 

2.30 software at 40x magnification. Images of Rosenthal’s canal were taken at 

the middle turn across six alternate sections for each cochlea, using the UV filter 

(Hoechst stain) and a laser wavelength of 488 nm for the detection of Alexa 

Fluor 488 green fluorescence. Spiral ganglion neurons were counted only when 

the nucleus was present along with the neurofilament stain. Rosenthal’s canal 
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was defined using the ‘freehand selection tool’ in Image J and the number of 

cells per mm2 determined. Only neurons with unambiguous nuclei and green 

cytoplasm were counted as described previously (Landry et al., 2011). Figure 20 

shows an example of Rosenthal’s canal containing SGN obtained in this study. 
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Figure 20: Representative images of Rosenthal's canal containing Spiral 
Ganglion Neurons. 

A) Overlaid image of Neurofilament fluorescence and Hoechst nuclear stain using 
Image J software. B): Representative image of the spiral ganglion where the neurons 
were marked for counting, and the area of Rosenthal's measured using free hand 
selection tool (Image J software). Blue colour shows the nuclei and the green colour 
indicates the cytoplasm. Scale bars represent 20 µM.  

A 

B 
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2.2.22 Statistical Analysis 

 

All data were first tested for normality (the Shapiro–Wilk test of normality) and 

subsequent analysis was performed using general linear mixed models, 

unpaired t test or ANOVA with post-hoc Tukey test if the distribution was normal, 

or the non-parametric Kruskal-Wallis test followed by Mann-Whitney u-test in 

case of non-normal distribution. For non-parametric analyses, group 

comparisons were made by using Mann-Whitney u-test (for two groups 

comparison), or Kruskal-Wallis one-way ANOVA (for three or more groups 

within one dimension). Data are presented as mean ± SD or mean ± SEM. All 

graphs were constructed using Graphpad Prism 6 software, or Microsoft Excel. 

A p value of equal or less than 0.05 was considered statistically significant. 

 

 

   



Chapter 2: Otoprotection of ADAC by Systemic Administration Page 108 

Results 2.3 

 

2.3.1 Development of the Novel RP-HPLC and LCMS/MS 

Detection Methods for ADAC 

 

This study provides the first description of methods for the detection and 

quantification of ADAC in the cochlea and in plasma. As described in Chapter 1, 

the structure of ADAC is similar to purine molecules, ATP and adenosine. 

Therefore, we hypothesised that the methods designed for detection of 

purinergic molecules (Uesugi et al., 1997; O'Keeffe et al., 2010) would also be 

suitable for ADAC detection. Initially, a method which applied tetrabutyl-

ammonium phosphate (TBA) as the ion-pairing agent and methanol as the 

organic mobile phase was used (O'Keeffe et al., 2010).  RP-HPLC detected a 

small peak in the chromatogram after injection of ADAC standard (100 µg/mL), 

But the ADAC peak was established on top of a noisy baseline, and eluted at 

the end of the run (Figure 21A). Additionally, the sensitivity was poor 

considering the concentration of ADAC (100 µg/mL). This was likely due to the 

fact that the method was designed and validated for detecting nucleotides and 

nucleosides in the rat cochlea, but not synthetic analogues such as ADAC. The 

detection method did not improve after altering the flow rates and the mobile 

phase gradients, indicating that the previously published method (O’Keffe et al., 

2010) was unsuitable for the detection of ADAC.  

Apart from the most common ion-pairing mobile phase TBA, ammonium formate 

is another widely used aqueous mobile phase, and it has been successfully 
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used in detecting various analytes in the past, including ATP and inositol 

(Hansen et al., 1986; Pirotton et al., 1987).  Both ATP and inositol are 

structurally similar to ADAC.  The second trial was then conducted by using the 

combination of ammonium formate and acetonitrile as mobile phase. One single 

high, sharp peak with a RT of 3.9 min was obtained (Figure 21B). There were no 

other peaks visible from the chromatogram, which suggested no breakdown 

product of ADAC under this HPLC condition. The peak was sharper and the 

area size was significantly larger than in the first trial. 

This ADAC peak appeared at 3.9 min, but the total instrumental run time was 15 

min. This indicated that after the peak was detected, the remaining 11 min 

produced no useful data in the analysis. In order to improve the efficiency of the 

system, modifications on the flow rates and the organic mobile phase were 

made and the final method is shown in Figure 21C. It resulted in a symmetrical 

and sharp ADAC peak at ~4.5 min and a total run time of 10 min. The blank 

matrix (rat plasma) sample and matrix spike sample are presented in Figure 

21D and E, respectively. Apart from the matrix peaks which appeared at ~2 min, 

there were no other non-ADAC peaks detected, suggesting that no major 

metabolites of ADAC or contaminants were present. The final RP-HPLC method 

was published subsequently (Vlajkovic et al., 2014). 
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Figure 21: Development of RP-HPLC Methods.  

A) 80 µL ADAC (100 µg/mL) with TBA as a mobile phase; B) 40 µL ADAC (50 µg/mL) 
with ammonium formate as the mobile phase; C) Final method (40 µL, ADAC peak at 
~4.5 min, 10 min run) ; D) Blank plasma; E) Plasma spiked with 16.67 µg/mL ADAC.  
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The development of a more sensitive LCMS/MS method was based on the RP-

HPLC method. During the method development, low collision energy (20 V) was 

able to shred the ADAC molecule (MW 577 g/mol) into 2 daughter ions with 

molecular weights (MW) 445 g/mol and 132 g/mol, respectively. After evaluating 

the molecular structure of ADAC (Figure 22), the data suggested that the bond 

breakage occurred at the bond where the side chain joins the ribose sugar. In 

between the 2 daughter ions, the bigger ion (MW 445 g/mol) gave a stronger 

signal, hence the final method used Single Ion Monitoring (SIM) for 445 only. In 

the final method, the run time was still 10 min and the retention time of this 

compound was ~2.5 min (Figure 23A). The homogenised cochlear matrix 

sample, the cochlear matrix spike sample, the perilymph matrix sample, and the 

perilymph matrix spike sample are illustrated in Figure 23B to E, respectively. 
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Figure 22: ADAC fragmentation in LCMS/MS.  

ADAC was fragmented into two daughter ions with MW 445 and 132, respectively. The 
cross indicates the most likely carbon-nitrogen single bond breakage. 

 

MW: 445 

MW: 132 
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Figure 23: Development of LCMS/MS methods.  

Detection with SIM (m/z 445). The retention time is ~2.5 min. A) The single and 
symmetrical peak showing 20 µL of calibration standard of ADAC (100 ng/mL); B) 
Cochlear matrix; C) Cochlear spiked with 10 ng/mL ADAC; D) Perilymph matrix; E) 
Perilymph spiked with 10 ng/mL ADAC. 
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2.3.2 ADAC Standard Curve 

 

The stock solution of ADAC (100 µg/mL) was prepared as described in section 

2.2.2 , and further drug dilutions were made accordingly (see section 2.2.7 ). 

The standard curve for ADAC was generated by running the calibration 

standards using RP-HPLC and LCMS/MS and plotting the peak areas against 

their corresponding concentrations, followed by the calculation of the regression 

coefficient (R2 value).  

The ADAC calibration curves were included in every RP-HPLC and LCMS/MS 

run. The calibration curves were always linear, with R2 values greater than 0.99 

(Figure 24). As the calibration standards were run at the beginning and at the 

end of each run, averages were taken when plotting the curve.  
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Figure 24: The calibration curve of ADAC. 

A) RP-HPLC; B) LCMS/MS. The R2 > 0.99 indicates the linearity of the curve.  
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2.3.3 Method Validation 

 

No endogenous peaks coinciding with the retention time of ADAC were 

observed in blank plasma (n=5), homogenised rat cochlea (n=6 cochleae from 3 

animals) and perilymph samples (n=5). Accuracy and precision were assessed 

using QC samples and values are reported in Table 11. Variations for both low 

and high spikes were less than 15% from the true values. The LOQ and LLOQ 

of ADAC in both RP-HPLC and LCMS/MS methods are shown in Table 12. 

 

Table 11: Accuracy and precision examinations.  

A) Plasma samples (n=5); B) Homogenised cochlear tissue samples (n=6); C) 
Perilymph samples (n=5). 

Spiked concentration 
(µg/mL) 

Mean concentration 
(µg/mL) Accuracy (%) Precision (RSD, %) 

1.67 1.56 93.41 5.53 
16.67 15.22 91.30 12.51 

 

Spiked concentration 
(ng/mL) 

Mean concentration 
(ng/mL) Accuracy (%) Precision (RSD, %) 

1 0.88 88 8.36 
50 43.29 86.58 11.95 

 

Spiked concentration 
(ng/mL) 

Mean concentration 
(ng/mL) Accuracy (%) Precision (RSD, %) 

1 0.91 91 10.22 
50 44.76 89.52 9.64 

 

 

 

C 

A 
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Table 12: The LOQ and LLOQ of ADAC. 

 
HPLC (µg/mL) LCMS/MS (ng/mL) 

LOQ 0.05 0.01 
LLOQ 0.1 0.1 

 

 

2.3.4 ADAC Stability at Rat Body Temperature 

 

The stability of ADAC at rat body temperature (37 °C) is shown in Table 13. The 

peak shapes and the area sizes of each standard were similar to the standards 

incubated at room temperature (data not shown), and the recovery for the 

incubated ADAC samples were within 15% of the true value.  

 

Table 13: Recovery of ADAC in rat plasma after 4 hours of incubation. 

Spiked concentration (µg/mL) Recovery after 4 h at 37 °C (%) 

50 88.23 
20 86.35 
10 91.17 
1 87.66 
0.1 85.04 
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2.3.5 ADAC Concentration in Plasma after Systemic 

Administration 

 

2.3.5.1 Concentration of ADAC in Rat Plasma following 

Intraperitoneal Delivery (RP-HPLC study) 

 

The main purpose of this study was to understand the pharmacokinetics of 

ADAC in rats after systemic administration, especially its absorption and half-life 

in blood, cochlea and perilymph. As described earlier, previously published 

studies (Vlajkovic et al., 2010; Vlajkovic et al., 2014) directly implicate ADAC in 

otoprotection from noise-induced cochlear injury after systemic (i.p.) drug 

administration. Therefore, the initial attempts were made to assess ADAC 

pharmacokinetics using this route of administration. 

Two trials of i.p. injections were attempted. Firstly, animals were injected with 

100 µg/kg of ADAC i.p. (the otoprotective dose in our published study), followed 

by a 6 hour window before the blood and the cochleae were collected. This 

experiment failed to detect ADAC in the blood or the cochlea. A second trial was 

done with an increased dose of 400 µg/kg with the longer latency between 

injection and tissue collection (24 hours), but again no ADAC was detected by 

RP-HPLC. The results suggest that the plasma concentration of ADAC after i.p. 

administration was either below the sensitivity of the RP-HPLC method, or the 

sampling time was too late for RP-HPLC detection.  
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2.3.5.2 Study 1: Concentration of ADAC in Plasma following 

Intravenous Delivery (RP-HPLC study) 

 

Because the RP-HPLC method was not able to detect ADAC in plasma after the 

i.p. injection, the intravenous (i.v.) route was used in further studies. This route 

is more effective as the drug is directly delivered into the blood stream, 

minimising the risk of slow or poor absorption of ADAC from the tissues into the 

bloodstream. 

The pilot studies began with the injection of 300 µg/kg of ADAC into the femoral 

vein and blood sample collection at 1, 5, and 10 min. As the ADAC was not 

detected by RP-HPLC, the dose was increased to 400 µg/kg, and blood 

samples collected after 1 and 2 min. This time the ADAC peak was identified at 

4.5 min (data not shown).  

In the main study, 0.5 mL of blood samples were collected from the heart of the 

animals after i.v. injection, and the last collection took place 12 min after i.v. 

administration. Up to 1 mL of blood (two samples) was taken from each animal, 

and a total number of 10 animals were used in this part of the study.  

The graph shows the concentration profile for ADAC in rat plasma for the period 

of 12 minutes (Figure 25). As expected, ADAC concentrations were highest 

shorty after i.v. administration, followed by a rapid distribution and elimination 

phase. After 12 mins, ADAC concentrations dropped below the LLOQ limit of UV 

detection.   
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Figure 25: ADAC pharmacokinetics in plasma after i.v. administration.  

A) Concentration profiles of ADAC in rat plasma after administration through the 
femoral vein (400 µg/kg, 1 mL/min). Data are expressed as mean ± SD (n=10, 1-4 
observations per data point); B) The fitted line generated by PKSolver for 
pharmacokinetic analysis. 
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2.3.6 Pharmacokinetic Analysis from RP-HPLC Studies 

 

The ADAC pharmacokinetics in study 1 is best described by a one-compartment 

model with bolus input and first-order output. There was an excellent correlation 

between measured and modelled values from PKSolver, with a mean coefficient 

of determination (R2) of more than 0.99. Figure 25B generated by PKSolver 

shows the fitted curve which was used to calculate the derived peak 

concentration (C0), half-life (T½), elimination constant (Ke), area under the 

concentration curve (AUC0-t), plasma clearance (Cl), and volume of distribution 

(Vd).  

The data show that ADAC concentration in blood after i.v. administration and in 

plasma declined in time-dependent manner (Figure 25A and B). The 

pharmacokinetic constants are summarized in Table 14. The mean half-life of 

ADAC in blood after systemic administration was 5 min. The short half-life and 

low dose of ADAC (100 µg/kg) contributed to a fast plasma clearance and low 

exposure (area under the concentration curve). The mean AUC0-t value, as an 

indirect measurement of mean ADAC concentration, was 12.80 µg/min per mL 

in plasma. The C0 concentration extrapolated to the time of injection was 2.20 

µg in plasma.   
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Table 14: Summary of pharmacokinetic constants for ADAC in the rat plasma.  

The injected dose was calculated based on the average animal weight of 250 g. 
Abbreviations: AUC, area under the curve; C0, the extrapolated peak concentration; T1/2, 
half-life; Ke, elimination constant; Cl, plasma clearance; Vd, volume of distribution. 

 Plasma 
Dose (µg/kg) 400  
C0 (µg/mL) 2.20 
T ½ (min) 5 
Ke (µg/min) 0.14 
Cl (mL/min) 109 
AUC0-t (µg·min/mL) 12.80 
Vd (mL) 719 
  
  



Chapter 2: Otoprotection of ADAC by Systemic Administration Page 123 

2.3.7 Assessment of ADAC Concentrations in the Cochlea by 

LCMS/MS after Systemic Administration 

 

2.3.7.1 Study 2: Assessment of ADAC Concentrations in Cochlear 

Tissue by LCMS/MS 

 

Cochlear homogenates were subjected to SPE clean-up as described in section 

2.2.14 . During method optimisation, three different SPE cartridges were 

evaluated and Agilent Elute C8 was selected as it provided the best recovery of 

ADAC. The washing and elution solvents used were 5% methanol in water, and 

100% methanol (see Table 9).  

Cochleae were collected from total number of 19 animals injected with ADAC 

(100 µg/kg) through the femoral vein (Table 7), and the results expressed as ng 

of ADAC per g of cochlear tissue. 
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Figure 26: ADAC pharmacokinetics in the cochlea after intravenous 
administration (LCMS/MS study).  

A) The graph shows ADAC concentrations in the cochlea over 120 minutes. Data 
shown as mean ± SD (n=19, 1-4 observations per data point). B) The fitted line was 
generated by PKSolver for pharmacokinetic analysis.  
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LCMS/MS data show that ADAC concentration in the cochlea decreases in an 

exponential pattern (Figure 26). The initial collection point at 5 min marked its 

highest concentration determined (47.64 ng/g), and quickly declined as a 

function of time. However, the ADAC concentration (0.77 ng/g) was still 

detectable by LCMS/MS 120 min after drug injection.  

The pharmacokinetic parameters were also calculated based on the fitted curve 

shown in Figure 26B, and summarised in Table 15 below. With the dose of 100 

µg/kg, the extrapolated initial concentration in the cochlea was estimated to be 

68 ng/g, the clearance rate was fast (38.22 mL/min), and the half-life for ADAC 

in the cochlea was calculated to be 3 min. As this T½ was based on the entire 

cochlear tissue, it only acted as a guide to illustrate ADAC dynamics in the 

cochlea and might not reflect the actual concentration changes in the cochlear 

fluids, particularly in the perilymph. Therefore, to refine our experimental 

approach we continued to investigate the pharmacokinetics of ADAC in 

perilymph following systemic administration. 
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Table 15: Summary of pharmacokinetic parameters for ADAC in the rat cochlea 
after intravenous administration.  

The injected dose was calculated based on the average animal weight of 250 g. 
Abbreviations: C0, the extrapolated peak concentration; T1/2, half-life; Ke, elimination 
constant; Cl, cochlear clearance; Vd, volume of distribution. 

 Cochlea by i.v. administration 
Dose (µg/kg) 100 
C0 (ng/g) 68 
T ½ (min) 3 
Ke (ng/min) 0.23 
Cl (mL/min) 38.22 
AUC0-t (ng·min/mL) 654.06 
Vd (mL) 1.47 
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2.3.7.2 Study 3: Assessment of ADAC Concentrations in Perilymph 

by LCMS/MS 

 

In this study, perilymph was collected from the apical turn of the rat cochlea at 

intervals after ADAC injection into the femoral vein and analysed by LCMS/MS. 

The procedure was described in section 2.2.15 and Figure 16B.  

The relatively short half-life of ADAC in the plasma suggested that the initial 

sample collection should start soon after drug administration. Hence, in the pilot 

study, perilymph samples were collected at 6 and 15 min after administration, 

and ADAC was detected in both samples by LCMS/MS (data not shown).  

To test possible contamination of perilymph with CSF, ADAC was injected 

directly into CSF, and perilymph samples were collected afterwards. The 

procedure was described in section 2.2.16 . All perilymph samples collected 

were negative for ADAC except for the matrix spike sample (Table 16), 

suggesting the lack of contamination by CSF. 
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Table 16: Detection of ADAC following ICV administration. 

10 µL of ADAC solution (200 µg/ml) was administered into the lateral ventricle of the rat 
brain by intracerebroventricular (ICV) injection, followed by perilymph sampling and 
LCMS/MS detection. n=3. 

Time of Collection (min) ADAC Detection 

6.00 No 
6.10 No 
6.50 No 
8.50 No 

12.30 No 
14.00 No 

Matrix Spike Yes 
  

 

Thus, these data indicated that:  

• ADAC injected intravenously at 100 µg/kg can be detected in cochlear 

perilymph by LCMS/MS; therefore the analytical instrument LCMS/MS 

meets the required sensitivity of detection;  

• The perilymph sampling procedure enables collection of perilymph with 

no CSF contamination. 

• Based on ADAC PK in plasma, the proper time frame for perilymph 

collection should be 15 mins or longer following drug administration. 

This study provides direct evidence that ADAC can reach the cochlear 

perilymph after systemic administration. Next, animals were randomly selected 

into 2 groups: the control non-noise exposed group (12 animals), and the noise 

exposed group (17 animals). This was to examine whether noise exposure had 

any impact on the permeability of the blood-perilymph barrier. Group details 

were described in Table 7. Animals in the control group were subjected to 

continuous ambient noise (55-65 dB SPL), whereas those in the noise exposed 



Chapter 2: Otoprotection of ADAC by Systemic Administration Page 129 

group were exposed to 110 dB SPL, 8-16 kHz octave band noise for 2 h. After 

noise exposure, animals from both groups were allowed to rest for 1 h before 

ADAC i.v. administration. Perilymph collections were done over a period of 120 

mins after drug administration, and the final results are shown in Figure 27-29 

below. Pharmacokinetic properties were calculated from the predicted values 

using PKSolver, and the results are shown in Table 17.   
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Figure 27: The pharmacokinetic curves of ADAC in cochlear perilymph.  

A) Control group exposed to ambient noise (n=12) and B) Noise-exposed group (n=17). 
Data presented as mean ± SD (1-4 observations per data point). 
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The results illustrate the complex dynamics of ADAC in perilymph. The 

main/overall pattern in both groups was: ADAC concentration reached the 

highest peak in the first 7 mins, followed by the elimination phase (Figure 27A, B, 

Figure 28). In control animals exposed to ambient noise, ADAC appeared in the 

perilymph within 5 mins after systemic administration, peaked at 7 min, followed 

by drug the elimination phase. ADAC was still detectable in the perilymph after 

120 min (Figure 27A). In the noise exposed animals, ADAC exhibited similar 

pharmacokinetics, peaked at a similar time (7 min, Figure 27B), but resulted in a 

higher C0 concentration (4.83 ng/mL noise group vs 6.95 ng/mL control group, 

P=0.02; unpaired t-test).  

 

Figure 28: The combined pharmacokinetic curves of ADAC in perilymph.  

Comparison of the PK curves in the control group (n=12) and the noise exposed group 
(n=17). Data presented as mean ± SD. 
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Comparison of the two experimental groups showed higher average drug 

concentrations in perilymph of the control group (6.20 ± 2.38; mean ± SD across 

all time points) compared to the noise-exposed group (4.26 ±  3.80; P=0.03; 

unpaired t-test (Figure 29)). The data were then analysed using PKSolver to 

determine basic PK parameters, including half-life in perilymph, area under 

curve and clearance. Drug half-life (T1/2) and mean residence time (MRT) were 

shorter in noise-exposed animals (Table 17). At the same time, area under 

curve (AUC) was reduced, and the volume of distribution (Vd) increased with 

noise exposure, indicating lower ADAC concentration in perilymph. The 

comparison of the elimination constant (k10) and clearance (CL) indicated faster 

drug elimination in noise-exposed animals (Table 17). PK analysis thus 

suggests that noise exposure affects ADAC absorption, distribution and 

elimination in perilymph.   
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Figure 29: Time-dependent changes in ADAC concentration in rat cochlear 
perilymph after intravenous administration. 

Time-concentration data were obtained from 22 control cochleae (12 animals) exposed 
to ambient noise and 31 cochleae (17 animals) exposed to traumatic noise (110 dB 
SPL, 8-16 kHz, 2 hours). The predicted lines were generated by PKSolver based on the 
actual ADAC concentration changes. 

 

 

Table 17: Summary of pharmacokinetic parameters for ADAC in the rat perilymph 
after intravenous administration. 

The injected dose was calculated based on the average animal weight of 250 g. 
Abbreviations: C0, the extrapolated peak concentration; T1/2, half-life; Ke, elimination 
constant; Cl, perilymph clearance; MRT, mean residence time. 

 
Control Noise 

Dose (µg/kg) 100 100 
C0 (ng/mL) 6.95 4.83 
T ½ (min) 131.02 113.38 
Ke (ng/min) 5.28 6.11 
Cl (mL/min) 0.076 0.127 
AUC 0-t (ng·min/mL) 615.88 409.66 
MRT (min) 189.02 163.58 
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Taken together, the results suggest that ADAC can reach the perilymph within 

the first 2 mins after injection into the femoral vein, and its concentration is 

maintained above MEC for at least 2 h. In study 3, the pharmacokinetic patterns 

of ADAC in perilymph were different in the two experimental groups (noise-

exposed and non-exposed animals). For the control group, ADAC reached its 

peak concentration within the first 10 min, and then decreased gradually in a 

time-dependent manner. In noise-exposed animals, the concentration of ADAC 

peaked at the same time as the control group, and then dropped dramatically. 

After that, the concentration fluctuated in the first 60 min. The following PK 

analysis suggests that the temporary breach of the blood-labyrinth barrier 

induced by noise exposure could play a role in ADAC’s pharmacokinetics in the 

perilymph. 
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2.3.8 The Effect of Systemic ADAC Administration on Auditory 

Threshold Shifts Induced by Impulse Noise  

 

2.3.8.1 Auditory Brainstem Responses (ABR) 

 

The ABR thresholds in ADAC-treated and control vehicle-treated animals are 

shown in Figure 30, whilst the threshold shifts are demonstrated in Figure 31. 

An average threshold shift in the vehicle-treated group ranged between 21 to 25 

dB, whilst the threshold shifts for the ADAC-treated groups ranged between 26 

and 34 dB (Figure 31). These differences were not statistically significant (p > 

0.05, see Table 1 in appendix), suggesting that ADAC does not provide 

cochlear protection from injury caused by impulse noise. 
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Figure 30: Average baseline and final ABR thresholds in animals exposed to 
impulse noise and treated with ADAC or drug vehicle solution (i.p. 
administration).  

Data are expressed as means ± SEM. Animal numbers: Vehicle, n=8, ADAC, n=9. 
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Figure 31: ABR threshold shifts in animals exposed to impulse noise and treated 
with ADAC or drug vehicle solution (i.p. administration).  

Data are expressed as means ± SEM. Animal numbers: Vehicle: n=8, ADAC: n=9. ns: p 
>0.05, Mann-Whitney test. 
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2.3.8.2 Spiral Ganglion Neuron Counts 

 

Spiral ganglion neurons were counted and the results are presented in Figure 

32. In animals treated with the vehicle solution, the average SGN density was 

1382 ± 465 cells per mm2. Animals treated with ADAC had a similar number of 

SGN (1392 ± 75 cells /mm2). The difference between the groups was not 

statistically significant (p > 0.05, see Table 2 in appendix).  
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Figure 32: SGN density in the middle turn of the cochlea two weeks after 
exposure to impulse noise. Control animals were exposed to ambient noise (55-
65 dB SPL). 

Data are expressed as means ± SEM. Animal numbers: Vehicle, n=5, ADAC, n=5, non-
significant (ns): p >0.05, Mann-Whitney test. 
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Discussion 2.4 

2.4.1 Analytical Method Development 

 

In this study, two analytical methods were developed and validated to study 

ADAC pharmacokinetics. The RP-HPLC method was developed and validated 

first as it was simple and cost effective. 

The final RP-HPLC method for ADAC detection was characterised by a short 

retention time and total run time (4.5 and 10 min, respectively). This made the 

detection method fast and efficient. This method was then validated in 

accordance with USA FDA guidelines including accuracy, precision, specificity 

and linearity (US Department of Health and Human Services FDA, 2001). The 

main objective of validation is to show that the method can be applied for its 

intended purpose with acceptable reliability and reproducibility. This guideline 

defines that to pass the accuracy test, the mean tested concentration value 

should be within 15% of the true value, except when reaching LLOQ where no 

more than 20% variability is allowed. For precision test, the tested values should 

not exceed 15% of the coefficient of variation except for LLOQ where 20% 

variability is allowed.  

Based on these criteria, the RP-HPLC method developed for ADAC detection 

had acceptable accuracy, precision, specificity and linearity. Since the external 

QC for ADAC was not commercially available, every effort was made in 

preparation of the in-house QC to ensure the spiked concentration was 

accurate. These included the use of calibrated balance and syringes for 
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weighing volume measures. Both accuracy and precision variability were less 

than 15% (Table 11A), with excellent linearity (Figure 24A). Screening plasma 

samples collected from 3 rats found no endogenous peaks corresponding to RT 

for ADAC, which indicated the specificity of this method. Whilst RP-HPLC was 

adequate for ADAC detection in plasma samples, the LLOQ of this method (0.1 

µg/mL) was not suitable for ADAC quantification in homogenised cochlear 

samples and perilymph where the concentrations were lower (within the 

nanogram range). Therefore, a more sensitive method was required. 

The LCMS/MS method was based on similar instrument settings as RP-HPLC 

(Table 5). ADAC was easily fragmented, requiring as little as 20 V of collision 

energy to obtain two daughter ions (MW of 445 and 132; see Figure 22) from 

the parent ion. By reconstructing the two daughter ions back to their original 

structure, our data indicated that the fragmentation took place at the neck in 

between the side chain and the ribose sugar backbone (Figure 22). The 

subsequent investigation suggested that the bigger ion emitted a stronger signal 

in the detector, hence it was selected for MRM for the quantitative analysis. 

The final LCMS/MS method had a run time of 10 min, and the same stationery 

phase as RP-HPLC. This new method was also found to comply with limits set 

by US FDA guidelines including accuracy, precision, specificity and linearity 

(Table 11B and C) (US Department of Health and Human Services FDA, 2001). 

Most importantly, it was possible to achieve a LLOQ of 0.1 ng/mL, i.e. 1000 

times greater sensitivity compared to the RP-HPLC detection method. As the 

minimum effective concentration (MEC) for ADAC in rats (0.49 ng/mL; Jacobson 

& Gao, 2006), is almost five times higher than the LCMS/MS LLOQ, our method 
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was suitable for detection of ADAC at pharmacologically relevant 

concentrations. 

 

2.4.2 Pharmacokinetics of ADAC by Systemic Administration 

 

No metabolites were detected following 4 hours of incubations in vitro, and the 

recoveries were less than 15% from the true values (Table 13). This suggested 

that ADAC is stable at 37°C in rat plasma for at least four hours. This was not 

surprising as previous studies demonstrated otoprotective effects of ADAC in 

animals exposed to continuous noise (Vlajkovic et al., 2010, 2014) and cisplatin 

(Gunewardene et al., 2013). If ADAC was rapidly broken down into its inactive 

form after administration, no cochlear rescue effect would have been observed. 

The stability of ADAC in rat plasma at 37°C fits the experimental design of our 

study, as the maximum time of sample collection was 2 hours after drug 

injection. 

This chapter presents the first description of ADAC pharmacokinetics in plasma, 

cochlear tissue and cochlear perilymph. Detecting ADAC in rat perilymph was 

the biggest challenge in this part of the study. Initially, the drug was 

administered via the intraperitoneal route and RP-HPLC was used as the 

method of detection. However, this method failed to detect ADAC in plasma due 

to low sensitivity. Hence, the delivery route was changed to administration 

through the femoral vein in order to maximise the possibility of detectable 

plasma concentrations. The i.v. route has been widely used in PK studies and is 

more practical compared to the i.p. route from the clinical perspective. 
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The i.v. administration of ADAC (400 µg/kg body weight) yielded a small peak in 

plasma 1 min after injection, which was detected by RP-HPLC. The small peak 

indicated that the actual concentration of ADAC in plasma was relatively low for 

UV detection and short time multiple collection was needed. Subsequently, 

blood samples were taken at one minute intervals until no traceable amount was 

detected by RP-HPLC. This gave rise to 12 individual data points as showing in 

Figure 25. Because the blood was directly sampled from the heart, it was 

difficult to sample the blood at the exact time point. Therefore in the final 

analysis, mean values were taken (±1 min) and the results shown in Figure 25. 

Analysis of ADAC concentration-time data plays a crucial role in assessing the 

clinical suitability for ADAC. Physiological responses to ADAC might be complex, 

depending on the route of administration. The pharmacokinetic curve for the 

plasma is time-dependent, as the drug reached maximum concentration soon 

after injection, followed by a rapid rate of elimination (Figure 25). 

Interpretation of the pharmacokinetic parameters revealed that ADAC had a 

very short half-life (5 min) in plasma (Table 14), and this was likely due to the 

rapid plasma clearance as well as the complex matrix in plasma. Another 

possibility is that the drug was quickly taken up by tissues such as the liver and 

the kidneys, or bound to plasma proteins.  

In the second study, by utilising the power of LCMS/MS, it was possible to 

detect ADAC in cochlear tissues following i.v. administration. In particular, it was 

possible to reduce the i.v. dosage from the plasma study (400 µg/kg) to the 

standard dose (100 µg/kg) used in previously published studies (Vlajkovic et al., 

2010, 2014).  
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By acquiring the higher detection power from LCMS/MS, the method sensitivity 

was increased by 1000 fold in comparison with the UV-Vis detection. This study 

demonstrates that the concentration of ADAC in the cochlea after 2 hours is still 

higher than MEC for this drug. Therefore, the cochlea can maintain the 

therapeutic concentration of ADAC for at least 2 h after systemic administration. 

The small Vd (1.47 mL) suggests that most of the ADAC would stay in the 

cochlear fluids, rather than being absorbed by tissues (Table 15).  

Measuring drug concentration at its proposed site of action provides the most 

direct evidence of the pharmacokinetics of that drug (Salt et al., 2006). 

Therefore, this study attempted to determine the PK of ADAC in perilymph as 

the ultimate goal. This requires direct cochlear fluid sampling, plus a very 

sensitive analytical method to measure drug concentrations in small volumes 

(~3 µL). A standard dosage of 100 µg/kg of ADAC was administered 

intravenously, followed by direct perilymph sampling and LCMS/MS analysis. 

This was the most challenging part of the entire study, as it was performed in 

living animals. In previous studies, perilymph samples were aspirated from the 

basal turn of the cochlea or through an opening in the bony wall (Hoffer et al., 

2001; Arnold et al., 2005). These procedures could lead to errors because the 

samples could be contaminated with cerebrospinal fluid (CSF) as the scala 

tympani and the CSF are connected via the cochlear aqueduct near the round 

window membrane (Nakashima et al., 2003; Mom et al., 2005). Therefore, in 

this study, the perilymph was sampled from the apex of the cochlea in order to 

avoid CSF contamination. After exposing the cochlea, a perforation was made 

in the apex and only the initial 2.26 µL of perilymph was collected, which is less 

than estimated perilymph volume in rats (3.02 µL; Thorne et al., 1999). 
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Immediate collection and precise measurement of volume reduced the risk of 

sample contamination by CSF. Our control studies using ICV administration of 

ADAC provided further evidence for the lack of sample contamination with CSF. 

However, the actual diffusion time of ADAC from the lateral ventricle to the 

perilymphatic duct remains unknown, hence the results obtained from this study 

should be taken with caution. ADAC was conveniently used as a marker in 

these studies because it could readily be detected by the very sensitive 

LCMS/MS method. 

The obtained results revealed that ADAC concentration changes in the 

perilymph were more complex than in plasma and cochlear tissues. In all 

animals exposed to either traumatic or ambient noise, ADAC was detected in 

perilymph in the first 2 mins after drug administration into the femoral vein. The 

concentration reached the peak within 7 mins, followed by the elimination phase. 

Furthermore, a traceable amount of ADAC could still be detected at 120 min 

after administration in both groups, and the concentrations were above its MEC. 

There was no difference regarding the diffusion time when the animals were 

exposed to noise (Figure 28). 

The main differences observed between the noise-exposed and control animals 

were related to the peak concentrations of ADAC and the elimination phase. 

With the caveat that the sample size in this study was too small for statistical 

analysis, these differences were likely due to the transient opening of the blood-

labyrinth barrier after noise exposure. As described previously in section 1.1.4.4 

, the blood-labyrinth barrier is formed by the capillary beds with tight junctions 

between adjacent endothelial cells (Hawkins, 1976; Dallos et al., 1996). The 

blood labyrinth barrier in the inner ear regulates the volumes and the 
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composition of the inner ear fluids (Juhn et al., 1981; Suzuki et al., 1998; Juhn 

et al., 2001; Suzuki et al., 2002). Numerous studies have suggested that the 

disruption of this barrier can result in imbalance of local ionic homeostasis (Juhn 

et al., 1981; Juhn et al., 2001; Hirose et al., 2014), metal ion poisoning (Liu et al., 

2013), reduced drug entry (Neng et al., 2013; Hirose et al., 2014), 

endolymphatic hydrops, Ménière's disease (Tagaya et al., 2011) and even 

hearing loss (Liu et al., 2013; Li et al., 2014).  A recent study reported the 

change of the blood-labyrinth barrier’s permeability after noise exposure (Wu et 

al., 2014). In the study, male guinea pigs were exposed to noise for 4 hours or 2 

days, and the morphological changes of blood-labyrinth barrier were  assessed 

by lanthanum nitrate-tracing techniques, immunohistochemistry and western 

blot. The core structure of tight junctions comprises the membrane proteins 

Claudin and Occludin, and they contribute to the integrity of the tight junctions 

and hence to the blood-labyrinth barrier (Jiao et al., 2011; Liu et al., 2012). They 

identified leaky tight junctions as a possible cause of increased permeability of 

the blood-labyrinth barrier in the guinea pigs exposed to noise. Additionally, 

further immunohistochemistry and western blot analyses indicated that the 

cause of increased blood-labyrinth barrier permeability was due to the decrease 

cellular expression of Claudin-5 and Occludin (Wu et al., 2014).  

It is possible that in our study the continuous noise exposure for 2 hours 

resulted in leaky tight junctions of the blood-labyrinth barrier in rats, leading to a 

faster ADAC diffusion across the BLB, which could affect the pharmacokinetics 

of ADAC following systemic administration. The present study did not 

investigate the cellular expression levels of Claudin-5 and Occludin in the noise 

exposed cochleae, or the permeability of blood-labyrinth barrier after noise 
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exposure. However, with the fluctuating patterns shown in Figure 28 and 

supporting evidence from other studies, we postulate that noise exposure alters 

the blood-labyrinth permeability, which can affect the pharmacokinetics of ADAC 

following systemic administration. In addition to the compromised BLB,  noise-

induced changes in cochlear blood flow could also affect ADAC 

pharmacokinetics in perilymph. 

The other difference between the animals exposed to ambient and traumatic 

noise is the rate of elimination after reaching the first peak. In the control group, 

the ADAC concentration gradually decreased after the peak, whilst the 

concentration in the noise-exposed group exhibited a more dynamic pattern. 

After reaching a peak at ~7 min, ADAC concentration dropped from 14.5 ng/mL 

to 1.6 ng/mL in the next 2.5 min (Figure 28). However, it peaked again at 14 min 

(6.78 ng/mL) and 49 min (4.09 ng/mL). This could also be attributed to the 

intermittent changes in the blood-labyrinth barrier after noise exposure. 

ADAC fluctuations in cochlear perilymph could also be due to cellular uptake 

and release by nucleoside transporters, as ADAC has a similar structure to 

adenosine. It has been shown that human and mouse nucleoside (adenosine) 

transporter ENT1 is able to transport tecadenoson, another selective adenosine 

A1 receptor agonist, across the blood brain barrier (Lepist et al., 2013). 

Nucleoside transport in the cochlea could be sensitive to stress such as noise 

exposure (Vlajkovic et al., 2009), which may result in fluctuations of 

perilymphatic ADAC concentrations. 

Numerous studies have investigated the pharmacokinetics of drugs in the 

mammalian inner ear. For example, Parnes and co-workers determined the 
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corticosteroid pharmacokinetics in perilymph of the guinea pig cochlea (Parnes 

et al., 1999). In that study, concentrations of several corticosteroids 

(hydrocortisone, methylprednisolone, and dexamethasone) sampled from scala 

vestibuli and scala tympani were compared using different drug administration 

routes (oral, intravenous and intratympanic). The study demonstrated a much 

higher penetration of all three drugs into the cochlear fluids following 

topical application as compared with systemic administration, with 

methylprednisolone showing the best profile. Corticosteroid concentrations in 

scala tympani and scala vestibuli were virtually identical using the same 

administration route, but plasma levels were consistently higher than perilymph 

following intravenous administration. 

These findings are consistent with the results of the present study. After 

systemic administration, over 50% of ADAC was either protein-bound, taken up 

by tissues, or eliminated through the liver and kidneys. Only a small fraction of 

ADAC would reach perilymph and these concentrations could only be detected 

by a sensitive method such as LCMS/MS. 

Laurell and co-workers reported a cisplatin distribution in plasma, CSF and 

perilymph following systemic administration (Laurell et al., 1995). In their study, 

a single dose of cisplatin was intravenously administrated to guinea pigs, and 

both plasma and perilymph samples were collected and subjected to 

pharmacokinetic analysis. They reported cisplatin half-life of 4.7 min in guinea 

pig plasma, which was comparable to the ADAC half-life in rat plasma. 

To date, there are no pharmacokinetic studies of adenosine A1 receptor 

agonists in perilymph. However, plasma pharmacokinetic studies of these 
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compounds were reported earlier. N6-Cyclopentyladenosine (CPA) is a member 

of the A1AR agonist family, and its pharmacokinetics were studied in rats 

(Mathôt et al., 1994). A single dose of CPA at 200 µg/kg was given to the 

animals intravenously, blood samples were collected over 60 min, and RP-

HPLC was used to determine drug concentrations in plasma. The results 

showed that CPA has a half-life of 7 min in plasma, similar to ADAC. A further 

study compared the pharmacokinetics of three other analogues of CPA: 

5’dCPA, 3’dCPA and 2’dCPA, and the half-lives in plasma were longer than 

ADAC (16 min, 14 min and 29 min, respectively) (Mathôt, Van der Wenden, et 

al., 1995). 

Another pharmacokinetic study on two common adenosine A1 receptor agonists 

R- and S-N6-Phenylisopropyladenosine (S- and R-PIA) was conducted in a 

similar manner (Mathôt, Van den Aarsen, et al., 1995). After intravenous 

administration of R-PIA and S-PIA, their respective half-lives in plasma were 38 

min and 39 min. The pharmacodynamics study later illustrated the 

indistinguishable chronotropic and hypotensive side effects of these two 

analogues. 

A recent study successfully determined the pharmacokinetic of GS-9667 (CVT-

3619) in humans following oral administration (Staehr et al., 2013). GS-9667 is a 

partial adenosine A1 receptor agonist which has adipose organ selectivity 

(Fatholahi et al., 2006). It is able to reduce circulating free fatty acids in the 

blood stream without causing any cardiovascular side effects (Fatholahi et al., 

2006; Dhalla et al., 2007). In that study, a single dose of 300 mg of GS-9667 

was given to normal and obese human subjects and the plasma half-lives were 

6.9 h and 7.1 h, respectively.  
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Comparison of the ADAC pharmacokinetics in plasma with other members of 

the adenosine A1 receptor family, suggests that ADAC exhibits the shortest half-

life (5 min) and the fastest plasma clearance, with values of 109 mL/min for 

ADAC, 72 mL/min for CPA, 24 mL/min for R-PIA and 21 mL/min for S-PIA 

respectively (Table 18). Furthermore, the volume of distribution of ADAC is ~2 

fold greater than CPA, resulting in a similar Cl/Vd ratio (6.59 for ADAC vs 4.16 

for CPA). Both ADAC and CPA were designed in a same congener concept, 

hence the similarity in pharmacokinetics (Jacobson et al., 1985; Jacobson, 

2009a). Structurally, all four compounds (ADAC, CPA, R-PIA and S-PIA) are 

lipophilic and non-polar due to the hydrocarbon side chains. Both ADAC and 

PIA have long hydrocarbon side chains and benzene rings (Figure 33) (Smith, 

2013). However, the presence of two carbonyl groups (C=O) has made ADAC 

less lipophilic than R- and S-PIA (Housecroft & Constable, 2010) and more 

similar to CPA (Table 18). On the other hand, the pharmacokinetics of R-PIA 

and S-PIA was influenced by the high lipophilicity and slow plasma clearance, 

resulting in the longest half-lives in the adenosine A1 receptor agonist family 

(Table 18). 

The pharmacokinetic studies described above reveal both similarities and 

differences between ADAC and other A1 adenosine receptor agonists. Human 

pharmacokinetic parameters are often predicted based on animal preclinical 

pharmacokinetic data (Jolivette & Ward, 2005), hence ADAC PK studies in a rat 

model are good indicator of clinical concentration-time changes in plasma and 

perilymph.  
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Figure 33: Molecular structures of different adenosine A1 receptor agonists. 
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Table 18: Comparative analysis of pharmacokinetic parameters of adenosine A1 
receptor agonists in rat plasma. 

 

T ½ (min) Cl (mL/min) Vd (mL) Cl/Vd Raito Source 

ADAC 5 109 719 6.59 This study 

CPA 6.9 72 300 4.16 Mathôt et al., 1994 

R-PIA 39 24 940 39.17 Mathôt et al., 1995 

S-PIA 38 21 840 40 Mathôt et al., 1995 
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2.4.3 The Effect of ADAC on Cochlear Injury Caused by Impulse 

Noise 

 

Our previous studies support ADAC as a therapeutic agent for noise- and drug-

induced hearing loss (Vlajkovic et al., 2010; Gunewardene et al., 2013; Vlajkovic 

et al., 2014). This study investigated the potential of ADAC as a cochlear rescue 

agent after acoustic trauma caused by impulse noise. The intraperitoneal route 

was chosen because our previous studies utilised this delivery method in rats 

(Gunewardene et al., 2013; Vlajkovic et al., 2010, 2014). The outcomes were 

measured functionally (ABR thresholds) and histologically (quantitative 

assessment of SGN loss). 

However, five daily doses of ADAC at 100 µg/kg starting 6 hours after exposure 

to impulse noise did not improve auditory thresholds and SGN survival (Figure 

31 and Figure 32).   

Previously, several treatment options for hearing loss induced by impulse noise 

have been trialled, but produced inconsistent results. An early study by 

Henderson and co-workers (Henderson et al., 1999), found that local 

administration of R-PIA (a broadly selective adenosine A1 receptor agonist) 

provided some otoprotection against moderate impulse noise trauma (50 pairs 

of 150 dB SPL) in chinchillas;  however, the sample size was too small (n=6) to 

reach statistical significance. Another approach was to apply the antioxidant N-

acetyl-L-cysteine (NAC) systemically to two groups of rats following 50 pairs of 

160 dB SPL impulse noise: group one with 5 NAC injections and group two with 

3 NAC injections. The results demonstrated a partial prophylactic effect of NAC, 
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but the dose schedule was a critical factor determining the efficacy of NAC, as 

only 3 injections of the antioxidant (NAC) were effective (Duan et al., 2004). The 

reason why animals receiving 5 NAC injections failed to prevent hearing loss 

remained unknown. 

In our study, systemic administration of ADAC did not protect the cochlea from 

impulse noise trauma, in contrast to our previous studies which reported a 

strong therapeutic effect of ADAC in rats exposed to continuous noise (Vlajkovic 

et al., 2010, 2014). This could be due to the nature of the impulse noise. 

Impulse noise is of short duration but more intense, so it contains more energy 

in a short burst (Mäntysalo & Vuori, 1984; Henderson & Hamernik, 1986). The 

cochlear injuries induced by impulse noise are caused by mechanical forces 

and metabolic stress. Therefore, the initial attempt on ADAC systemic treatment 

was mainly targeting oxidative stress and other metabolic changes underlying 

NIHL. However, as the cochlear response to ADAC treatment after impulse 

noise was substantially different than the response after exposure to continuous 

noise, we assumed that the higher dose of ADAC required for the treatment of 

impulse noise injury might be required. However, increasing the dose for 

systemic administration would be associated with cardiovascular side effects. 

Therefore, the following study investigated the local administration route of 

ADAC, which allows the use of higher doses of otoprotective drugs. 

Intratympanic drug administration is a preferred otological drug development 

pathway, and the results of that study are shown in the next chapter. 
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 Effects of ADAC on Impulse Chapter 3

Noise Injury after Local Drug 

Administration 

 

Introduction 3.1 

 

This chapter describes the studies investigating ADAC pharmacokinetics after 

local (intratympanic) administration and the effect of locally administered ADAC 

on cochlear injury induced by exposure to impulse noise.   

Since the analytical methodology was well established in the previous study, the 

pharmacokinetics of ADAC in cochlear tissue following local (intratympanic) 

administration was determined using the RP-HPLC method. The sensitivity of 

this method was considered to be sufficient to detect presumably high 

concentrations of ADAC in cochlear tissues after local administration. The 

method was validated in cochlear tissue in accordance to the US FDA 

guidelines on bioanalytical method for linearity, selectivity/specificity, precision 

and accuracy (US Department of Health and Human Services FDA, 2001).  

This chapter also examined the potential otoprotective effect of ADAC in rats 

exposed to impulse noise after local (intratympanic) drug administration. The 
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outcomes were measured functionally using auditory brainstem responses and 

quantitative histology (hair cell and spiral ganglion neuron counts).  
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Materials and Methods 3.2 

 

3.2.1 Experimental Outline 

 

The first part of the chapter was designed to determine the pharmacokinetics of 

ADAC (1 mM) in cochlear tissue of adult Wistar rats (6-8 weeks) after 

intratympanic administration. The cochleae were removed at intervals after drug 

administration (Table 19A), and the homogenised cochlear tissues were 

analysed by RP-HPLC.  

In the second part of the chapter, the local administration route was used in 

order to assess the potential otoprotective effects of ADAC in rats exposed to 

impulse noise (Table 19B). Adult Wistar rats (6-8 weeks) were exposed to 75 

pairs of acute impulse noise at 155 dB SPL for 75 seconds (1 second interval). 

A single dose of ADAC was administered locally (intratympanically) 6 hours after 

noise exposure. Functional outcomes were measured using ABR, while 

cochlear injury was assessed by evaluating HC and SGN survivals. 
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Table 19: The animal groups used in the local administration studies.  

A) The pharmacokinetic study; B) Functional and quantitative histology study. 

Type of 
Administration 

Number of 
Animals 

Type of Sample 
Collected 

Collection 
Period (min) ADAC Dosage 

Local, i.t. 12 Cochlear Tissue 120 1 mM 
     

 

Type of 
Administration Animal Group 

Drug and 
Dosages 

Number of 
Injections 

Number of 
Animals 

Local, i.t. Control Vehicle ADAC, 0 µM          1 8 
Local, i.t. ADAC ADAC, 100 µM          1 7 

 

 

The procedures of drug preparation, RP-HPLC instrumentation, RP-HPLC 

conditions, cochlear extraction and purification, pharmacokinetic analysis, 

auditory brainstem responses, equipment and preparation of animals, ABR 

recording and threshold determination, impulse noise exposure, spiral ganglion 

neuron counts, and statistical analysis were described in Chapter 2. 

 

3.2.2 RP-HPLC Validation Procedures 

  

The assay was validated in rat plasma in accordance to the US FDA guidelines 

on bioanalytical method for linearity, selectivity/specificity, precision and 

accuracy (US Department of Health and Human Services FDA, 2001). 

Selectivity/specificity was examined by extracting blank homogenised cochlear 

tissue samples from three different rats to look for any endogenous peaks that 

A 

B 
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could interfere with the ADAC peak. Accuracy and precision were evaluated by 

analysing the matrix spike samples at two concentration levels: low QC (16.67 

µg/mL) and high QC (50 µg/mL). Five replicates were examined per QC 

concentration. Accuracy was calculated by comparing the detected 

concentration with the true spiked concentration in plasma. Precision was 

expressed as relative standard deviations (RSD %).  

For RP-HPLC, calibration standards of 10 concentrations in the range 0.05 to 

150 µg/mL were prepared using vehicle (0.9% saline) solution, whilst for 

LCMS/MS, another 10 concentrations ranging from 0.01 to 150 ng/mL were 

prepared. Calibration curves obtained in this study included a blank sample, five 

non-zero samples including the lower limit of quantification (LLOQ). LLOQ was 

evaluated on the signal to noise ratio of 5:1 with precision and accuracy within 

20% of the nominal value. Linearity was assessed by preparing calibration 

curves and plotting the peak area size of ADAC against its concentration. 

 

3.2.3 Animals  

 

Male Wistar rats (6-8-weeks old; average weight of 250 g) were supplied by the 

Vernon Jansen Unit (an animal facility at the University of Auckland). All 

experimental procedures described in this study were approved by the 

University of Auckland Ethics Committee (AEC number: R935) in accordance 

with the Animal Welfare Act 1999. The animals had free access to food and 

water throughout the experiment.  
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In the RP-HPLC study, 12 animals were randomly assigned to the group. In the 

functional and quantitative histology study, the animals were randomly allocated 

to one of the two experimental groups (control vehicle group, n = 8; ADAC 100 

µM group, n = 7).  Table 19B summarises the experimental groups in this study. 
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3.2.4 Local Drug Administration 

 

For intra-tympanic ADAC administration, animals were anaesthetised with 

ketamine (25 mg/kg) and Domitor® (0.5 mg/kg) delivered intraperitoneally. The 

pedal withdrawal reflexes were used to determine the level of anaesthesia. 

Once the animal was anaesthetised to a surgical level, it was positioned lying on 

its side and the tympanic membrane visualised under the Leica Wild M3Z 

dissection microscope. A Hamilton syringe (50 µL) filled with 30 µL freshly 

prepared ADAC or vehicle solution was anchored to a Narishige MM-3 

micromanipulator mounted on GJ-8 stand. During the drug administration, the 

syringe needle was carefully lowered inside the ear canal towards the middle 

ear cavity. After piercing the tympanic membrane, ADAC was injected close to 

the RWM. 

ADAC was also injected into the contralateral ear of the animal after 30 min. At 

the end of the experiment, the animals were euthanized with an anaesthetic 

overdose (pentobarbitone, 90 mg/kg, i.p.) and both sides of the cochleae were 

collected.  
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3.2.5 Drug Preparation for Local Administration 

 

Intratympanic drug injections were also used to investigate the otoprotective 

effects of adenosine amine congener (ADAC). ADAC was mixed with 

poloxamer-407 powder (Sigma-Aldrich), resulting in a solution which is in a 

liquid state below room temperature, but converts to a viscous gel at normal 

body temperature. This allowed for prolonged drug release, which is a 

significant advantage compared to aqueous formulations (Wang et al., 2009; 

Bogosanovic, 2015). 

A frozen stock solution of ADAC (2 mM) was thawed and prepared by diluting 

with vehicle solution (0.4% 1 M HCl in 0.9% Saline), then diluted to a designated 

concentration (100 µM) for intratympanic injection. Vehicle and drug solutions 

were mixed with 17% w/w poloxamer-407 powder, placed on ice and left for 

approximately one hour to allow the poloxamer-407 powder to fully dissolve. As 

ADAC is light sensitive, all solutions were covered in tin foil and left in the dark. 

Once poloxamer-407 powder was fully dissolved, solutions were aliquoted in 

sterile Eppendorf tubes and frozen at -20°C for later use.  

The procedure of local administration was described in 3.2.4 . 
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3.2.6 Analysis of Hair Cell Survival 

 

Cochleae obtained from noise-exposed and control animals were fixed in 4% 

PFA as described previously, and decapsulated under the microscope. The 

lateral wall, tectorial membrane, and Reissner’s membrane were removed. The 

organ of Corti was then separated from the modiolus, with focus on preserving 

the entire length of the organ of Corti. Wholemounts of the apical, middle, and 

basal turns were placed in a 24 well-plate for further processing. 

Wholemounts of the organ of Corti were then permeabilised with 1% Triton X-

100 for one hour, and washed with 0.1 M PBS (3 x 20 mins). Tissues were then 

incubated with phalloidin - Alexa Fluor 488 (Invitrogen) dissolved in 0.1 M PBS 

for one hour in the dark. Phalloidin is a high-affinity filamentous actin (F-actin) 

probe which labels cuticular plates and stereocilia of the sensory hair cells. 

Following three washes in 0.1 M PBS, tissues were mounted onto microscope 

glass sides with Citifluor AF1 mounting medium containing PBS and glycerol, 

covered with a coverslip and sealed with nail polish. 

Slides were imaged with an Axiocam camera controlled by NIS-elements BR 

2.30 software at 20x magnification. Images of hair cells were taken with a laser 

wavelength of 488 nm for the detection of Alexa Fluor 488 fluorescence. The 

hair cell in all animals were displayed by ImageJ.   The images of the entire 

length of the cochlea were taken, and the number of missing hair cells was 

counted in each turn (apical, middle and basal) and presented as percentage of 

the total number of hair cells. 
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Results 3.3 

3.3.1 Method Development and Validation 

 

The RP-HPLC method used to detect ADAC concentrations in cochlear tissue 

after local administration was similar to the method used to detect ADAC in 

plasma. Injecting a blank cochlear sample contributed to a symmetrical and 

sharp ADAC peak at ~3.5 min with a total run time of 10 min (Figure 34A). Apart 

from the matrix peaks which appeared at ~2 min, there were no other non-

ADAC peaks detected (Figure 34B). 

No endogenous peaks were observed in homogenised rat cochlea (n=6 

cochleae from 3 animals) by RP-HPLC (Figure 34A). Accuracy and precision 

were assessed using QC samples and values are reported in Table 20. 

Variations for both low and high spikes were less than 15% from the true values. 

The LOQ and LLOQ of ADAC in both RP-HPLC remained unchanged as shown 

in Table 12. 
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Figure 34: Development of RP-HPLC Method for detection of ADAC in cochlear 
tissue.  

A) 40 µL blank cochlear tissue sample; B) 40 µL cochlear tissue spiked with 16.67 µL of 
ADAC. 

 

 

Table 20: Accuracy and precision examinations ADAC for local administration.  

Spiked concentration 
(µg/mL) 

Mean concentration 
(µg/mL) Accuracy (%) Precision (RSD, %) 

16.67 14.55 87.25 11.79 
50 43.28 86.56 14.67 

 

 

  

A 

B 
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3.3.2 ADAC Concentration in Cochlear Tissue after Local 

Administration 

 

Local administration of ADAC by intratympanic injection is based on the 

permeability of the round window membrane (RWM) of the cochlea, which 

allows smaller molecules to diffuse and enter the perilymph of the scala tympani 

and then spread throughout the cochlea. In this part of the study, 1 mM of 

ADAC was applied intratympanically to the animals as described in section 3.2.4 

, and ADAC concentrations were assessed in cochlear homogenates by RP-

HPLC. 

The cochleae were extracted and processed as described in Chapter 2. A total 

of 12 animals were used in this study. Six animals were euthanised at 60 min 

after intratympanic drug administration, and another six animals at 120 min. 

Animals were turned to the other side for the second ADAC injection in the 

contralateral ear, and these experiments contributed to a total of 4 data points: 

15, 30, 60 and 120 min. ADAC concentrations in the cochleae are shown in 

Figure 35 and the pharmacokinetics in Table 21. 

The data in Figure 35 show that ADAC concentration in cochlear tissue after 

intratympanic administration declined in a time-dependent manner. The highest 

ADAC concentration was obtained at the first collection point at 15 min (28.78 

µg/g). Mean half-life of ADAC in cochlear tissue after local administration was 

37.37 min compared to 3 min after intravenous administration (Table 15). The 

estimated clearance rate of ADAC was 0.35 g/min. The mean AUC0-t was 
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743.52 µg/min per gram of cochlear tissue.  The C0 concentrations extrapolated 

to the time of injection were 30.92 µg/g (Table 21). 
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Figure 35: ADAC pharmacokinetics in the cochlea after local administration.  

A) The graph shows ADAC concentrations in cochlear tissues over 120 minutes after 
intratympanic injection. Data shown as mean ± SD (n=12, 6 observations per data 
point); B) The fitted line generated by PKSolver for pharmacokinetic analysis. 
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Table 21: Summary of pharmacokinetic constants for ADAC in the rat cochlear 
tissue. 

The injected dose was calculated based on the average animal weight of 250 g. 
Abbreviations: AUC, area under the curve; C0, the extrapolated peak concentration; T1/2, 
half-life; Ke, elimination constant; Cl, plasma clearance; Vd, volume of distribution. 

 Cochlear Tissue 
Dose (mM) 1  
C0 (µg/g) 30.92 
T ½ (min) 37.37 
Ke (µg/min) 0.02 
Cl (g/min) 0.35 
AUC0-t (µg·min/g) 743.52 
Vd (mL) 18.66 
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3.3.3 The Effect of Local ADAC Administration on Auditory 

Threshold Shifts Induced by Impulse Noise  

 

3.3.3.1 Auditory Brainstem Responses (ABR) 

 

Figure 36 shows the ABR thresholds in ADAC and control vehicle-treated 

animals before and after exposure to impulse noise.  
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Figure 36: Average baseline and final ABR thresholds in animals exposed to 
impulse noise and treated with ADAC or drug vehicle solution (intratympanic 
administration).  

ABR thresholds (expressed as means ± SD) were measured in response to tone pips 
(4-28 kHz).  Animal numbers: Vehicle, n=8, ADAC, n=7. 

 

ABR threshold shifts are shown in Figure 37. Statistical analysis demonstrates 

that intratympanic ADAC administration does not affect ABR thresholds after 

exposure to impulse noise (p > 0.05 at all frequencies, see Table 3 in appendix).   
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Figure 37: ABR threshold shifts in animals exposed to impulse noise and treated 
with ADAC or drug vehicle solution (intratympanic administration). 

Data are expressed as means ± SEM. Animal numbers: Vehicle, n=8, ADAC, n=7.  
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3.3.3.2 ABR Wave I Amplitudes (Suprathreshold Responses) 

 

ABR Wave I amplitudes were also analysed (Figure 38) to assess the severity of 

neuronal injury (Wan & Corfas, 2015), as the summated action potentials 

generated by the injured cochlear nerve fibres have a decreased and 

desynchronised firing rate (Wan & Corfas, 2015).  

The ABR Wave I amplitudes are shown in Figure 38 as percentage change from 

the baseline. The vehicle control group showed 74-92% amplitude reduction 

across the frequency range (4 – 28 kHz), and similar reduction was observed in 

ADAC-treated animals (Figure 38). This suggests that the local ADAC 

administration does not mitigate neuronal injury after exposure to impulse noise 

(p > 0.05 at all frequencies, see Table 4 in appendix). 

Functional evaluation of the auditory system thus demonstrates the lack of any 

effect of ADAC on cochlear injury following impulse noise after both systemic 

and local administration.   



Chapter 3: Otoprotection of ADAC by Local Administration  Page 172 

V e h ic
le

A D A C  1
0 0  µ

M

0

2 0

4 0

6 0

8 0

1 0 0

P
e

rc
e

n
ta

g
e

 (
%

) 
C

h
a

n
g

e

4  kH z

V e h ic
le

A D A C  1
0 0  µ

M

0

2 0

4 0

6 0

8 0

1 0 0

P
e

rc
e

n
ta

g
e

 (
%

) 
C

h
a

n
g

e

1 2  kH z

V e h ic
le

A D A C  1
0 0  µ

M

0

2 0

4 0

6 0

8 0

1 0 0

P
e

rc
e

n
ta

g
e

 (
%

) 
C

h
a

n
g

e

1 6  kH z

V e h ic
le

A D A C  1
0 0  µ

M

0

2 0

4 0

6 0

8 0

1 0 0

P
e

rc
e

n
ta

g
e

 (
%

) 
C

h
a

n
g

e

2 0  kH z

V e h ic
le

A D A C  1
0 0  µ

M

0

2 0

4 0

6 0

8 0

1 0 0

P
e

rc
e

n
ta

g
e

 (
%

) 
C

h
a

n
g

e

2 4  kH z

V e h ic
le

A D A C  1
0 0  µ

M

0

2 0

4 0

6 0

8 0

1 0 0

P
e

rc
e

n
ta

g
e

 (
%

) 
C

h
a

n
g

e

8  kH z

V e h ic
le

A D A C  1
0 0  µ

M

0

2 0

4 0

6 0

8 0

1 0 0

P
e

rc
e

n
ta

g
e

 (
%

) 
C

h
a

n
g

e

2 8  kH z

 

Figure 38: ABR wave I amplitudes at suprathreshold levels (90 dB SPL) 
expressed as a % change (amplitude reduction) after noise exposure.  

Greater percentage change indicates higher level of neuronal injury. Data are 
expressed as means ± SEM. Animal numbers: Vehicle, n=8, ADAC, n=7.  
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3.3.3.3 Spiral Ganglion Neuron Counts 

 

Spiral Ganglion Neurons were counted in animals exposed to ambient or 

impulse noise with or without ADAC treatment. Two control groups were 

included: animals exposed to ambient noise (55-65 dB SPL) which received 

drug vehicle injections, and animals exposed to impulse noise which also 

received vehicle injections. 

In animals exposed to ambient noise the average SGN density was 1585 ± 33 

cells per mm2. Animals exposed to impulse noise and treated with the drug 

vehicle solution had a reduced number of SGN (1359 ± 172 cells /mm2), which 

corresponded to a 14% loss compared to the ambient control group. The ADAC-

treated group had 1536 ± 143 SGN per mm2 corresponding to a 3% loss 

compared to the ambient control group (Figure 39). However, statistical analysis 

revealed that the differences were not significant (one-way ANOVA), and 

Sidak’s multiple comparisons showed non-significant results for any two groups 

(see Table 5 in appendix). 
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Figure 39: SGN density in the middle turn of the cochlea two weeks after 
exposure to impulse noise.  

Control animals were exposed to ambient noise (55-65 dB SPL).Data are expressed as 
means ± SEM. Animal numbers: Control ambient noise, n=4, Vehicle, n=5, ADAC, n=5, 
non-significant (ns): p >0.05, one-way ANOVA. 
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3.3.3.4 Quantitative Analysis of Hair Cell Loss 

 

Evaluating the loss of hair cells is commonly used to assess the otoprotective 

effect of treatments. In this study, HC loss was analysed quantitatively and 

compared between vehicle-treated and ADAC-treated animals. Both inner and 

outer HC were examined in this study in all three cochlear turns. The 

representative images are shown in Figure 40, while the results of quantitative 

assessment are shown in Figure 41 and Figure 42. 

There was no substantial OHC loss in the apical turn of the cochlea, and the 

middle turn loss was more severe than the basal turn in all animals (Figure 41). 

For the vehicle control group, the average OHC loss was 34% in the middle turn 

and 17% in the basal turn. Animals treated with intratympanic ADAC 

administration had similar OHC loss in the middle and the basal turn (29% and 

18%, respectively) (Figure 41). The degree of IHC loss was much lower than 

that of OHC (Figure 42). The apical turn showed minimal IHC loss in both 

groups (>2%), whilst the middle and the basal turn of the cochlea showed 

average IHC loss between 6-8%. The differences between ADAC-treated and 

control vehicle-treated animals were not significant (Table 6 in appendix).  
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Figure 40: Representative images of the organ of Corti stained with phalloidin – 
Alexa 488. 

All sections were taken from the middle turn of the cochlea. A, B Intact cochlea; C, D. 
Cochlea exposed to impulse noise. Scale bars 50 µM. 
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Figure 41: The percentage of OHC loss in cochlear turns after exposure to 
impulse noise.  

The animals were treated with single intratympanic injection of ADAC (100 µM) or drug 
vehicle solution (control). Data presented as means ± SEM. Animal numbers: Vehicle: 
n=8, ADAC: n=7.  
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Figure 42: The percentage of IHC loss in cochlear turns after exposure to impulse 
noise.  

The animals were treated with single intratympanic injection of ADAC (100 µM) or drug 
vehicle solution (control). Data presented as means ± SEM. Animal numbers: Vehicle: 
n=8, ADAC: n=7.  
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Discussion 3.4 

3.4.1 Analytical Method Development and Pharmacokinetics of 

ADAC following Local Administration 

 

This chapter demonstrates ADAC pharmacokinetics in cochlear tissue following 

local (intratympanic) administration. By adapting the analytical methodology 

established in Chapter 2, the Uv-Vis method for detecting ADAC in rat cochlear 

tissue was characterised by RT ~3.5 min, with the total run time of 10 min.  This 

made the detection method as fast and efficient as the method described for 

ADAC detection in plasma (Chapter 2). According to the FDA guidelines, the 

mean tested concentration value should be within 15% of the true value except 

when reaching LLOQ where no more than 20% variability is allowed. For the 

precision test, the tested values should not exceed 15% of the coefficient of 

variation except for LLOQ where 20% is allowed.  

As the external QC for ADAC was not commercially available, every effort was 

made in preparation of the in-house QC to ensure the spiked concentration was 

accurate. The caution procedures were discussed previously in Chapter 2.  

Screening blank cochlear tissue samples collected from 3 rats found no 

endogenous ADAC peaks, which indicated the specificity of this method, and 

the LLOQ for cochlear tissue detection was identical to that used in plasma 

(Table 12). 

Interpretation of the pharmacokinetic parameters revealed that ADAC had a 

relatively long half-life (37.37 min) in cochlear tissue after local administration, 
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and the highest concentration was obtained at the first collection time point at 15 

min (Figure 35). Comparisons of the pharmacokinetic parameters between 

systemic and local administration revealed that ADAC had a very short half-life 

of 5 min in plasma, compared to 37.37 min in cochlear tissues.  

 

3.4.2 ADAC as a Therapeutic Agent for Impulse Noise Induced 

Hearing Loss 

 

Studies described in the previous chapter show that systemic administration of 

ADAC does not result in otoprotection in animals exposed to impulse noise. We 

have therefore trialled the local administration route, as a preferred otological 

drug development pathway. Compared to systemic administration, local 

intratympanic delivery of pharmacological agents precludes systemic side 

effects and also counters metabolism / elimination. This approach utilised 

poloxamer-407 gel as a release medium for drug administration. This ensures 

the continuous and slow drug release from the middle ear, through the RWM 

and into the perilymph. Poloxamer-407 gel had been successfully used in 

previous studies for intratympanic drug delivery in guinea pigs (Dumortier et al., 

2006; Wang et al., 2011) and rats (Bogosanovic, 2015). Aqueous poloxamer-

407 gel shows thermo-reversible characteristics at 17% w/w. It is in liquid form 

below room temperature, but as the temperature increases, the molecules 

aggregate into micelles then to gelling into a viscous form at normal body 

temperature (Juhasz et al., 1989; Dumortier et al., 2006). Therefore, poloxamer-

407 gel is able to prolong the drug delivery actions, and prevent potential 
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drainage through the Eustachian tube (Wang et al., 2011). Previous studies 

utilising intratympanic administration of dexamethasone dissolved in 17% w/w 

poloxamer-407 gel reported significant dexamethasone residues in perilymph 10 

days after administration, with only traces of the drug in peripheral circulation 

(Wang et al., 2009). In this study a single ADAC concentration (100 µM) was 

used. This concentration was selected because it was anticipated that only 

about 1% of the drug would cross the RWM due to the large size of ADAC (MW 

577 g/mol) (Bogosanovic, 2015). Therefore, the resulting concentration in this 

approach would still be sufficient to provide stimulation of A1 receptors, based 

on the high affinity of A1 receptors for ADAC (Jacobson & Gao, 2006).  

Intratympanic administration of ADAC in poloxamer gel formulation, however, 

did not improve noise-induced thresholds shifts across the entire frequency 

range used in this study (Figure 37). The lack of otoprotective effect could be 

due to the limited ability of ADAC to cross the RWM and get into perilymph, 

which is not supported by our PK studies, or the inability of A1 receptors to 

repair mechanical injury of cochlear tissues caused by impulse noise. As 

described in the literature review, the short-duration, high intensity impulse noise 

is likely to cause more mechanical damage to the cochlear structures than 

continuous noise, including a disruption and collapse of the support pillar cells, 

breakdown of the tight junctions, damage to the outer hair cell stereocilia, and 

even the complete separation of the organ of Corti from the basilar membrane 

(Mäntysalo & Vuori, 1984; Henderson & Hamernik, 1986; Murai et al., 2008; 

Fetoni et al., 2014). Some of these physical injuries may not be rescuable by 

simply controlling the metabolic processes in the cochlea via A1 receptors (e.g. 

inhibition of glutamate excitotoxicity, reduction of oxidative stress). Another 
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caveat is that we have used a single dose of ADAC, hence dose-response 

studies will be required to establish the optimal dose of ADAC for intratympanic 

administration. This study also examined the hair cell loss in rats following 

exposure to impulse noise. The loss of IHC and OHC was assessed separately, 

and both revealed turn-related differences (Figure 40 and Figure 42). Minimal 

loss was observed in the apical turn, while the majority of the loss was identified 

in the middle turn of the cochlea. However, no difference in HC survival was 

observed between ADAC-treated and control vehicle-treated animals, consistent 

with the functional studies.  

Hair cell loss in our study was comparable to previous studies investigating the 

effect of impulse noise trauma on cochlear hair cells. Coleman and co-workers 

exposed chinchillas to 75 pairs of 155 dB SPL peak impulse noise, and the ABR 

threshold shifts and HC loss were assessed three weeks after exposure 

(Coleman et al., 2007). The loss of OHC ranged from 38% to 48% (compared to 

17% to 34% loss in our study), and limited IHC loss was observed.  In addition, 

12-32 dB threshold shifts observed in that study were consistent with the 

functional measurements in our study. 

Impulse noise can also damage spiral ganglion neurons, but the ABR threshold 

shifts may not reflect adequately neuronal damage (El-Badry & McFadden, 

2009; Wan & Corfas, 2015). Therefore, we investigated suprathreshold 

responses (ABR Wave I amplitudes) to establish the effect of impulse noise on 

auditory neurotransmission. 

ABR Wave I is generated by the auditory nerve fibres (SGN), and its amplitude 

depends on the firing rate of each SGN and the synchrony between the firing 
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SGN (Simpson et al., 1985; Chen & Chen, 1991). Our results were expressed 

as the percentage change (reduction) in the amplitude of Wave I after exposure, 

and indicated more loss in vehicle-treated (14%) than ADAC-treated animals 

(3%), albeit this was statistically non-significant.  

The lack of otoprotective effect of ADAC in the present study is consistent with 

our unpublished study (Bogosanovic, 2015) investigating the intratympanic 

ADAC administration as a treatment of cochlear injury caused by exposure to 

continuous noise (110 dB SPL, 8-16 kHz, 2 hours). That study also failed to 

demonstrate the improvement of ABR thresholds after local ADAC 

administration. This suggests that regardless of the noise type, intratympanic 

administration of ADAC does not mitigate noise-induced cochlear injury. There 

could be two reasons for that. 

Firstly, it is unknown whether ADAC is able to cross the rat RWM. The RMW is 

a semi-permeable membrane that has the ability to block the entry of large 

molecules (Miriszlai et al., 1983; Revesz et al., 1983; Schachern et al., 1984). 

Intratympanic administration of smaller molecules such as R-PIA (A1 receptor 

agonist; MW 385 g/mol) partially prevented NIHL in chinchillas, suggesting that 

R-PIA is able to cross the RWM. ADAC is a much larger molecule (MW 577 

g/mol), and its size could be a limitation for its delivery to the cochlear perilymph 

from the middle ear cavity. The successful detection of ADAC in cochlear 

tissues in our study might suggest that ADAC is capable of crossing the RWM 

and reaching perilymph after intratympanic administration. However, it must be 

noted that the pharmacokinetic results presented in this chapter did not reflect 

ADAC concentrations only in perilymph, but also in cochlear tissues including 

the otic capsule. Even though care was taken in the preparation process and 
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the collected tissues were washed 5 times in saline, it is still possible that the 

samples were contaminated with ADAC from the external side of the otic 

capsule. Future experiments should sample perilymph to avoid any possible 

contamination. 

Opposite argument can also be used to explain the lack of otoprotection after 

intratympanic ADAC administration. Based on the receptor binding studies in 

rats, the A1 receptor has high affinity for ADAC (Ki value of 0.85 nM). However, 

ADAC can also activate A2A receptors at 210 nM (Jacobson & Gao, 2006). 

Despite the ~250 fold affinity difference between A1 and A2A receptors, A2A 

receptor signalling pathways can be activated if ADAC concentrations in 

perilymph exceed the threshold for A2AR activation. This is possible even if only 

1% of ADAC reaches the perilymph through the RWM. The activation of A2AR 

signalling can potentially counteract the otoprotective effect of A1R stimulation, 

as previously demonstrated in brain pathologies such as ischemia, epilepsy, 

Alzheimer’s and Parkinson’s disease (Von Lubitz et al., 1994). Interestingly, a 

selective A2A receptor agonist CGS-21680 has a dual effect during brain injury, 

which depends on the cellular glutamate levels (Dai et al., 2010). At low cellular 

glutamate levels, CGS-21680 effectively reduces neural damage and 

inflammation in microglial cell cultures via the protein kinase A pathway. At 

excessive glutamate concentrations, CGS-21680 induces a pro-inflammatory 

response in cultured cells, and aggravates traumatic brain injury via the protein 

kinase C pathway (Dai et al., 2010). 

It is well established that traumatic noise exposure leads to glutamate 

excitotoxicity (Pujol et al., 1990; Hakuba et al., 2000; Oishi & Schacht, 2011; 

Müller & Barr-Gillespie, 2015). If the ADAC concentration is high in cochlear 
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perilymph after intratympanic injection, there is a possibility that it can activate 

an A2AR response which can aggravate cochlear injury in the presence of high 

glutamate levels. This could provide an alternative explanation for the lack of 

otoprotection in our study.  To assess this possibility, ADAC and glutamate 

concentrations should be determined in the cochlear perilymph of noise-

exposed rats after local drug administration.  

This study also failed to demonstrate the neuroprotective effect of ADAC 

following impulse noise exposure.  This could be due to the time frame for 

neuronal loss, which is much longer than the time frame for hair cell loss 

(Kujawa & Liberman, 2009; Zilberstein et al., 2012; Jensen et al., 2015).  

Further studies are required to examine early markers of auditory neuropathy, 

such as synaptic ribbon counts. 

 

3.4.3 Other treatments for impulse noise trauma 

 

NIHL affects 5% of the population worldwide (WHO, 2010). Unlike presbycusis, 

NIHL can be seen in all age groups and put anyone at risk (Vlajkovic et al., 

2010; Oishi & Schacht, 2011; Fetoni et al., 2013). Apart from the treatments 

based on activation of adenosine A1 receptors, other experimental treatments 

for NIHL include antioxidants, anti-apoptotic agents, and stem cell treatments for 

the replacement of sensorineural tissues. 

The role of antioxidants in protecting the inner ear has been extensively studied 

in the last two decades. The cochlea itself is an organ which has high level of 
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antioxidant activities. Catalase, superoxide dismutase 1 (SOD1), and 

glutathione (GSH) have been identified in the cochlea as endogenous 

antioxidants (El Badry et al., 1993; Rarey & Yao, 1996; Jacono et al., 1998; 

Staecker et al., 2001). GSH is the most widely spread antioxidant in mammalian 

cells. It acts as a ROS scavenger and limits the damages caused by ROS 

(Yamasoba et al., 1998). Studies in guinea pigs have shown that by giving the 

animals low protein diet (which led to a lower cellular GSH level), increased 

threshold shifts and HC loss were observed after noise exposure (Ohinata et al., 

2000). In contrast, noise-induced cochlear injury improved when the animals 

were given a high dose of antioxidant glutathione monoethyl ester systemically 

(Ohinata et al., 2000). N-L-acetylcysteine (NAC) is another antioxidant and free 

radical scavenger, which can boost the intracellular concentrations of 

glutathione (Duan et al., 2004) and thus protect the cochlea against noise 

trauma (Kopke et al., 2000; Kopke et al., 2002; Ohinata et al., 2003). Other 

antioxidant treatments include 1-buthionine-[S,R]-sulfoximine (BSO) (Yamasoba 

et al., 1998), superoxide dismutase-polyethlene glycol (SOD-PEG), and 

allopurinol (Seidman et al., 1993). 

Another otoprotective approach includes anti-apoptotic agents. As described 

previously, noise trauma induces hair cell death by apoptosis or necrosis 

(Kruman et al., 1997). The c-Jun N-terminal kinase (JNK) is a protein kinase 

activated by the oxidative stress caused by noise exposure (Pirvola et al., 2000; 

Wang et al., 2003). Therefore, blocking JNK signalling with anti-apoptotic agents 

such as CEP-1347 and D-JNKI (AM-111, XG-102), the apoptosis of sensory hair 

cells can be mitigated and the hearing loss reduced. Coleman and co-workers 

utilised AM-111 to treat impulse noise trauma in chinchillas (Coleman et al., 
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2007), and demonstrated improved auditory thresholds and survival of sensory 

hair cells. Another study has demonstrated that the intratympanic administration 

of AM-111 in gerbils protects the cochlea against ischemia (Omotehara et al., 

2011). Both AM-111 and XG-102 are now in Phase II clinical trials, which 

highlights the importance of anti-apoptotic agents as potential therapeutics in 

NIHL (Oishi & Schacht, 2011).  

Our study, however, suggests that ADAC is not a viable option for the treatment 

of impulse noise cochlear trauma, regardless of the drug delivery method. 

Impulse noise can induce mechanical injury to delicate cochlear tissues, which 

cannot be ameliorated by an otoprotective agents that reduce metabolic stress, 

such as ADAC. Another issue that may preclude otoprotective effect of ADAC 

after local administration is low permeability of the RWM for this compound. 

Dose-response studies and more effective drug delivery methods will be 

required to establish the true potential of ADAC for the treatment of cochlear 

injury and associated sensorineural hearing loss.  
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Limitations and Future Directions 3.5 

 

In this study we investigated the pharmacokinetics of ADAC and its 

otoprotective properties using a rat model of cochlear injury induced by 

exposure to impulse noise. For the local administration route, ADAC was 

dissolved in poloxamer-407 gel prior to injection. However, the drug release 

dynamics were unknown, as well as the permeability of the RWM for ADAC. In 

order to address these issues, the follow-up studies should investigate 

pharmacokinetic properties of ADAC in cochlear perilymph after intratympanic 

administration. As our studies indicate that ADAC may not be a suitable 

candidate for the treatment of impulse noise-induced cochlear injury, future 

studies could focus on drug combinations, for example using anti-apoptotic and 

antioxidant agents. Alternative routes of drug administration should also be 

explored to improve drug delivery to the injured inner ear. 

Protein binding is an issue in all pharmacokinetic studies because the RP-HPLC 

analysis can only determine free but not protein-bound analytes, and a high 

degree of protein binding will substantially reduce effective drug concentrations. 

The degree of protein binding in rats is unknown, but the preliminary data show 

that 56.7% of ADAC is bound in human plasma (Absorption® Systems, 

unpublished data). We have attempted to compensate for this by deproteination 

with 0.1 M KOH, but how much protein-bound ADAC remains after this 

procedure is unknown. 

We compared the pharmacokinetics of ADAC with the structurally similar 

compound CPA (Mathôt et al., 1994), and found that they share similar chemical 
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properties such as half-life and plasma clearance (Table 18). Other chemical 

properties of ADAC such as pKa (the acid dissociation constant) were not 

established. pKa predicts how a drug would behave and distribute in each 

compartment. Based on the similarity between ADAC and CPA (Van der Graaf 

et al., 1997), it could be predicted that the pKa for ADAC could be close to 7.58.  

This study did not explore the morphological and ultrastructural changes in the 

rat cochlea after exposure to impulse noise, which could be the focus of the 

future studies. As mentioned above, the local and systemic administration 

routes used a single dose of ADAC applied 6 hours after noise exposure, hence 

the dose-response and time dependency studies are required for both 

administration routes.  

The current study suggested that the stimulation of the adenosine A1 receptor 

alone was not sufficient to provide otoprotection against impulse noise. 

Therefore, to further test this hypothesis, future studies could be carried out on 

A1R knockout mice to further establish the role of these receptors in the 

cochlear response to impulse noise.   

 

 



Chapter 5: General Discussion Page 189 

 Conclusions and General Chapter 4

Discussion 

 

ADAC was previously established as an otoprotective agent in animals exposed 

to continuous noise (Vlajkovic et al., 2010; Vlajkovic et al., 2014), and this led us 

to investigate the pharmacokinetic properties of ADAC following systemic and 

local administration.  

The pharmacokinetic studies revealed that ADAC was able to reach the 

cochlear perilymph within 2 mins after systemic (intravenous) administration. 

This underlines the clinical potential of ADAC, as it may provide a rapid 

cytoprotective effect to cope with the inner ear injury. The pharmacokinetic 

studies also indicated that the minimal effective concentration of ADAC in the 

cochlea was maintained for at least 2 hours after intravenous administration, 

which is also clinically relevant.   

In this study we tested the hypothesis that ADAC is an effective treatment for 

noise-induced hearing loss caused by exposure to impulse noise, and that both 

systemic and local (intratympanic) administration routes can be used to mitigate 

cochlear injury and hearing loss.  As the systemic administration of ADAC did 

not result in cochlear rescue after exposure to impulse noise, we used an 

alternative local administration route to test the effectiveness of ADAC. 

However, the change in the delivery route did not improve the outcome in 
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animals exposed to impulse noise, and the possible reasons were discussed in 

the previous chapter. 

The ineffectiveness of ADAC in treating impulse noise trauma should not rule 

out the possibility of ADAC being an effective cochlear rescue agent after 

acoustic injury. Adenosine A1 receptor signalling likely mitigates oxidative stress 

and glutamate excitotoxicity as the principle mechanisms of cochlear injury, but 

it may not be effective in conditions of extensive mechanical damage to 

cochlear tissues. Other studies demonstrate that targeting anti-apoptotic 

pathways in the cochlea holds promise for the treatment of impulse noise 

trauma. For instance, Coleman and co-workers (2007) suggest that targeting 

downstream cell death pathways (e.g. JNK) could be a promising strategy for 

mitigating cochlear injury by impulse noise. Fetoni and co-workers (2014) 

demonstrated that the prophylactic inhibition of Src and p53 pathways inhibits 

the early apoptosis in the cochlea and reduces cochlear injury and hearing loss 

after exposure to impulse noise (Fetoni et al., 2014).  Our studies suggest that 

ADAC can reduce metabolic stress induced by acoustic overexposure, but may 

not be able to prevent cell death induced by mechanical damage in the cochlea. 

Therefore, it might be worth investigating a combination therapy that would 

include antioxidants, anti-apoptotic agents, p53 and Src inhibitors and 

adenosine receptor agonists such as ADAC to provide an optimal level of 

otoprotection after acoustic trauma. 
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Part One: Data Analysis (descriptive statistics)  
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Table 1: Statistical significance of ABR threshold shifts after systemic 
administration. 

Mann-Whitney u-test. 

4 kHz 
  

8 kHz 
 P value 0.1364 

 
P value 0.1364 

Exact or approximate P 
value? Exact 

 

Exact or approximate P 
value? Exact 

P value summary ns 
 

P value summary ns 
Significantly different? 
(P < 0.05) No 

 

Significantly different? 
(P < 0.05) No 

One- or two-tailed P 
value? Two-tailed 

 

One- or two-tailed P 
value? Two-tailed 

Sum of ranks in column 
A,B 71.50 , 118.5 

Sum of ranks in column 
A,B 71.50 , 118.5 

Mann-Whitney U 26.5 
 

Mann-Whitney U 26.5 
 
20 kHz 

  
24 kHz 

 P value 0.8219 
 

P value 0.173 
Exact or approximate 
P value? Exact 

 

Exact or approximate 
P value? Exact 

P value summary ns 
 

P value summary ns 
Significantly 
different? (P < 0.05) No 

 

Significantly 
different? (P < 0.05) No 

One- or two-tailed P 
value? Two-tailed 

 

One- or two-tailed P 
value? Two-tailed 

Sum of ranks in 
column A,B 87 , 103 

 

Sum of ranks in 
column A,B 73 , 117 

Mann-Whitney U 42 
 

Mann-Whitney U 28 
 
28 kHz 

 P value 0.7001 
Exact or approximate P value? Exact 
P value summary ns 
Significantly different? (P < 
0.05) No 

One- or two-tailed P value? 
Two-
tailed 

Sum of ranks in column A,B 85 , 105 
Mann-Whitney U 40 
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Table 2: Statistical significance of SGN density after systemic administration. 

Mann-Whitney u-test. 

SGN Density 

P value 0.2671 
Exact or approximate P value? Exact 
P value summary ns 
Significantly different? (P < 0.05) No 
One- or two-tailed P value? Two-tailed 
Sum of ranks in column A,B 46 , 74 
Mann-Whitney U 18 
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Table 3: Statistical significance of ABR threshold shifts after local administration. 

Mann-Whitney u-test. 

4 kHz 
  

8 kHz 
 P value 0.6046 

 
P value 0.3007 

Exact or approximate P value? Exact 
 

Exact or approximate P value? Exact 
P value summary ns 

 
P value summary ns 

Significantly different? (P < 
0.05) No 

 

Significantly different? (P < 
0.05) No 

One- or two-tailed P value? Two-tailed One- or two-tailed P value? 
Two-
tailed 

Sum of ranks in column A,B 75 , 78 
 

Sum of ranks in column A,B 70 , 83 
Mann-Whitney U 30 

 
Mann-Whitney U 25 

 
12 kHz 

  
16 kHz 

 P value 0.9506 
 

P value 0.6077 
Exact or approximate P value? Exact 

 
Exact or approximate P value? Exact 

P value summary ns 
 

P value summary ns 
Significantly different? (P < 
0.05) No 

 

Significantly different? (P < 
0.05) No 

One- or two-tailed P value? Two-tailed One- or two-tailed P value? 
Two-
tailed 

Sum of ranks in column A,B 82 , 71 
 

Sum of ranks in column A,B 75 , 78 
Mann-Whitney U 35 

 
Mann-Whitney U 30 

 
20 kHz 

  
24 kHz 

 P value 0.5854 
 

P value 0.5464 
Exact or approximate P value? Exact 

 
Exact or approximate P value? Exact 

P value summary ns 
 

P value summary ns 
Significantly different? (P < 
0.05) No 

 

Significantly different? (P < 
0.05) No 

One- or two-tailed P value? Two-tailed One- or two-tailed P value? Two-tailed 

Sum of ranks in column A,B 75 , 78 
 

Sum of ranks in column A,B 
74.50 , 
61.50 

Mann-Whitney U 30 
 

Mann-Whitney U 25.5 
 
28 kHz 

 P value 0.9464 
Exact or approximate P value? Exact 
P value summary ns 
Significantly different? (P < 
0.05) No 

One- or two-tailed P value? 
Two-
tailed 

Sum of ranks in column A,B 69 , 67 
Mann-Whitney U 31 
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Table 4: Statistical significance of ABR Wave I amplitude change after local 
administration. Mann-Whitney u-test.  

4 kHz 
  

8 kHz 
 P value 0.5737 

 
P value 0.1416 

Exact or approximate P value? Exact 
 

Exact or approximate P value? Exact 
P value summary ns 

 
P value summary ns 

Significantly different? (P < 
0.05) No 

 

Significantly different? (P < 
0.05) No 

One- or two-tailed P value? Two-tailed One- or two-tailed P value? 
Two-
tailed 

Sum of ranks in column A,B 74 , 62 
 

Sum of ranks in column A,B 62 , 74 
Mann-Whitney U 26 

 
Mann-Whitney U 17 

 
12 kHz 

  
16 kHz 

 P value 0.5054 
 

P value 0.9626 
Exact or approximate P value? Exact 

 
Exact or approximate P value? Exact 

P value summary ns 
 

P value summary ns 
Significantly different? (P < 
0.05) No 

 

Significantly different? (P < 
0.05) No 

One- or two-tailed P value? Two-tailed One- or two-tailed P value? 
Two-
tailed 

Sum of ranks in column A,B 75 , 61 
 

Sum of ranks in column A,B 82 , 71 
Mann-Whitney U 25 

 
Mann-Whitney U 35 

 
20 kHz 

  
24 kHz 

 P value 0.3357 
 

P value 0.6126 
Exact or approximate P value? Exact 

 
Exact or approximate P value? Exact 

P value summary ns 
 

P value summary ns 
Significantly different? (P < 
0.05) No 

 

Significantly different? (P < 
0.05) No 

One- or two-tailed P value? Two-tailed One- or two-tailed P value? 
Two-
tailed 

Sum of ranks in column A,B 55 , 65 
 

Sum of ranks in column A,B 69 , 51 
Mann-Whitney U 19 

 
Mann-Whitney U 23 

 
28 kHz 

 P value 0.662 
Exact or approximate P value? Exact 
P value summary ns 
Significantly different? (P < 
0.05) No 

One- or two-tailed P value? 
Two-
tailed 

Sum of ranks in column A,B 49 , 56 
Mann-Whitney U 20 
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Table 5: Statistical significance of the SGN density after local administration. 

one-way ANOVA. 

ANOVA summary 

F 3.602 
P value 0.0626 

 

ANOVA table SS DF MS F (DFn, DFd) P value 

Treatment (between columns) 133189 2 66594 F (2, 11) = 3.602  0.0626 
Residual (within columns) 203360 11 18487 

  Total 336549 13 
    

Sidak’s multiple comparisons. 

 Mean Diff. 95% CI of diff. Significance 

Control Ambient Noise vs. Control Vehicle 226.5 -29.90 to 482.8 ns 
Control Ambient Noise vs. ADAC  48.45 -207.9 to 304.8 ns 
Control Vehicle vs. ADAC  -178 -419.7 to 63.69 ns 
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Table 6: Statistical significance of OHC and IHC loss after local administration. 

OHC loss, Mann-Whitney u-test. 

Apical 
  

Middle 
 P value 0.5303 

 
P value 0.8571 

Exact or approximate P value? Exact 
 

Exact or approximate P value? Exact 
P value summary ns 

 
P value summary ns 

Significantly different? (P < 
0.05) No 

 

Significantly different? (P < 
0.05) No 

One- or two-tailed P value? Two-tailed One- or two-tailed P value? 
Two-
tailed 

Sum of ranks in column A,B 45.50 , 20.50 Sum of ranks in column A,B 17 , 11 
Mann-Whitney U 10.5 

 
Mann-Whitney U 5 

 
Basal 

 P value > 0.9999 
Exact or approximate P value? Exact 
P value summary ns 
Significantly different? (P < 
0.05) No 
One- or two-tailed P value? Two-tailed 
Sum of ranks in column A,B 22 , 33 
Mann-Whitney U 12 
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IHC loss, Mann-Whitney u-test. 

Apical 
  

Middle 
 P value 0.5909 

 
P value 0.9714 

Exact or approximate P value? Exact 
 

Exact or approximate P 
value? Exact 

P value summary ns 
 

P value summary ns 
Significantly different? (P < 
0.05) No 

 

Significantly different? (P < 
0.05) No 

One- or two-tailed P value? Two-tailed One- or two-tailed P value? Two-tailed 
Sum of ranks in column A,B 45 , 21 

 
Sum of ranks in column A,B 33.50 , 21.50 

Mann-Whitney U 11 
 

Mann-Whitney U 11.5 
 
Basal 

 P value 0.7436 
Exact or approximate P value? Exact 
P value summary ns 
Significantly different? (P < 
0.05) No 
One- or two-tailed P value? Two-tailed 
Sum of ranks in column A,B 46.50 , 44.50 
Mann-Whitney U 18.5 

 

Sidak’s multiple comparisons of the OHC loss.  

Control vs. ADAC Mean Diff. 95% CI of diff. Significance 

Apical 0.3757 -19.39 to 20.14 ns 
Middle 5.982 -18.11 to 30.07 ns 
Basal -2.457 -22.81 to 17.90 ns 

 

Sidak’s multiple comparisons of the IHC loss. 

Control vs. ADAC Mean Diff. 95% CI of diff. Significance 

Apical 0.3536 -8.655 to 9.362 ns 
Middle 0.86 -8.418 to 10.14 ns 
Basal -1.965 -9.962 to 6.031 ns 
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Part Two: Publication Related to This Study 
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