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Summary 

The aminoglycoside class of antibiotics and the chemotherapy agent cisplatin are commonly 

used in clinical settings to treat life-threatening illnesses; however both compounds also cause 

permanent sensorineural hearing loss as a side effect. Aminoglycosides are known to rapidly 

enter cochlear hair cells through mechanoelectrical transducer (MET) channels and 

accumulate inside where they trigger various pathways that lead to cell death. Although it has 

been suggested that cisplatin may also enter hair cells through the MET channel, there is 

currently no direct evidence of this and research into the topic has suggested several other 

channels may be involved. The main aims of this research are to identify compounds that may 

offer protection against the aminoglycoside, gentamicin, by utilising a mouse cochlear culture 

screening assay, develop such an assay for identifying compounds that protect against cisplatin 

and also investigate the MET channel as an entry route of cisplatin into mouse cochlear hair 

cells. Several methods have been used, including protection assays, several different imaging 

techniques and whole-cell patch-clamp electrophysiology. This project yielded 22 and 4 

compounds that protect or partially protect against gentamicin induced- and/or cisplatin-

induced cell death respectively and the work details the development of a cisplatin screening 

assay and includes a discussion on appropriate analysis of screening data. The screening results 

were further used to inform discussion on mechanisms of protection and possible differences 

between the two ototoxins tested. The investigation of cisplatin entry routes into cochlear hair 

cells yielded interesting results; no evidence of MET current block in the presence of cisplatin 

was found but a reduction in toxicity in mice with non-functional MET channels was evident. It 

was also found that while fluorescently-conjugated gentamicin rapidly enters cochlear hair 

cells, fluorescently-conjugated cisplatin does not and so while the mechanism of entry is still 

not completely elucidated these data highlight relevant differences between cisplatin and 

gentamicin not previously investigated. 
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1.1. Aminoglycoside antibiotics 

1.1.1. General introduction 

The aminoglycoside antibiotics (AGs) are derived from the Streptomyces or Micromonospora 

species of bacteria or synthesised in vitro and have a wide spectrum of activity making them 

suitable for combatting a range of microorganisms including Gram-positive and Gram-negative 

bacteria, mycobacteria and protozoa1. They are used to treat life threatening infections 

tuberculosis, meningitis, respiratory tract infections and sepsis2 as well suspected or confirmed 

bacterial infections in neonates, a population with high mortality rates in the presence of 

bacterial infection3. AGs are polycationic, highly polar molecules4 with molecular sizes ranging 

from 445-600 daltons. AGs enter Gram-negative bacteria by disrupting cross-links between 

adjacent lipopolysaccharides in the outer leaflet, compromising membrane integrity and 

leading to transient holes in said membrane4. Once inside the cells they disrupt protein 

synthesis by binding to the 30S ribosomal subunit, causing misreading of RNA and subsequent 

accumulation of truncated and non-functional proteins within the bacteria which lead to cell 

death2.  

1.1.2. Side-effects 

Currently nine AGs are approved for use by the FDA, the most commonly used being 

gentamicin, tobramycin and amikacin5, all of which are known to cause nephro- and oto-

toxicity6,7. Despite these well-known side effects, AGs are still widely used due to their low cost 

and high efficacy5 and while nephrotoxicity can be alleviated through extended interval 

dosing8 and is often reversible9, ototoxicity is permanent7. AG-induced ototoxicity affects the 

high, speech range, frequencies first10,11, occurs in  ~20% of patients treated12 and is associated 

with the loss of outer hair cells (OHCs) in the basal turn of the cochlea7. Hearing loss affects 

quality of life in all ages but can be particularly detrimental in younger age groups as it 

hampers language and psychosocial development13; this is a serious concern as a recent report 

suggests up to 86% of infants with very low birth weight are exposed to gentamicin before 

being discharged from hospital14. 
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1.1.3. The cochlea 

The cochlea is the structure of the inner ear responsible for hearing, it can be found in the 

temporal bone, encased in a bony shell known as the cochlear canal15. The cochlea is a coiled 

structure filled with fluid and divided into three main compartments called the scala vestibuli, 

scala media and scala tympani; the former two are separated by Reissner’s membrane and the 

latter two by the basilar membrane. Although the scala media sits between the scala vestibuli 

and scala tympani for most of the cochlea’s length, the two compartments are connected by 

an opening at the cochlear apex meaning that despite there being three structurally distinct 

compartments of the cochlea (Figure 1.1), there are only two compositionally distinct fluid 

compartments. The scala vestibuli and scala tympani both contain perilymph, a fluid of similar 

composition to extracellular solution, high in sodium and low in potassium. The scala media 

contains endolymph which is opposite in composition, containing high potassium (~150 mM), 

low sodium (~1 mM) and even lower calcium (~30 µM)16. 

The sensory hair cells responsible for converting mechanical force into electrical signals are 

contained in the Organ of Corti which is seated on the basilar membrane. The apical surface of 

hair cells is bathed in the potassium-rich endolymph and is separated from the sodium-rich 

perilymph bathing the basolateral surface by tight junctions17. There are two types of hair cell; 

one row of inner hair cells which perform only a sensory function and three rows of 

sensorimotor outer hair cells. The vibrations induced by a sound stimulus are transmitted to 

the inner ear causing a displacement of cochlear fluids and vibration of the basilar membrane. 

The tips of OHC hair bundles are embedded in the overlying tectorial membrane and 

movement of the basilar membrane causes a shearing motion that deflects the bundles, IHC 

bundles are not embedded but though to be stimulated by fluid movement in the small sub-

tectorial space18. The basilar membrane varies in width and stiffness along its length, meaning 

that travelling waves generated by a given frequency will reach a peak at a position along the 

cochlea that depends on the frequency, and as such, the basal end responds best to high 

frequency and the apical end to low frequency sounds18.  As the outer hair cells are 

electromotile19 they are able to detect and amplify the motion of the basilar membrane, 

leading to the exquisite sensitivity and sharp tuning of hearing. 

Hair cells are polarised epithelial cells characterised by a highly specialised structure on the 

apical surface called the hair bundle, which is composed of two or more rows of stereocilia 

that increase in height in one direction. Stereocilia are connected at their tops by tip links 

composed of cadherin23 and protocadherin15 which are coupled to large-conductance20 non-
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Reissner's membrane 

Stria vascularis Tectorial membrane 

Endolymph 

>---� - Perilymph 

Outer hair cells 

Basilar membrane Inner hair cell 

Figure 1.1. Structures of the cochlea. Schematic shows the three fluid compartments of the cochlea: 1) 

scala vestibuli 2) scala media 3) scala tympani. The scala media contains endolymph (shown in lilac) and 

the scala vestibuli and scala tympani contain perilymph (pink). The scala media is delineated by Reissner's 

membrane (upper wall), the basilar membrane (lower wall) and the stria vascularis (lateral wall) and 

contains the organ of Corti. The organ of corti sits on the basilar membrane and contains hair cells (blue) 

and supporting cells (various shades of green). 
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selective cation21 channels located at the tips of all but the tallest row of stereocilia22, known 

as mechanoelectrical transducer (MET) channels. Deflection of the hair bundle towards the 

tallest stereocilia leads to an increase in tension on the tip links and the opening of MET 

channels. As the apical surface of hair cells is bathed in endolymph, opening of MET channels 

leads to a large influx of potassium which causes hair cell depolarisation, this then activates 

voltage-gated potassium channels in the basolateral membrane that cause subsequent 

repolarisation due to the loss of potassium through the basolateral surface of the cell23.  

The stria vascularis maintains the high positive potential of the endolymph by actively pumping 

potassium against its concentration gradient into the scala media. This positive potential of 

+80mV relative to perilymph and the negative hair cell resting potential of -60mV (again 

relative to perilymph) together cause a large voltage drop across the apical surface of the hair 

cell known as the endocochlear potential (Figure 1.2). The high concentration of potassium in 

the endolymph, low concentration in the perilymph and effective separation of these two 

fluids on either side of the hair cells creates a unique way of regulating potassium flow without 

the hair cells themselves expending energy. Potassium travels down its electrochemical 

gradient into hair cells through the MET channel and then down its electrochemical gradient 

again out of the basolateral surface of hair cells.

1.1.4. The mechanoelectrical transducer channel 

The molecular identity of the MET channel has remained elusive for decades, however recent 

research has provided clear evidence that transmembrane channel-like protein 1 (TMC1) is a 

pore-forming subunit of the MET channel. Initially both TMC1 and TMC2 were candidates for 

pore-forming subunits; Tmc1Δ/Δ;Tmc2Δ/Δ mice lacking both proteins have no transduction 

currents, a phenotype that can be rescued with viral expression of either Tmc1 or 2 (indicating 

a functional redundancy between the two proteins)24. Alongside this, both proteins are 

expressed specifically in hair cells, localise to tips of all but the tallest row of stereocilia25, 

interact with PCDH1526 and knock out of either protein alone causes altered MET channel 

properties (such as single channel conductance, calcium selectivity and adaptation) in 

developing hair cells27–29. However, while Tmc2 expression coincides with the onset of 

mechanotransduction (with Tmc1 expression following 2-3 days later) in auditory hair cells, 

this expression is transient and only present during the first postnatal week of development; 

Tmc1 expression on the other hand continues to increase as Tmc2 expression declines and is 

present in adult animals24. Adult Tmc1+/+;Tmc2Δ/Δ mice also display no hearing loss and no 

disruption of hair bundle morphology, while Tmc1Δ/Δ;Tmc2+/+ mice have profound hearing loss 
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and hair bundles that degenerate around P14. While TMC2 does affect permeation properties 

of the channel during early postnatal development, the data from adult animals suggests that 

Tmc1 but not Tmc2 is needed for normal auditory function in adult mice24. Although it has not 

yet been possible to purify the native MET channel in large enough quantities for biochemical 

analyses, recent work has found that mouse TMC1 assembles as a dimer and has predicted 

membrane topology that matches that of the transmembrane member 16A (TMEM16A) anion 

channel29. Using this information, it was possible to introduce cysteine substitutions in putative 

pore forming transmembrane domains of TMC1, express it in Tmc1Δ/Δ;Tmc2Δ/Δ mice and then 

assess the effect of perfusing methanethiosulfonate (MTS) reagents. As cysteine residues can 

form covalent disulphide bonds with MTS agents, if the modification falls in the permeation 

pathway of the channel then changes in the biophysical properties of ionic currents passing 

through the channels would be expected29. In accordance with this, it was found that multiple 

substitutions were able to affect core permeation properties including whole-cell and single-

channel current amplitude and reversal potential either in their own right or rapidly after MTS 

reagent exposure, providing strong evidence that TMC1 is a pore-forming subunit of the MET 

channel29. 

Although this data provides clear evidence that TMC1 is a pore-forming subunit of the MET 

channel, the involvement of several other channels integral for transduction have not yet been 

elucidated. Lipoma HMGIC Fusion Partner-Like 5 (LHFPL5) (also known as tetraspan membrane 

protein of hair cell stereocilia (TMHS)) is expressed in mature cochlear hair cells and its 

absence leads to mild morphological defects but strong transduction deficits by P5. It is 

localised towards stereocilia tips, binds PCDH15 and is required for tip link integrity30. Null 

mutation of Lhfpl5 leads to smaller unitary conductance of MET channels and an almost 

complete loss of the apical to basal tonotopic gradient in conductance26. Both TMC1 and 

LHFPL5 interact with PCDH15, and while it is possible that LHFPL5 also contributes to the pore 

of the MET channel, TMC1 immunolabelling seen throughout stereocilia in wildtype mice is 

abolished in Lhfpl5 mutants, suggesting that the effects on channel properties are due to a lack 

of TMC1 (knock out of which also reduces the tonotopic gradient in conductance31) rather than 

a contribution to the pore26. Mutations in transmembrane inner ear expressed protein (TMIE), 

found to be expressed in hair cells but not the surrounding supporting cells32, lead to deafness 

in animals33 and humans34. Null mutations in TMIE abolish MET currents, and localisation of 

the protein has shown it is present at the tips of all but the tallest rows of stereocilia and 

interacts with PCDH15 and LHFPL5 suggesting it is an essential part of the transduction 

machinery, perhaps coupling the tip link to the channel32. Again, it is possible that this protein 
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contributes to the pore of the MET channel however there is currently no conclusive evidence 

to support this hypothesis and more research is needed to fully elucidate the roles of both 

LHFPL5 and TMIE in transduction machinery. 

1.1.5. Aminoglycosides in the inner ear 

Following systemic injection of fluorescently-conjugated gentamicin in mice, a fluorescent 

signal can be detected in the stria vascularis after 10 minutes, strengthening in the marginal 

cells over the first 3 hours and visible within hair cells after 3 hours; this order of appearance 

suggests the drug enters through the strial capillaries and travels through the marginal cells to 

gain access to the endolymph35. Early studies showing that AGs accumulated in lysosomal 

structures were suggestive of entry by apical surface endocytosis36, and entry through other 

routes such as the mechanoelectrical transducer (MET) channels were deemed unlikely as the 

MET channel pore was estimated to be 0.7 nm37, which would be too small for entry of the 

large AGs.  

Despite initial scepticism, the MET channel is now accepted as a main entry route of AGs into 

cochlear hair cells. Work utilising simple amines of varying sizes to investigate the MET channel 

pore in more detail concluded that the MET channel is 1.25 nm at its narrowest point38 and so 

is in fact large enough to accommodate entry of the AGs. Functional studies show that 

increasing the open probability of the MET channel with a low calcium extracellular 

environment leads to increased loading of gentamicin-conjugated Texas Red (GTTR) into 

cochlear hair cells, while the presence of known MET channel blockers reduces loading and the 

endocytosis blocker concanavalin A does not39. AGs also cause a permeant block of the MET 

channel, meaning they block the MET current at intermediate potentials but the block is 

released at hyperpolarised potentials as this creates a sufficient electrical driving force for the 

positively charged AGs to be pulled through the pore into the cell. Once inside, the presence of 

a high energy barrier in the intracellular side of the pore prevents the AGs exiting the cell and 

so the channel acts as a one-way valve40. This explanation of AG entry into hair cells accounts, 

in part, for the differential toxicity seen in transducing versus non-transducing cells in the 

Organ of Corti. The MET channel conductance of OHCs varies with the tonotopic gradient of 

the cochlea, with conductance being higher at the basal high frequency end20, furthermore 

OHCs also have higher a conductance than inner hair cells (IHCs) and so the sensitivity of basal 

OHCs and relative insensitivity of IHCs and apical OHCs could also be explained by AG entry 

though the MET channel40. Although AGs are known to enter hair cells through the MET 
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channel, it is important to note that there are other cell types that are particularly sensitive to 

AG-induced damage (such as the proximal tubule cells of the kidney) which do not possess 

MET channels and so there are other means by which AGs can enter and damage cells. 

1.1.6. Aminoglycoside-induced hair cell death 

AGs have been reported to cause cell death through a wide range of signalling pathways, the 

interactions of which are not fully understood 41. Additionally, different AGs have been shown 

to activate distinct, partially overlapping cell death pathways that take place over different 

time courses42. Despite the complexity of the processes involved in AG-induced hair cell death 

there are several major pathways that have been somewhat elucidated. 

1.1.6.1. Generation of reactive oxygen species 

Excessive generation of reactive oxygen species (ROS) has been suggested as the first step in a 

series of events leading to AG-induced hair cell death7. ROS are derived from molecular 

oxygen43 and are generated as a side product of oxidative phosphorylation under non-disease 

conditions44. Natural antioxidant defence mechanisms exist in cells to neutralise ROS45 and 

disruption of the balance between their production and neutralisation causes cells to enter a 

state of oxidative stress that leads to apoptosis43,46. Treatment of cochlear hair cells with AGs 

has been shown to cause the production of toxic levels of ROS47,48; a common reaction that 

leads to the formation of ROS is the Fenton reaction4: 

Fe2+ +H2O2 −→ Fe3+ +HO• +HO− 

Gentamicin is able to create a complex with iron to catalyse this reaction and so increase the 

formation of hydroxyl radicals49. Additionally, the formation of this complex takes place only in 

the presence of phosphoinositides which act as electron donors and as a result are themselves 

oxidized to lipid peroxides which can cause cell membrane damage50. Gentamicin has also 

been shown to downregulate the expression of catalase in organotypic cochlear cultures51; 

catalase breaks H2O2 down to oxygen and water52 and so in its absence more hydroxyl radicals 

can be produced by the Fenton reaction above. In support of excessive production of ROS 

leading to death of hair cells, iron chelators and antioxidant enzyme mimetics offer significant 

protection against gentamicin-induced hair cell death in cochlear culture53,54 and the 

overexpression of antioxidant enzymes prevents kanamycin-induced auditory threshold shifts 
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in vivo55. Although studies using cochlear cultures have shown that there are lower levels of 

the antioxidant glutathione (GSH) in the more AG-sensitive basal cells of the cochlea relative to 

apical cells56, other work has shown that GSH depletion does not affect hair cell survival in the 

presence of neomycin44. These results may highlight differences in the pathways activated by 

different AGs, but certainly indicate that much more research is needed to fully understand 

the role of the various ROS pathways involved in AG-induced hair cell death.   

1.1.6.2. Mitochondrial damage 

Hair cells are high in metabolic activity and as such display large numbers of mitochondria, 

which are a primary site of ROS generation in healthy cells. AG exposure causes morphological 

changes of mitochondria including swelling57 and functional changes such as loss of 

mitochondrial potential58.  Exposure to AGs also leads to mitochondrial oxidation due to 

increased calcium uptake, resulting in excessive ROS production43 such as super-oxide, which 

can directly initiate cell death or increase the generation of other destructive ROS59. In 

addition, it has long been known that mitochondrial DNA mutations can predispose patients to 

AG-induced ototoxicity60, together this evidence suggests mitochondria as an important site of 

action for AG-induced toxicity. 

1.1.6.3. Apoptosis 

Apoptosis caused by AG exposure is thought to be controlled by the intrinsic apoptotic 

pathway, which is triggered by non-receptor stimuli and characterised by the activation of G-

proteins and GTPases. These proteins and  GTPases activate stress-activated protein kinases 

such as mitogen-activated protein kinase (MAPK) which phosphorylates, thereby activating c-

Jun N-terminal kinases (JNKs)7. This pathway is also known to cause the permeabilisation of 

the mitochondrial membrane and subsequent loss of the mitochondrial transmembrane 

potential46 as well as release of cytochrome c into the cytoplasm which leads to activation of 

caspases 9 and 3. Caspase 3 activation then carries out an apoptosis program by cleavage of 

proteins necessary for cell survival4. 

Although different AGs have been shown to activate distinct but overlapping cell death 

pathways42, blocking of the MET channel with ameloride prevented cell death induced by both 

neomycin and gentamicin, suggesting that blocking the MET channel as a common route of 
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entry42, or indeed preventing entry of AGs into endolymph, represent promising therapeutic 

targets in the face of complex interactions of multiple, interacting, cell death pathways. 

1.2. The chemotherapeutic agent cisplatin 

1.2.1. Discovery 

The compound cisplatin was first synthesised in 1844 by the chemist Michele Peyrone61 

however its serendipitous discovery as a potential cancer treatment did not occur for another 

120 years when a series of experiments unexpectedly led to the growth of Escherichia Coli 

300x their normal length as a result of failed cell division62. Subsequent experiments revealed 

the effect to be reliant on products generated by the use of the platinum electrodes62 and one 

of the most effective products was identified as cisplatin63. After this discovery, cisplatin was 

tested on mice to evaluate its ability to reduce tumour growth63 and moved forward into 

clinical trials in 197164. The FDA approved cisplatin as a cancer treatment in 197865.  

1.2.2. Chemistry 

Cisplatin is a small square planar molecule with a molecular weight of 300.1 and no charge. It 

consists of a central platinum atom surrounded by two chloride ligands and two ammonia 

ligands in the cis- position, with molecular formula: PtCl2H6N2 (cis-

diamminedichloroplatinum(II)). The alternative trans-arrangement yields a molecule with very 

little biological activity66. Cisplatin is stable in high chloride extracellular environments but the 

relatively lower chloride concentration of intracellular environments leads to the displacement 

of chloride ligands by water, and results in a charged, active form of the compound67 (Figure 

1.3).  

1.2.3 Action in cancer cells 

Although cisplatin reacts with many nucleophilic macromolecules within cells68, its main target 

as a chemotherapeutic agent is DNA69 and many labs have shown evidence of cells deficient in 

DNA repair to display cisplatin hypersensitivity70,71. Approximately 1% of intracellular cisplatin 

reacts with DNA to form a variety of cisplatin-DNA adducts, preferentially binding at the N-7 
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sites of purine bases72. Predominantly the adducts formed are 1,2-intrastrand crosslinks 

between two neighbouring guanine bases (accounting for ~65% of adducts) but also present 

are 1,2-intrastand crosslinks between neighbouring adenine and guanine bases (~25%) or  1,3-

intrastrand crosslinks between two guanine bases separated by a third base (~5-10%)73,74, all 

forming between bases on the same strand of DNA75. There is also a small percentage of 

interstrand crosslinks formed between two guanines on separate strands of one DNA molecule 

(~2%) and monofunctional adducts. These different crosslinks lead to varying distortions of the 

DNA structure, with intrastrand crosslinks causing a bending of the DNA towards the major 

groove76 and interstrand crosslinks introducing a bend towards the minor groove (in which the 

platinated bases reside)77,78. While these aberrations of DNA structure have been shown to 

lead to an inhibition of DNA replication69, this inhibition does not correlate directly with 

cisplatin toxicity79. Arrest of the cell cycle at G2, most likely due to an inability of cells to 

transcribe mitosis controlling genes, is correlated with cisplatin-induced toxicity79, suggesting 

this is the critical step in cisplatin cytotoxicity. Although DNA damage is considered the main 

cause of cisplatin-induced tumor death, other cellular responses to DNA damage such as their 

ability to detect and repair are an important factor in whether cells survive80.  

Cancer cells undergo mutations that allow an increased rate of metabolism to facilitate their 

rapid proliferation. With a higher metabolic rate comes increased generation of ROS, however 

cancer cells are able to adapt, inducing a new redox balance and so withstand higher levels of 

ROS than normal cells81. Despite this ability to withstand higher ROS levels than non-cancerous 

cells, it is still possible to induce oxidative stress in cancer cells by further increasing the 

generation of ROS and disrupting the new balance68; cisplatin is able to induce cell death by 

triggering various ROS species that not only further damage DNA but also interact with other 

biomolecules, triggering alternative apoptosis pathways (discussed further below).  

1.2.4. Entry routes into cells 

Early investigations suggested cisplatin enters passively in to cells67 as the rate limiting factor 

for its entry into cells was shown to be drug concentration82, however more recent research 

has also implicated several membrane transporters in the movement of cisplatin into cells.  

Copper Transporter 1 (CTR1 or SLC31A1) is a major copper influx transporter responsible for 

maintaining the homeostasis of intracellular copper levels and has been shown to play a role in 

cisplatin uptake83. Deletion of the CTR1 gene in both yeast and mice leads to reduced 
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intracellular accumulation of cisplatin and increased resistance against cisplatin-induced 

damage84. Enhancing expression of the CTR1 gene in ovarian cancer cells has been shown to 

lead to an increase in cisplatin uptake85 and higher levels of CTR1 expression in women with 

ovarian carcinoma was significantly associated with better efficacy of platinum-based 

chemotherapy and longer progression-free survival86. Another group however, have shown 

that increasing expression in the carcinoma cell line A431 did not lead to an increase of 

intracellular cisplatin concentration87 and so it may be that the reliance on CTR1 for cisplatin 

uptake is dependent on cell/cancer type. 

Another transporter implicated in the uptake of cisplatin is the organic cation transporter 2 

(OCT2), responsible for drug absorption and excretion and expressed in all three segments of 

human proximal tubule, a tissue known to be sensitive to cisplatin damage. Co-administration 

of cisplatin and known OCT substrates decreases accumulation of cisplatin in epithelial cell 

lines88 and reduces cisplatin sensitivity of canine kidney cells89. Cisplatin has also been shown 

to interact with OCT2 (expressed in the human kidney) stably transfected in HEK293 cells but 

not OCT1 which is expressed in the human liver, alluding to a potential mechanism for the 

different toxicity profiles of cisplatin across organs. OCT2 presence is necessary for cisplatin-

induced toxicity in HEK293 cells, and apoptosis can be reduced with OCT substrate 

cimetidine90. 

1.2.5. Cisplatin ototoxicity 

Despite the antineoplastic activity of cisplatin being discovered nearly 50 year ago, it is today 

still considered one of the most potent chemotherapeutics available and is used to treat a 

variety of malignancies including testicular, ovarian, head and neck, bladder and lung 

cancers67. Unfortunately cisplatin also has various toxic side effects including nephrotoxicity, 

neurotoxicity and ototoxicity91. While nephrotoxicity can be alleviated with pre-hydration and 

concurrent mannitol administration92, neuro- and ototoxicity currently cannot be avoided. 

Cisplatin-induced ototoxicity manifests as irreversible high frequency sensorineural hearing 

loss that is generally bilateral and symmetrical92–94. The reported rates of cisplatin-induced 

hearing loss vary substantially, ranging from 13-100%95–97; this variation can be partially 

attributed to differences in cisplatin doses and mode of hearing assessment. Several factors 

increase the risk of developing cisplatin-induced damage, including high cumulative dose, 

cranial irradiation and young age at time of treatment94,95,98–100. Additionally, hearing loss may 

continue to deteriorate after treatment cessation101, possibly due to the long term retention of 

14



cisplatin in the cochlea102. Cisplatin affects several tissue types within the cochlea, including 

the organ of Corti, spiral ganglion cells, the spiral ligament and the stria vascularis103. The OHCs 

of the organ of Corti are one of the main cell types vulnerable to cisplatin damage, loss of 

which occurs first in the basal turns of the cochlea104–106, which is consistent with the clinical 

symptom of high frequency hearing loss97. Cisplatin-induced ototoxicity is a dose-limiting side 

effect that requires cisplatin discontinuation and replacement by another chemotherapeutic 

agent107 and so prevention could lead to more efficient cancer treatment. 

1.2.5.1. Entry in to hair cells 

While the knowledge of cisplatin entry in to cancerous and non-cancerous non-sensory cells is 

fairly comprehensive, less research has been carried out into the entry route of cisplatin into 

hair cells specifically. This is of importance as sensory hair cells are highly specialised and many 

cancers are known to up or downregulate specific channel proteins in order to aid their 

survival; the expression of channel proteins in cancer cells may therefore be substantially 

different to those expressed in sensory hair cells. The House Ear Institute-Organ of Corti 1 (HEI-

OC1) cell line is a mouse auditory cell line generated from a transgenic mouse that expresses 

an immortalizing gene when incubated at 33°C108,109. Studies investigating entry routes into 

HEI-OC1 cells are informative however these cells express markers not seen in hair cells109 and 

considering the cell-specific nature of channel expression it is not unlikely that the 

complement of channels present in this cell line varies from native hair cells. A weakness of all 

the cell lines used to investigate cisplatin entry in respect to extrapolating results to hair cells is 

their lack of mechanotransduction apparatus; this is a pertinent issue since many compounds 

(including ototoxins) are known to enter via the MET channel (as previously described)40,110 

and functional mechanotransduction is required for cisplatin-induced hair cell death in the 

zebrafish lateral line111. 

CTR1 has been implicated in the entry of cisplatin into hair cells. Expression has been shown in 

HEI-OC1 cells and cochlear tissue: expression in the cochlea being localised to IHCs, OHCs and 

the stria vascularis112. Furthermore, knockdown of the CTR1 gene in HEI-OC1 cells results in 

reduced cisplatin uptake, and intratympanic injection of copper sulfate (a competitive inhibitor 

of CTR1) 30 mins prior to cisplatin administration protects hearing at 16 and 32 kHz in mice112. 

Copper sulfate has also been shown to protect against 10 µM cisplatin in rat organotypic 

cochlear cultures however this cisplatin dose caused only ~20% OHC loss and when tested 

against a higher concentration, causing ~80% OHC loss, no protection was observed113. 
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The possible role of OCT2 in auditory cells has also been explored. One study has reported 

expression of OCT2 in the IHCs, OHCs and stria vascularis of mice as well as higher relative 

expression of OCT2 compared to CTR1 in whole mouse cochleae114. However other studies 

have been unable to detect expression of OCT2 in the organ of Corti but have found expression 

in the stria vascularis and spiral ganglia of mice112 and the supporting cells and spiral ganglia of 

rats, guinea pigs and pigs115. OCT2 expression was also not detectable in HEI-OC1 cells112. The 

organic cation and competitive inhibitor of OCT2, phenformin, has been shown to offer no 

protection against hearing loss or OHC loss in guinea pigs in vivo115, however OCT1/2 double 

knockout mice show no signs of ototoxicity114. The organic cation cimetidine has been shown 

to preserve hearing in mice when administered with cisplatin114, however in cochlear cultures 

cimetidine offered only partial protection against high doses of cisplatin113 and the researchers 

suggest this protection is due to reduced uptake of cisplatin through copper transporters and 

in a further study116 show cimetidine reduces expression of CTR1. This potential dual action of 

cimetidine on both OCT2 and CTR1 confounds results obtained by using it as an inhibitor of 

either, and if it is indeed having an effect on both channels then its inability to protect fully 

against cisplatin damage in culture is suggestive of the presence of another route of entry for 

cisplatin. The expression of OCT2 in the supporting cells of several species could suggest a role 

for OCT2 in cisplatin ototoxicity other than entry into hair cells. Regardless, a potential issue of 

treating ototoxicity with OCT blockers is that the some cancer cells express OCTs and so there 

is the potential of a reduction of chemotherapeutic action of cisplatin114. 

Another possible route of cisplatin entry is the MET channel, which has been explored using 

the zebrafish lateral line system. Interestingly, in situ hybridisation studies have been able to 

show expression of CTR1 in zebrafish hair cells but not OCT2117,118 and both copper sulfate and 

cimetidine were unable to protect against cisplatin damage. Various methods of inhibiting 

mechanotransduction were, however, able to offer protection as well as prevent loading of a 

fluorescently-conjugated cisplatin into hair cells. These methods included incubation with the 

MET channel blocker quinine or disruption of tip-links chemically or genetically111. Another 

study measuring cisplatin toxicity and entry in the lateral line showed again that cadherin 23 

mutants (that have disrupted tip-links) were resistant to cisplatin damage119. Compounds that 

enter cells through the MET channel attenuate the flow of ions and so appear to reduce the 

amplitude of (or block completely) MET currents, they may also compete with other 

compounds entering through the MET channel; when zebrafish hair cells were treated with 

cisplatin, there was no reduction of the microphonic potential or the loading of FM1-43119. 
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Although there are also no studies to show that cisplatin enters directly through the MET 

channel in other animal models, a few studies have reported that cisplatin is able to block the 

MET current; raising the possibility that, as with the AGs, it can enter through this route. The 

measuring of auditory brainstem responses (ABRs) is used as an indication of hearing 

sensitivity and the measuring of distortion product otoacoutic emissions (DPOAEs) provides 

information on OHC function. An early study found a loss of sensitivity of both measures in 

guinea pigs in response to cisplatin treatment, suggesting a loss of hearing due to OHC 

dysfunction120. Further experiments showed an immediate hearing loss when cisplatin was 

iontophoresed into the scala media, suggesting that cisplatin is able to block the MET 

channel120. Cisplatin has also been shown to block MET currents in dissociated chick hair cells 

in a voltage- and dose-dependent fashion121. 

Overall, there is some evidence that all of these routes may be involved in cisplatin entry into 

hair cells but blocking of either Oct2 or Ctr1 does not appear to offer full protection against 

cisplatin in mammalian systems, and neither appears to play a role in cisplatin toxicity in the 

lateral line. While there is reasonable evidence that mechanotransduction is somehow 

involved in cisplatin toxicity in the zebrafish lateral line, it is not clear if this is due to entry via 

the MET channel or another MET-dependent process and there are known differences 

between mammals and fish. The existing evidence for the MET channel as a route of cisplatin 

entry in to mammalian models is minimal and warrants further investigation. 

1.2.5.2. Damage in hair cells 

As with the AGs, the mechanisms of cisplatin damage in hair cells are numerous and not fully 

elucidated, however some mechanisms that are involved include: damage to DNA, ROS 

generation, mitochondrial dysfunction, the depletion of antioxidants and an increase in pro-

inflammatory signals.  

1.2.5.2.1. DNA damage 

As in cancer cells, cisplatin can injure hair cells by damaging DNA and once DNA repair 

mechanisms are overwhelmed the tumour suppressor gene p53 is activated122. The Bcl-2 

family of proteins regulate cell death; the family includes both pro- and anti-apoptotic 

members and if the balance of these proteins is tipped it can lead to cell death or survival 
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mechanisms being triggered. It has been shown in HEI-OC1 cells that p53 upregulates the 

transcription of pro-apoptotic member, Bax, which translocates to mitochondria leading to the 

formation of pores and subsequent leakage of cytochrome c123. Exposure of cochlear tissues to 

cisplatin has also been shown to lead to an activation of p53122, redistribution of Bax and 

leakage of cytochrome c from mitochondria124. Pore formation also leads to dissipation of the 

mitochondrial membrane potential. Cytochrome c leakage activates caspase 9 which goes on 

to activate caspase 3 which carries out apoptotic cell death by cleaving cytoskeletal proteins124 

and Bcl2 (an anti-apoptotic member of the Bcl-2 family).  

1.2.5.2.2. Reactive oxygen species 

Treatment of cochlear tissues with cisplatin causes production of ROS48 which are capable of 

reacting with and damaging many cellular targets including lipids, proteins and DNA leading to 

cell death125. NADPH oxidases (NOX) are transmembrane proteins that transport electrons 

across membranes, leading to the reduction of oxygen into superoxide126. NOX3 is considered 

to be the principal source of ROS generation in the cochlea127 and its production of ROS is 

increased in hair cells after cisplatin treatment128. Furthermore, blocking the NOX3 signalling 

pathway prevents cisplatin ototoxicity in rats128 as does knockdown of NOX3 using intratypanic 

injection of siRNA against NOX3129. ROS are also generated by mitochondria during normal 

cellular processes124, but when ROS reach high levels they can induce mitochondrial stress 

which leads to the release of further, more toxic ROS species, as described previously130.  

1.2.5.2.3. Antioxidant depletion 

Cisplatin not only actively increases the generation of ROS but has also been shown to reduce 

levels of antioxidants such as GSH and reduce the activity of antioxidant enzymes such as 

superoxide dismutase, catalase, glutathione peroxidase and glutathione reductase as well as 

increase the levels of malondialdehyde, a lipid peroxidation marker131. This increase in ROS and 

decrease of the cells ability to combat them plays an important role in cisplatin-induced 

ototoxicity as many strategies aimed at reducing ROS production or increasing ROS 

neutralisation through bolstering the cell’s intrinsic antioxidant pathways offer protection 

against cisplatin-induced hair cell loss132,133. 
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1.2.5.2.4. Inflammatory response 

Aggravated immune response in the inner ear has been reported to result in hearing loss134. 

Cisplatin treatment causes an inflammatory response involving release of pro-inflammatory 

cytokines TNF-α, IL-1β and IL-6 from pre-existing stores through an ERK dependent pathway in 

HEI-OC1 cells135. The transcription factor NFκB exists associated with IκB kinase in the 

cytoplasm, but exposure to TNF-α, IL-1β and IL-6 causes a degradation of IκB allowing 

translocation of NFκB to the nucleus where it can regulate various genes, including those that 

lead to the production of further inflammatory cytokines 135. ROS generated in the cochlea are 

also able to cause inflammation by activating the signal transducer and activator of 

transcription-1 (STAT1) which leads to an increase in the synthesis of pro-inflammatory 

cytokines such as TNF-α136. STAT1 also appears to be a regulator of p53 (mentioned previously) 

and increases the expression of inducible nitrous oxide synthase, a producer of the free radical 

NO136. Therefore the effects of pro-inflammatory cytokine feed forward loops are intertwined 

with pro-apoptotic p53 activity and ROS production. 

1.3. The search for otoprotectants 

1.3.1. Model systems 

Various different systems have been utilised to search for compounds that offer protection 

against AGs, cisplatin or both. Practical difficulty in obtaining large volumes of mammalian 

inner ear tissue on which to test potentially protective compounds represents a significant 

challenge in the search for otoprotective compounds and as such, a number of models and 

approaches have been explored.  

Organ of Corti explants are sensitive to AG- and cisplatin-induced damage with hair cells in the 

basal coil being more sensitive than those in the apical coil137,138 in accord with the progression 

of hair cell loss seen in vivo. As the entire Organ of Corti is removed and plated intact, all 

supporting cells are present and so the hair-cells’ environment closely mimics that in vivo, 

however, dissection of the organ of Corti is time consuming and requires reasonable technical 

skill to remove with minimal damage139. Although this model is considered a reasonably 

accurate model of cellular responses in vivo, these issues limit its usefulness for testing large 

volumes of potential protective candidates. Also, due to the difficultly of culturing adult 

cochleae and maintaining younger cultures in vitro over longer time courses, studies are 
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limited to early post-natal stages and early effects of compounds tested. While several groups 

have utilised cochlear explants for testing compounds for protective effects against cisplatin, 

most have used explants from rats which appear to have hair cells that are (relative to our 

mouse cochlear culture system) less sensitive to cisplatin. This leads to the use of high doses of 

cisplatin in order to cause OHC loss and in many instances does not result in substantial hair 

cell death until general cytotoxicity of all the cells in the culture is observed113,140,141; the non-

specific nature of this damage does not closely resemble in vivo patholog104. 

The HEI-OC1 cell line expresses specific cochlear hair cell markers including prestin, MYO7A 

and Atoh1 but also expresses supporting cell markers such as connexin 26109, leading to the 

suggestion it might represent a common progenitor for both sensory and supporting cells of 

the organ of Corti142. HEI-OC1 is one of the few auditory cell lines available to hearing 

researchers and due to its sensitivity to ototoxic drugs142 has been used to investigate 

intracellular mechanisms underlying ototoxicity and to screen for otoprotective compounds. 

The ease of maintaining cell culture and ability to test large volumes of compounds over a 

short time-frame are clear benefits of the HEI-OC1 cell line, however the expression of 

supporting cell markers is of concern and may render results difficult to interpret due to the 

known role of supporting cells in protecting hair cells from ototoxic insult143. Another issue 

with using this cell line for discovery of otoprotective compounds is that, AG-induced 

ototoxicity is considered to be at least partly governed by its entry into cells through MET 

channels; as HEI-OC1 cells lack MET equipment142 it is hard to extrapolate results to fully 

differentiated hair cells. 

In vivo mammalian systems are clearly the strongest model for testing compounds prior to 

clinical trials and various studies have shown that mice, guinea pigs and rats all respond to AG 

and cisplatin insults as humans do in the clinic. Using in vivo models allows researchers to 

investigate the metabolism of compounds as well as assess hearing function by measuring 

ABRs and DPOAEs. However it would be unethical to proceed straight to in vivo mamalian 

testing without preliminary data from an in vitro model, and indeed is disallowed by the Home 

Office and so the in vitro methods mentioned above are still very much needed for initial 

identification of otoprotective compounds. The Zebrafish lateral line system (described more 

fully bellow) does however provide an in vivo hair cell model suitable for preliminary high 

throughput screening studies. 
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1.3.2 Compounds found to protect against cisplatin ototoxicity 

Many compounds that offer protection against cisplatin-induced hair cell loss in the above 

models have been identified, a considerable number of which have gone on to be tested in 

clinical trials. While there are many mechanisms by which these compounds appear to be 

protecting and there is substantial overlap of their actions they can be split into four broad 

categories for the purpose of summarising existing screening literature; there are many more 

compounds tested than could be included in this list.  

1.3.2.1. Antioxidants 

Sodium thiosulfate (STS) is the most nucleophilic thiol-containing compound known to offer 

protection against cisplatin-induced hearing loss and rapidly forms complexes with cisplatin, 

reducing the amount of free cisplatin in blood plasma by producing novel platinum-containing 

sulphur complexes144. STS has also been reported to quench ROS such as hydrogen peroxide 

(H2O2) and preserve the activity of antioxidant enzymes (such as superoxide dismutase)145. 

STS has been shown to offer protection against cisplatin-induced ABR threshold shifts in rats 

when administered 4 hours after cisplatin treatment. The protective effect lessens with longer 

delays between cisplatin and STS delivery and by 12 hours no protective effect is seen. When 

tested in vitro on cancer cell lines, STS administered within four hours of cisplatin significantly 

inhibits cisplatin-induced cytotoxicity; delays of 6 hours abolish this protective effect146. These 

results suggest that if STS is to be administered systemically for prevention of hearing loss in 

patients undergoing cisplatin-based chemotherapy, careful timing of administration of both 

compounds will be needed to ensure maximum protection against ototoxicity and minimum 

inactivation of cisplatin. In line with these results, a randomised phase 3 trial (ACCL0431) 

reported significantly lower incidence of cisplatin-induced hearing loss (CIHL) in children 

treated with intravenous STS 6 hours after cisplatin administration compared to the control 

group. While there was no significant difference in event free survival or overall survival 

compared to control, further analysis showed a significantly lower overall survival rate of 

children treated with STS who had disseminated cancer at the beginning of the trial147. A 

follow up trial using the same STS delayed-administration protocol but enrolling only children 

with no metastasis resulted in 48% lower incidence of hearing loss in the STS group compared 

to control, with no effect on overall survival148.  
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Although these results are encouraging for patients with non-disseminated disease, they show 

that even with delayed administration, STS is able to affect the anti-tumoral effects of 

cisplatin, and is not safe for use in patients with metastatic disease. Indeed, these findings are 

suggestive of a primary protective mechanism of cisplatin inactivation rather than antioxidant 

affect. It is clearly preferable to identify protectants that do not interfere with the 

antineoplastic action of cisplatin; one method that may circumnavigate this issue is to apply 

protective compounds to the middle ear cavity, where they can pass into the cochlea directly 

through the round window membrane. However, the results of using this method in animal 

models have thus far been mixed. An early study using an osmotic pump to deliver STS to the 

round window of guinea pigs over 5 consecutive days showed no protection against systemic 

cisplatin administration as measured by DPOAEs149, however this could be due to the relatively 

low concentration of STS relative to cisplatin150. A more recent study utilising a high viscosity 

formulation of sodium hyaluronan (HYA gel) containing STS was able to prevent death of 

OHCs151, however measurements of hearing function could not be carried out due to the 

continued presence of the HYA gel in the middle ear. 

N-Acetylcysteine (NAC) is another antioxidant containing sulphur that can bind to and

inactivate cisplatin, reducing the amount of free cisplatin in human plasma, though to a lesser

extent than STS144. As a thiol NAC can act directly as an antioxidant and as a precursor for L-

cysteine it can promote the endogenous antioxidant system by increasing levels of the

antioxidant GSH. Alongside these mechanisms of action, it has also been shown to inhibit the

activation of JNK p38, MAPK and FR-κB transcription factor activities, preventing apoptosis.

Cisplatin-treated rats intravenously administered with NAC 15 or 30 minutes prior to or 4

hours after cisplatin administration showed no significant change in ABR responses from

baseline measurements. The group treated with NAC 15 minutes prior to cisplatin did however

show less general cytotoxicity in the animals, as measured by body weight152. Administration

of NAC to human tumour cell lines in the presence of cisplatin negates cisplatin’s cytotoxic

effects when applied concurrently or up to two hours afterwards153, however rat models of

neuroblastoma and medulloblastoma show no decrease in chemotherapy efficacy when NAC is

administered 4 hours after cisplatin154. These results suggest that, as with STS, there is a risk of

negating the efficacy of cisplatin-chemotherapy but delayed dosing with NAC may alleviate this

issue. Currently underway is a phase one clinical trial (NCT02094625) aimed at confirming the

optimal dose of NAC for preventing ototoxicity when administered intravenously 4 hours after

cisplatin infusion155; this study includes only patients with non-disseminated disease. Attempts

to avoid the antitumoral effects of NAC on cisplatin have utilised transtympanic injection,
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however a small clinical trial including 11 patients undergoing cisplatin-chemotherapy showed 

only two subjects had significantly better hearing after transtympanic injection of L-NAC156, 

possibly due to insufficient concentrations being reached in the middle ear. Transtympanic 

injection of NAC within a hydrogel may yield better results as it could prevent leakage of NAC 

out of the middle ear via the Eustachian tube, removing the need for multiple injections, which 

would prevent inflammation of the middle ear epithelium and increase patient compliance157. 

D-methionine (D-met) was shown early on to protect organotypic cultures from cisplatin-

induced hair cell death140. However, subsequent studies reporting preservation of ABR

responses and OHCs in rats systemically administered D- or L-methionine also show reduction

of cisplatin’s general cytotoxicity158–160 Local delivery to the round window using osmotic

pumps can alleviate this reduction in cytotoxicity in rats while preserving otoprotection159,

however other work in guinea pigs resulted in only a delayed decline in DPOAEs compared to

control, that did not endure to the end of the study149. These results suggest D-met is a

promising candidate for otoprotection however may work in part by creating inactive

complexes with platinum. It has been shown that systemic administration of D-met in guinea

pigs causes a 30% decrease in the area under the concentration-time curve of cisplatin and if

the concentration of administered cisplatin is increased to account for the portion inactivated

by D-met no protection of ABR threshold shifts or OHCs is seen161.

Amifostine, a thiophosphate prodrug, acts by scavenging free radicals but is also able to form 

inactive complexes with cisplatin. Unlike other compounds that react with cisplatin, amifostine 

does not reduce the chemotherapeutic action of cisplatin as it reacts with cisplatin in close 

proximity to DNA rather than in the circulatory system, and has been shown to offer 

protection against ototoxicity in average but not high risk medulloblastoma patients162,163 in 

clinical trials. Although the results of these two trials are encouraging, there are several more 

in which incidence of ototoxicity witnessed were unacceptable164–168 despite amifostine 

treatment. 

Lipoic acid (LA) is an antioxidant that reduces oxidative stress by scavenging ROS169. It has 

shown some promising results in rat ototoxicity models, preventing elevation of ABR 

thresholds170, preventing hair cell death in cochlear explants171 and preventing a reduction of 

DPOAE amplitudes172 (although not at the highest frequencies tested). LA has also been shown 

to attenuate cisplatin-induced toxicity in HEI-OC1 cells by preventing an increase in ROS and 

inhibiting inflammatory and cell death pathways171 but showed no protection against 

ototoxicity in clinical trials173.  
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Ebselen is an antioxidant, ROS scavenger, glutathione peroxidase mimetic174, anti-

inflammatory agent and also Nrf2 activator by promoting endogenous antioxidant responses 

and GSH synthesis. It has been shown to offer protection against cisplatin-induced hair cell loss 

in organotypic cochlear cultures140. Ebselen’s ability to reduce cisplatin-induced ABR threshold 

shifts has been tested on multiple occasions and varies between studies, with some reporting 

no shift in the presence of ebselen132 and others reporting a shift at the highest frequency 

tested (32 kHz) 174 or shifts at all tested frequencies175. Ebselen has also been shown to reduce 

cisplatin-induced ABR threshold shifts when combined with allopurinol176. Despite these mixed 

results a phase 2 clinical trial is registered (NCT01451853), but still in the recruitment phase177. 

Two compounds that are already widely used for other ailments and have shown potential for 

use against ototoxicity are Vitamin E and aspirin. Vitamin E has been shown to prevent 

cisplatin-induced ABR threshold shifts in rats when administered intraperitoneally; rats treated 

with Vitamin E also suffered less OHC damage178. Otoprotection has also been shown after 

intratympanic injection of vitamin E in rats179 and preliminary results from a small clinical trial, 

administering vitamin E supplements to patients undergoing cisplatin chemotherapy has 

shown otoprotection up to one month post treatment but further follow up was not possible 

due to high drop-out rates180. Aspirin has been shown to protect against gentamicin-induced 

ototoxicity but sodium salicylate offered only partial protection of hair cell morphology and no 

preservation of DPOAEs in guinea pigs181 and aspirin offered no protection against cisplatin 

ototoxicity in a phase II clinical trial182. 

Several other compounds with antioxidant properties shown to offer partial protection in in 

vitro and/or in vivo models but were not successful enough to be carried forward into clinical 

trials are resveratrol183,184, glutathione ester185 and leutin186. 

1.3.2.2. Anti-inflammatories 

Due to cisplatin’s known activation of inflammatory pathways, another logical group of 

compounds to test for protection are anti-inflammatories. 

Dexamethasone (DM) is a glucocorticosteroid that offers protection to hair cells by activating 

anti-apoptotic pathways, downregulating the expression of pro-inflammatory genes187 and 

reducing the formation of ROS188. Due to the ability of corticosteroids to downregulate 

apoptotic gene function in some cancers, systemic administration is considered unsuitable189, 

however several other delivery methods have been utilised. Otoprotection has been shown 
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after intratympanic injection of DM in rats179,189 and guinea pigs190,191 after a single i.p. dose of 

cisplatin, but failed to protect in a multi-dose cisplatin ototoxicity model in mice192. Another 

study using a combination of DM and curcumin administered via i.p. injection showed 

protection when compounds were co-administered but not when either was applied alone193 

Delivery of DM alone when contained in nanoparticals, however, has shown protection against 

CIHL and cisplatin-induced hair cell damage when injected via i.p.194 or administered to the 

round window of guinea pigs195. Intratympanic injection of DM-containing hydrogel, but not 

DM solution, offered otoprotection in guinea pigs, likely due to sustained DM exposure196. 

Unfortunately, despite promising results in vivo, of two clinical trials carried out to test the 

efficacy of DM in preventing CIHL in humans, one showed minimal protection197 and the other 

was terminated early due to negative efficacy in another recently completed Phase 3 study 

104-201506 for treatment of Ménière’s Disease198.

More success was found in clinical trials with flunarizine however,  a specific T-type calcium 

channel antagonist that offers protection against cisplatin-induced ototoxicity in HEI-OC1 cells 

by reducing the production of pro-inflammatory cytokines199, inhibiting lipid peroxidation and 

mitochondrial permeability transition200. A reduction in pro-inflammatory cytokines was 

observed in the cochleae of flunarizine-treated mice, although hearing function was not 

assessed199. In a clinical study orally administered flunarizine was administered to 40 patients 

undergoing cisplatin chemotherapy and protection was seen at 1 and 2 kHz but not at 4 kHz or 

above201. Flunarazine therefore represents a partial protection of hearing by an anti-

inflammatory drug in clinical trials, but not at the higher frequencies lost first during cisplatin 

treatment202. 

Another interesting target of anti-inflammatory drugs that could offer protection against 

cisplatin damage is the adenosine A1 receptor (A1AR). A1AR is expressed in the cochlea and has 

been shown to be involved in the cochlea response to inflammation and oxidative stress. 

When assessed for otoprotection in rats the adenosine agonist R-phenylisopropyladenosine (R-

PIA), was shown to preserve ABRs and hair cells after transtympanic injection. This protection 

was associated with suppression of the ROS-dependent inflammatory response128. Injury with 

cisplatin has also been shown to cause upregulation of A1AR in chinchillas and treatment with 

adenosine agonists caused an increase in antioxidant defence enzymes such as glutathione 

peroxidase and superoxide dismutase. When applied to the RW of chinchillas prior to cisplatin 

treatment the two adenosine agonists R-PIA or 2-chloro-N-cyclopentyladenosine significantly 
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reduced cisplatin-induced ABR threshold shifts at all but the highest frequency tested (16 kHz). 

These adenosine agonists were also able to preserve hair cells and reduce cisplatin-induced 

lipid peroxidation203. 

Epigallocatechin-3-gallate (E3G) is a polyphenyl found in green tea shown to possess anti-

inflammatory and antioxidant properties. E3G is a particularly interesting candidate for 

protection against cisplatin ototoxicity as it is not only a known inhibitor of STAT1, a 

transcription factor important in the mediation of cisplatin-induced death204, but has also been 

shown to have anti-cancer properties205. E3G has been shown to protect cultured utricles from 

mature mice from hair cell death by reducing STAT1 phosphorylation204. In rats treated with 

cisplatin, E3G was able to reduce hearing and hair cell loss, oxidative stress, and apoptotic 

markers. This study also showed that in vitro E3G did not compromise antitumor efficiency, 

and in fact increased its cytotoxicity to some cancer cell lines206. E3G and A1AR agonists 

therefore show good promise for future protection against cisplatin ototoxicity.  

1.3.2.3. Apoptosis inhibitors 

Several compounds regulating the apoptosis pathways underlying cisplatin-induced damage 

have been explored for their potential to protect against cisplatin. Although a number of 

putative candidates have been tested and found to be successful in vivo, none have yet been 

taken through to clinical trials.  

Epicatechin (a catechin, also found in green tea) has been shown to prevent cisplatin-induced 

ABR threshold shifts and morphological damage to the cochlea in rats. The protection was 

associated with a reduction in cytochrome c release and subsequent caspase activation as well 

as a reduction in the expression of MAPK proteins and inflammatory cytokines TNF-α and IL-6, 

demonstrating a prevention of apoptosis by the MAPK and mitochondrial death pathways207.  

Pifithrin-α (PFT) is powerful inhibitor of the tumour suppressor protein p53.  p53 deficient 

mice are protected from cisplatin-induced hair cell death and hearing loss122 and have reduced 

caspase 3 activation and cytochrome c translocation46. PFT has been shown to attenuate hair 

cell damage in vestibular and cochlear cultures141 as well as  prevent ototoxicity without 

compromising chemotherapeutic action in mice122.  

Glycogen synthase kinase-3 (GSK-3) is a kinase involved in multiple cell functions, including 

apoptosis. During oxidative stress it can lead to cytochrome c release and subsequent caspase 
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3 activation. GSK-3β inhibitors and SB 216763 Lithium Chloride have been shown to protect 

against apoptosis in HEI-OC1 and rat organ of Corti cells as well as reduce hearing loss and hair 

cell loss when administered to mice in vivo. These inhibitors reduced cytochrome c release and 

caspase 9 activation in HEI-OC1 cells and significantly reduced serum levels of pro-

inflammatory cytokines after cisplatin injection in mice. These results suggest GSK-3 inhibitors 

are able to protect auditory cells by preventing apoptosis through the mitochondrial/caspase 

and inflammatory pathways208. 

So far, attempts to identify compounds able to protect against cisplatin-induced ototoxicity 

have taken a targeted approach, investigating compounds that will interact with processes and 

pathways known to be involved in cisplatin cytotoxicity. While this is a logical approach, the 

mechanisms of cell death induced by cisplatin are not fully elucidated and clearly involve many 

intracellular pathways, some overlapping but many distinct, therefore the likelihood of 

identifying one compound to protect against all effects by targeting a single facet of damage is 

unlikely. Furthermore, many of the compounds that have been tested so far have had a direct 

effect on cisplatin itself and so present a serious risk of reducing the chemotherapeutic 

efficacy of the drug, as evidenced with STS. Similarly, interfering with apoptotic pathways 

could carry an unacceptable risk of carcinogenesis. Transtympanic injection appears to be an 

effective way of avoiding off target effects of potential protective compounds but many of the 

compounds identified so far that have reached clinical trials do not offer full protection against 

cisplatin-induced ototoxicity, regardless of administration technique. In the light of these 

findings, it is possible that assessing compounds with novel mechanisms of action may be a 

more fruitful approach, but in the absence of a specific target this would need to be achieved 

using large scale screening methods. 

1.3.3. Protection against AG-induced ototoxicity 

Many compounds have been tested for their ability to protect against AG-induced ototoxicity, 

more even than have been tested against cisplatin. Due to the volume of literature generated 

by screening research I will provide here just a brief summary, highlighting compounds that 

offer protection against both ototoxins and a few compounds that have been shown to offer 

differential protection. For a comprehensive list of compounds that offer protection against 

AG-induced hearing loss please see4. 
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Most of the overlap in protective compounds is accounted for by antioxidants, this is not 

surprising due to the key role oxidative stress plays in both cisplatin and AG ototoxicity. 

Dexamethasone209, D-met210, LA211, resveratrol212 and aspirin213 have all been shown to offer 

some protection against AGs. NAC has been shown to protect against gentamicin ototoxicity in 

rats214 and protect hearing in patients undergoing gentamicin and amikacin treatment215,216. 

Vitamin E protected from ototoxicity in guinea pigs217  but offered no protection when co-

administered to patients during gentamicin treatment218.  

STS protected against CIHL in animal models146 and patients, however did reduce 

chemotherapeutic efficacy in a clinical trial leading to lower survival in patients with 

disseminated disease147, its main mode of action is thought to be inactivation of cisplatin and 

in keeping with this, it was unable to preserve hearing in mice treated with gentamicin219.  The 

SOD mimetic, M40403, has been shown to protect against gentamicin-induced hair cell loss in 

organotypic cultures however could not prevent cisplatin-induced damage54. This result is 

surprising as cisplatin toxicity is known to reduce SOD131 and blocking NOX3 signalling (which is 

known to generate superoxide) reduces cisplatin ototoxicity in rats128. 

Although many compounds have been identified that protect against AG-induced ototoxicity in 

animals, plenty of which have proceeded to clinical trials, there are still no FDA-approved 

treatments and so the identification of potential protectants remains an important task. 

1.3.4. The emergence of the zebrafish lateral line 

Zebrafish (Danio rerio) are fresh water fish originally discovered in India, they have a sensory 

system called the lateral line that is composed of discrete groups of hair cells called 

neuromasts, which are arranged down the flank of the fish. The hair cells present in 

neuromasts are morphologically similar to those found in the inner ear and are similarly 

sensitive to ototoxic agents such as aminoglycosides and cisplatin220 and so in the last decade 

the lateral line system has emerged as a powerful tool for searching for otoprotective 

compounds.  

There are several benefits to using the zebrafish lateral line to screen for compounds, firstly 

zebrafish are cheaper to maintain in larger numbers than mouse or rat colonies, they can be 

bred regularly with high fecundity and so allow higher throughput screening of compounds. As 

zebrafish lateral line hair cells are chemically available to the water or embryo media in which 

the fish are maintained, compounds to be tested can simply be added to the liquid in which 
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they swim. Other benefits include their transparency as larvae, which allows ease of 

visualisation of vital dyes or genetic markers, the relative ease of genetic manipulation 

(compared to mammals) and the intrinsic benefits of in vivo systems such as intact tissues and 

metabolic processes. One disadvantage of this system is the ability of zebrafish neuromasts to 

spontaneously regenerate hair cells221. Although this issue can be circumnavigated by 

conducting experiments over shorter time-frames or applying markers to identify regenerated 

cells, it does highlight an important difference between neuromasts and the tissues of the 

adult mammalian inner ear which do not have the capacity to regenerate hair cells. Imprecise 

test compound concentrations (as it is not possible to assess how much is taken up by the 

animal) and the risk of unwanted compound interactions occurring in the media before hair 

cell entry are also potential issues, however these are not a weakness of zebrafish assays 

specifically as they are also relevant to cell culture systems222.  

Confirmation that the zebrafish lateral line can be used to identify compounds that have 

previously been shown to protect against cisplatin-induced hair cell loss in mammalian models 

has been provided by Ton and Parng222, who demonstrated D-methionine and N-acetyl L-

cysteine protection against cisplatin in lateral line hair cells. However some discrepancies have 

been identified, for example GSH and allopurinol were also identified as protective in the 

lateral line, the former of which did not protect in mammalian models185 and the latter of 

which only protected when combined with ebselen223. Large scale zebrafish screens have gone 

on to identify further protective compounds; a screen of 640 FDA-approved compounds found 

paroxetine and benzamil224 and a screen of 10,000 small molecules identified Cisplatin Hair Cell 

Protectant 1 and 2 (CHCP1 and 2)225 but their ability to protect mammalian cells is currently 

unknown. 

Large scale zebrafish screens have also been utilised to identify compounds that protect 

against aminoglycoside-induced hair cell death. A screen of 1,040 FDA-approved drugs and 

bioactive compounds identified 7 compounds that protected against neomycin induced hair 

cell death: carvedilol, tacrine, phenoxybenzamine, amsacrine, drofenine, cepharanthine and 

hexamethyleneamiloride226. The same screen of 640 compounds that found paroxetine and 

benzamil to protect against cisplatin found 10 compounds that protected against both 

neomycin and gentamicin: raloxifene, tamoxifen, paroxetine, fluoxetine, methiothepin, 

fluspirilene, phenoxybenzamine, ractopamine, Ioperamide and benzamil and three that 

protected against kanymycin: ractopamine, loperamide and benzamil224. And more recently, a 

screen of 502 natural compounds found four compounds that consistently demonstrated 
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preservation of 75% or more hair cells (normalised to control) after neomycin or gentamicin 

treatment; berbamine, E6 berbamine, hernandezine and isotetrandine227.  

Of particular interest to the body of work presented here, a screen of 10,960 small ‘drug-like’ 

molecules identified two benzothiophene compounds able to protect against neomycin; 

PROTO-1 and PROTO-2228. PROTO-1 was considered to be sufficiently safe and ‘drug-like’ to 

validate in an in vivo rat model of AG-induced ototoxicity, but due to its activation of hERG was 

not suitable to carry forward for further testing. An extensive optimization was carried out in 

which 98 derivatives of PROTO-1 were generated and tested in the lateral line for their 

protective potential. These efforts yielded compound ORC-13661, which showed superior 

protection in the lateral line, significantly protected hearing in rats exposed to amikacin, is 

orally active and well tolerated and shows no effect on antibacterial efficacy of several 

clinically relevant AGs229.  

While some of these compounds have been verified in mammalian models, most have not and 

so it is not clear how well protection in the lateral line predicts protection in mammals. At least 

two compounds shown to protect against cisplatin-induced death in zebrafish have shown to 

be ineffective in mammalian systems and so further investigation into the ability of the lateral 

line to accurately predict protection in mammals is required.  
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With the intention of addressing several gaps in the current literature the aims of this thesis 

are: 

1. To identify novel compounds that offer protection against AGs using organotypic mouse

cochlear cultures and assess the accuracy of different types of zebrafish screening assays to

predict success in culture

2. To design an assay to assess the ability of compounds to protect against cisplatin-induced

hair cell death in mouse cochlear cultures

3. To identify novel compounds that offer protection against cisplatin-induced hair cell death

4. To investigate the MET channel as the primary route of cisplatin entry into mouse cochlear

hair cells
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Chapter 2 

Methods 
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2.1. Mouse cochlear dissection 

Organotypic cochlear cultures were prepared from postnatal-day 2 (P2) CD-1 mice originally 

obtained from Charles Rivers, colony maintained at the University of Sussex. Mouse pups were 

schedule 1 killed by cervical dislocation and death confirmed by cessation of circulation by 

head removal, followed by surface sterilisation with four one-minute washes in 80% ethanol. 

All animal work was carried out in concordance with ASPA 1986. Heads were then transferred 

to dishes containing Hank’s Balanced Salt Solution (HBSS; Gibco 14025-050) buffered with 10 

mM Hepes (Sigma; H0887) (HBHBSS) and bisected midsagitally, cochleae were removed and 

transferred to fresh HBHBSS. The cartilaginous shell, stria vascularis, Reissner’s membrane and 

modiolus were then removed, leaving the organ of Corti and greater epithelial ridge, which 

were explanted onto collagen-coated (Corning; 354236) 22 mm diameter round glass 

coverslips (Thermo Scientific; 10256354)  and oriented hair-cells up using fine needles. 

Cultures were fed with cochlear culture medium (93% DMEM-F12 (Sigma-aldrich; D8062), 7% 

fetal bovine serum (Thermo Scientific; HyClone SV30180-03) and 2µg.ml-1 ampicillin), sealed 

into Maximow slide assemblies and grown at 37˚C, 5% CO2 for 24 hours before use. 

2.2. Mouse cochlear culture protection assays 

As previously described137,230, following 24 hour incubation, coverslips with plated cochleae 

were removed from Maximow slide assemblies and placed in 35 mm petri dishes (Greiner Bio-

One 627161). Cultures were incubated at 37 ˚C for 48 hours in 1 ml cochlear culture medium, 

further diluted with DMEM-F12 to give a final serum concentration of 1.4% (low serum media 

(LSM)), then ototoxin and various concentrations of test compounds (detailed below) were 

immediately added. After incubation, cultures were washed once in Phosphate Buffered Saline 

(PBS) and fixed with 3.7% formaldehyde (Sigma F1635) buffered with 0.5M Sodium Phosphate 

(pH 7.4) at room temperature for 1 hour. Following fixation, cultures were washed three times 

in PBS, preblocked and permeabilised in PBS/10% heat inactivated horse serum (HS) with 0.1% 

TX-100 and 1 µM NaN3. Cultures were labelled with either TRITC-phalloidin (Sigma P1951) at a 

dilution of 1:1000 (200 units/ml) (for single-labelled experiments) or Texas Red-X phalloidin 

(Invitrogen T7471) at a dilution of 1:200 (200 units/ml) and anti-myosin VIIa Rabbit Polyclonal 

antibody (Proteus Biosciences 25-6790) at a concentration of 1:1000 (1 mg/ml) followed by 

Alexafluor 488 Goat anti-rabbit IgG (Invitrogen A-11034) at a dilution of of 1:500 (1 mg/ml). 

Labelled cultures were then washed five times in PBS, mounted on glass slides with 
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Vectashield (Vector Laboratories H-1000) and imaged with a Zeiss Axioplan 2 upright 

microscope equipped with Zeiss filter sets 10 (excitation band pass 450-490, emission band 

pass 515-565) and 15 (excitation band pass 545/12, emission long pass 590) using a Zeiss Plan-

NEOFLUAR 40x objective (NA 0.75). Images were captured at mid-apical and mid-basal regions 

of interest (ROIs) ~20% from the apical and basal ends of the coil respectively using a SPOT RT 

Slider camera (SPOT Imaging) and SPOT Basic software and stored on a hard drive for later 

processing. In the instance that the culture was not flat, images were taken in multiple focal 

planes and photo-montaged using Adobe Photoshop CC in order to visualise all cells and hair 

bundles present in region. Cell quantification was also performed in Adobe Photoshop CC. 

Further details on individual screen durations and compound concentrations are below and 

unless specified, imaging is consistent with that described in this section. 

2.2.1. Compound testing assays 

2.2.1.1. Gentamicin protection assays 

Gentamicin protection assays were performed using 5 µM gentamicin sulphate salt (Sigma 

G3632) prepared in HBHBSS. Test compounds for Tocris and Diversity library screening were 

prepared to stock concentrations of 10 mM in DMSO and diluted to final test concentrations in 

LSM. For instances in which various concentrations were tested in series, stocks were further 

diluted in DMSO before dilution in LSM to final test concentrations to ensure consistent DMSO 

levels. 

2.2.1.2. Cisplatin protection assays 

Cisplatin protection assays were performed using cisplatin (Strides Arcolab LTD) obtained from 

The Royal Sussex County Hospital pharmacy and prepared in LSM. The initial high dose assays 

(section 4.1.1.1) were carried out with 50 µM cisplatin and 50 µM test compound with an 

incubation period of 24h. The low cisplatin dose assays (section 4.1.1.2) were carried out with 

5 µM cisplatin 50 µM test compound (for Tocris library) or 10 µM (Diversity library) and 

incubated for 48h. Tocris compounds were prepared in H2O where possible or alternatively as 

the highest possible stock concentration in DMSO. Two test compounds from the Tocris library 

(13154 and 13170) were tested at 25 µM rather than 50 in order to keep DMSO concentrations 
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below 0.2%. Diversity compounds were prepared as 10 mM stocks in DMSO. Other compounds 

tested were prepared as 10 mM stocks in H2O.  

2.2.1.3. Compound-only assays 

To assess toxicity of test compounds in the absence of any ototoxin, cultures were incubated 

with 100 µM test compound for 24h.  

2.2.2. Alternative protective interventions 

2.2.2.1. Dimethyl sulfoxide as a protectant  

Experiments to assess the capacity of dimethyl sulfoxide (DMSO, Sigma-aldrich; D2650) alone 

to protect against cisplatin ototoxicity were carried out with concentrations of DMSO ranging 

from 0.1-0.5% in the place of test compounds.  

2.2.2.2. Hair cell depolarisation 

In order to assess the effect of hair cell depolarisation as a means of protection from ototoxins 

high potassium experiments were carried out with 5 µM ototoxin (as described above) in the 

presence of LSM or LSM containing an additional 18 mM KCl, expected to depolarize OHCs by 

around 15 mV. To control for changes in osmolality, ototoxins were also applied in LSM 

containing an additional 18 mM NaCl. 

2.2.3. Compounds used for screening 

2.2.3.1. Compound libraries 

A Tocriscreen Custom Collection Ion Channel Set of 160 biologically active compounds known 

to interact with ion channels was obtained from Tocris Bioscience and a Diversity Library of 

10,240 novel compounds from a wide chemical space and with optimal physiochemical 

properties was obtained from Life Chemicals. 
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2.2.3.2. Additional compounds of interest 

d-Tubocurarine (d-TC) and berbamine were obtained from the Sussex Drug Discovery Centre.

ORC-13661 was kindly provided by Edwin Rubel and David Raible at Oricular Therapeutics.

2.3. Mouse cochlear culture damage assays 

2.3.1. Texas Red-conjugated cisplatin toxicity in CD-1 cultures 

Texas-Red conjugated cisplatin (CPTR) was synthesised at the Sussex Drug Discovery Centre. To 

assess toxicity of CPTR, cultures were incubated with 50 µM CPTR prepared in LSM for 48h at 

37˚C, 5% CO2. Cultures were washed 2x with PBS, fixed at room temperature for one hour 

with 3.7% formaldehyde then permeabilised for 15 mins in PBS/10% HS with 0.1% TX-100 and 

1 µM NaN3. After being washed 3x in PBS, cultures were stained in PBS/10% HS/1 µM NaN3 

with anti-myosin VIIa Rabbit Polyclonal antibody (Proteus Biosciences; 25-6791) at a dilution of 

1:600 followed by Alexafluor 488 Goat anti-rabbit IgG at a dilution of 1:500.  

2.3.2. Cisplatin toxicity in Myo7a+/Sh6J and Myo7aSh6J/Sh6J cultures 

Myo7a+/Sh6J and Myo7aSh6J/Sh6J pups, colony maintained at University of Sussex were generated 

from homozygous (male) x heterozygous (female) matings and used at P2 to prepare cochlear 

cultures as described above. Cultures were plated 4 coils per coverslip to reduce outgrowth of 

apical regions seen over longer incubation periods, necessitated by the relative decrease in 

ototoxicity observed in cochlear cultures prepared from heterozygous Myo7a+/Sh6J mice 

compared to those prepared from CD-1 mice. Cultures were incubated with 5 µM cisplatin for 

72 h prior to fixation as detailed above. Following fixation, cultures were washed 3x in PBS, 

pre-blocked and permeabilised in PBS/10% HS with 0.1% TX-100 and 1 µM NaN3 and stained 

with Texas Red-X phalloidin at a dilution of 1:600 and anti-myosin VI Rabbit Polyclonal 

antibody at a dilution of 1:600 (0.5 mg/ml), followed by Alexa Fluor 488 Goat anti-rabbit IgG at 

a dilution of 1:500. Cultures were identified as heterozygous or homozygous prior to 

experimentation based on hair bundle morphology using DIC microscopy.   
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2.3.3. Texas-Red conjugated cisplatin loading in Myo7a+/Sh6J and Myo7aSh6J/Sh6J cultures 

Cultures were prepared as detailed above in section 2.1. and treated with 50 µM CPTR for 24-

72 hours. Following fixation, cultures were washed 3x in PBS, removed to eppendorf tubes and 

washed a further 2x in PBS then permeabilised for 20 mins in PBS/10% HS with 0.1% TX-100 

and 1 µM NaN3. Following permeabilisation, cultures were washed in PBS a further 3x and 

stained in PBS/10% HS/1 µM NaN3 with anti-myosin VI Rabbit Polyclonal antibody at a dilution 

of 1:400 and Alexa Fluor 647 phalloidin (200 units/ml) (Invitrogen; A22287) and Alexa Fluor 

633 phalloidin (200 units/ml) (Invitrogen; A22284) both at a dilution of 1:200, followed by 

Alexa Fluor 488 Goat anti-rabbit IgG at a dilution of 1:500. Cultures were identified as 

heterozygous or homozygous prior to experimentation based on hair bundle morphology 

(heterozygous hair cells display normal ‘v’ shaped bundle morphology and homozygous hair 

cells have completely disorganised stereocilia) using DIC microscopy and identified post 

experimentation based on hair bundle morphology observed with phalloidin staining. Confocal 

imaging was carried out using a Leica SP8 confocal with a HC PL APO CS2 63x/1.40 oil 

objective. Alexa Fluor 647 and 633 phalloidins were excited at 633 nm by a HeNe laser and 

collected between 650 - 775 nm. anti-myosin VI Rabbit Polyclonal antibody was detected by 

Alexa Fluor 488 Goat anti-rabbit IgG, excited at 488 nm by an argon laser and collected 

between 490 - 580 nm. Texas red-conjugated compounds were excited at 561 nm by a DPSS 

laser and collected between 582 - 607 nm.  

Images were acquired with LAS X software, and processed in ImageJ and Adobe Photoshop. 

2.4. Hair cell quantification 

Quantification of hair cells was performed in order to assess ototoxin damage or compound 

conferred protection using single –phalloidin, or double –anti-myosin VIIa/phalloidin, labelling 

(stain details in section 2.2). One apical and one basal region of interest (ROI) was imaged for 

each coil, ~20% from the apical and basal ends of the coil respectively and images were stored 

offline for later analysis. Counts were performed on 221 µM wide (1200 pixel) sections of 

culture, with height set on a case by case basis to encompass all three rows of outer hair cells 

(OHCs) and the one row of inner hair cells. Cell counting was performed in Adobe Photoshop 

CC, data recorded in Microsoft Excel and transferred to GraphPad Prism 7.0 for analysis.  
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For experiments stained with phalloidin only, hair cell counts were based on the presence of a 

hair bundle with the morphology of the hair bundle being noted separately (See Figure 3.10 for 

examples of hair bundle damage). For experiments double-stained with phalloidin and anti-

myosin VIIa, images were overlaid in Adobe Photoshop CC and hair cells considered to be 

surviving were those that are viable (as described in section 4.1.2.1) and have a hair bundle. 

Any disturbance to hair bundle morphology was noted separately, as with counts performed 

with a phalloidin-only stain. 

2.4.1. Hair cell quantification analysis 

All cell quantification data was recorded in Microsoft Excel and then transferred to GraphPad 

Prism 7 for visualisation and statistical analysis. Various statistical tests were used, including 

one- and two-way ANOVAs with Dunn’s, Tukey and Sidak multiple comparison tests, Kruskall-

Wallace tests and descriptive statistics. Experiment-specific details of which statistical tests 

were used are included in the relevant results sections. From section 3.3.3.1 onwards all 

statistical tests were run on raw hair cell counts (not converted to percentage survival) and 

were one- or two-way ANOVAs (as appropriate for data set) with Tukey or Sidak multiple 

comparison tests. Classifications of whether a condition is protective, partially protective or 

not protective adhere to the following definitions: protective is a condition leading to a hair 

cell count statistically different from the toxin alone (positive control) and not statistically 

different from the control media (negative control), partially protective conditions lead to a 

hair cell count significantly different from both positive and negative controls and non-

protective conditions lead to hair cell counts significantly different from the negative but not 

the positive controls. P values reported as: ns   P > 0.05, *    P ≤ 0.05, **    P ≤ 0.01, ***    P ≤ 

0.001. 

In order to determine proportions of hair cells in each category in sections 3.3.3.3 and 4.1.2.2-

3, an average number of cells in each morphological grouping was found. ‘Predicted dead’ cells 

were found by deducting the number of identifiable cells in gentamicin- or cisplatin-treated 

cultures from the total average number of identified cells in negative controls run in parallel 

with each experiment. Averages were generated from 12 cultures in each group. 
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2.5. Electrophysiology 

MET currents were recorded and measured as previously described2,4. Recordings were 

obtained from the basal OHCs of P2 CD-1 cochlear cultures, prepared as above, that had been 

maintained in vitro for 1-2 days. Cultures were transferred into a glass bottomed Perspex 

chamber and perfused with extracellular solution at a rate of 5ml/hr (composition in mM: 135 

NaCl, 1.3 CaCl2, 5.8 KCl, 0.9 MgCl2, 10 HEPES, 5.6 glucose, 0.7 NaH2PO4, 2 sodium pyruvate with 

additional amino acids (Gibco; 11120-037) and vitamins (Gibco; 11130-36) added to a final 

concentration of 1x. The pH was adjusted to 7.48 with 1 M NaOH, and osmolality was recorded 

as ~305 mOsmol kg-1). Cultures were viewed using a Zeiss upright microscope with Normarski 

DIC optics through a 40X water-immersion objective (Zeiss, N.A. 0.75). Patch pipettes (2.3-2.7 

MΩ) were coated with surf wax (Mr. Zoggs SexWax) and contained (in mM): 137 CsCl, 2.5 

MgCl2, 1 EGTA-KOH, 5 HEPES, 10 sodium phosphocreatine, pH adjusted to 7.3 with CsOH 

(osmolality recorded as ~290 mOsmol kg-1).  

Recordings were obtained using the whole-cell configuration of the patch-clamp technique 

using a Multiclamp 700B amplifier (Molecular Devices) and Signal software (Cambridge 

Electronic Design), and stored offline for later analysis. MET currents were recorded in the 

presence and absence of 100 µM cisplatin or gentamicin (a concentration 20x that in the 

culture protection assays was used to ensure any effect on current size would be clear) were 

made up in control solution (composition in millimoles per liter: 154 NaCl, 1.3 CaCl2, 5.8 KCl, 

0.9 MgCl2, 10 HEPES, 5.6 glucose, 0.7 NaH2PO4, 2 Na pyruvate, pH adjusted to 7.48 using NaOH, 

osmolality  recorded as ~305 mOsmol kg-1), applied through a gravity-driven superfusion 

system composed of Teflon and glass, at membrane potentials ranging between -164 mV to 

+96 mV. Curents were elicited by stimuating the hair bundles with a fluid jet (pipette tip

diameter 10-12 µM) driven by a piezoelectric disc231. Mechanical stimuli (filtered at 0.5 kHz, 8-

pole Bessel) with driver voltage amplitudes of ±40 V were applied as 45 Hz sinusoids. Negative

pressure was applied through a syringe to the fluid jet pipette to ensure stimulation with the

fluid jet did not lead to a dilution of superfused compounds. All experiments were conducted

between 20-24 ˚C.
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2.5.1. Electrophysiology data analysis 

A minimum of three MET current recordings were obtained in each condition and then 

averaged in Signal before being imported into OriginPro for further processing. MET current 

size was determined by measuring the difference between the minimum current during the 

inhibitory phase of the sine wave and the current 1/8th of a cycle after the peak of the 

excitatory phase. The sine wave stimulus contained 4 phases, and the current sizes elicited 

from the final three phases were averaged. During recordings series resistance compensation 

of 70% was applied and the average residual series resistance was calculated to be 2.30 ± 0.50 

MΩ (n=13). The average maximum MET current size recorded was 0.85 ± 0.07 nA (n=13), 

resulting in maximum voltage drops across the series resistance of 1.96 mV, a value considered 

sufficiently small to not require any correction to quoted values. All voltages reported include 

a -4 mV correction for the liquid junction potential between extra- and intra-cellular solutions. 

2.6. Live imaging 

Experiments were performed on P2 CD-1 cochlear cultures, after an initial 24 hour incubation 

in vitro. Coverslips with adherent cochlear cultures were transferred from the Maximow slide 

assemblies into a glass bottomed, perspex slide chamber and washed in HBHBSS 4x. d-TC was 

added to the HBHBSS to a final concentration of 100 µM (or an equivalent volume of water for 

control) and incubated at room temperature for 5 minutes. After 5 minute exposure (t=5) to d-

TC (or water), one of the fluorescent conjugates was added (Texas Red-conjugated gentamicin 

(GTTR)) to a final concentration of 0.2 µM or CPTR to a final concentration of 10 µM) and 

incubated for a further 10 minutes (t=15), then washed 3x with HBHBSS. 

For imaging, the slide chamber was mounted on the stage of a Zeiss Axioplan II upright 

microscope and an imaging region of 4 frames from the basal (hook) end of the cochlea (~800 

µm) was located using an Olympus LUMPlanFl 60x (N.A. 0.90) water immersion objective. At 

t=20 mins (to allow time for washes and region location) cultures were imaged for multiple 

exposure times (from 20 msec - 2 sec dependent on fluorescence intensity observed). 

Compounds were prepared from frozen stocks immediately prior to experiments and shielded 

from light exposure. To ensure comparable levels of fluorescence between compounds, 100 µl 

of 0.2 µM GTTR (a concentration previously shown to visibly load into mouse OHCs over 10 

mins3) on a glass slide was imaged at fixed exposures and then varying concentrations of CPTR 

of the same volume were imaged at the same exposure times until fluorescence levels were 
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reasonably matched. A match occurred at ~10 µM CPTR (5x lower than concentrations seen to 

cause hair cell death) an appropriate value considering same ratio is seen in the concentrations 

of GTTR that cause hair cell death (1 µM) and visibly load (0.2 µM). All experiments were 

carried out between 20-23˚C. 

2.6.1. Live imaging data analysis 

Images were viewed in Adobe Photoshop CC and mean fluorescence intensity values of 40x40 

pixel ROIs were obtained from 10 consecutive cells, as well as four regions containing no hair 

cells – considered background fluorescence intensity, for each image. Fluorescence intensity 

values for hair cell or background ROIs were then averaged for a single image. In order to 

account for varying fluorescence intensities across experiments and between compounds, hair 

cell fluorescence intensities were normalised to background for each image. Each condition 

was repeated three times and data transferred to GraphPad Prism where statistical analysis 

was performed using a 2-way ANOVA with Tukey multiple comparisons. P values reported as: 

ns   P > 0.05, *    P ≤ 0.05, **    P ≤ 0.01, ***    P ≤ 0.001. 
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Chapter 3 

Screening for compounds 

that protect against 

aminoglycoside-induced 

ototoxicity 
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The utility of using the zebrafish lateral line system as a means of screening for otoprotective 

compounds has become apparent in recent years, with over 20 compounds224,226–228  that offer 

protection against the AGs being discovered. Less well documented is how compounds 

offering protection of zebrafish hair cells go on to prevent aminoglycoside-induced death of 

mammalian hair cells. This chapter aims to assess the value of a range of different zebrafish 

assays in predicting later performance in mouse cochlear cultures, discuss various logistical 

considerations for large scale compound screening projects and identify lead compounds that 

may be carried forward for testing in an in vivo mammalian model. 

3.1. The Tocris Ion Channel Library screen 

3.1.1. Pre-screening in the zebrafish lateral line 

An initial library of 160 known ion-channel agonists/antagonists (from the Tocriscreen Custom 

Collection Ion Channel Set) was tested in three zebrafish assays at 4 days post fertilization 

(4dpf); the first assay assessed whether 100 µM compound could prevent loading of 3 µM 

FM1-43fx into hair cells, the second assessed the ability of 100 µM compound to prevent 

loading of 25 µM Texas red-conjugated neomycin (TR-neo) and the final assessed the ability of 

25 µM compound to prevent the hair cell loss induced by incubation with 6.25 µM neomycin 

(cells were pre-labelled with Yo-Pro1 for visualisation). Compounds that scored positively in 

one of the three assays on at least one occasion, in addition to six structurally similar 

compounds, were then carried forward for testing in a mouse cochlear culture assay (Figure 

3.1A). The results of the zebrafish pre-screen are summarised in Figure 3.1B; 37 compounds 

prevent/reduce FM1-43Ffx loading, 53 compounds prevent/reduce TR-neo loading and 43 are 

able to prevent/reduce neomycin-induced hair cell loss. In total, 72 compounds have been 

identified using the zebrafish pre-screening, with 19 of the compounds scoring positively in all 

three assays. 

3.1.2. Mouse cochlear culture screening 

3.1.2.1. Mouse cochlear culture protection assay - Tocris 

Following their identification in zebrafish pre-screening, or as structural homologues, 78 

compounds were tested at a concentration of 50 µM in mouse cochlear cultures to see if they 
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could protect from the damage caused by 5 µM gentamicin over a 48-hour incubation period. 

Compounds were tested once at 50 µM and initial qualitative judgements made; Figure 3.2 

depicts the output of the assay following staining with fluorescently-conjugated phalloidin with 

example images of different qualitative assessments. A negative – vehicle alone (DMSO) and a 

positive – gentamicin alone, control were included with every screen, in addition to test-

compounds in the presence of gentamicin; the panels show examples of cultures treated for 

48 hours with the following: (A) 0.5% DMSO  (B) 5 µM gentamicin, (C) a non-protective 

compound, (D) a protective compound, (E-H) partially protective compounds. Quantification of 

hair cell survival was based on presence of the hair bundle, with morphological changes to 

bundle structure, such as general disarray, fusing of the stereocilia or ‘notching’ of the hair 

bundles, being noted separately. Figure 3.2 Panel (H) shows the same culture as panel (G) but 

with markings to indicate which hair bundles were included in hair cell counts. 13 compounds 

were identified as protective in initial qualitative assessments and tested on a further 2-11 

occasions. Once suitable n-numbers were achieved, performance of the compounds was 

quantified based on survival of the OHCs in a basal region of interest (ROI) located ~20% from 

the basal (hook) end of the cochlea.  

3.1.2.2. Gentamicin-induced damage in apical vs. basal outer hair cells 

A comparison of apical vs. basal hair cells on all control cultures (DMSO and gentamicin alone) 

used throughout testing (Figure 3.3A) shows a statistically significant drop in survival of both 

apical and basal hair cells when treated with 5 µM gentamicin (p < 0.001). It is however, clear 

from the scatter plot that the drop in numbers in the apical ROI is minimal compared to that in 

the basal ROI. Furthermore, when a randomly selected subset of controls (of a more realistic 

and relevant number of trials for individual compound screening) is selected, significance is 

only reached in the basal ROI (apical ROI p 0.18; basal p < 0.001) (Figure 3.3B). 

Compounds pre-selected using the zebrafish assays were tested once at 50 µM in the 

gentamicin cochlear culture assay and those that failed to protect hair cells (based on initial 

qualitative judgements, see Figure 3.2) were discarded and not tested again. Thirteen 

compounds were successful in the initial round of testing and these were tested at 50 µM a 

minimum of a further two times, and at 10 µM on a minimum of three independent occasions. 
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3.1.3. Hair cell survival quantification analysis 

In order to draw meaningful and appropriate conclusions from the quantification data 

gathered from screening experiments, multiple data handling approaches were explored to 

best test the null hypothesis ‘compound x does not protect hair cells from gentamicin-induced 

damage’. Important considerations include how to best account for sources of biological and 

technical variation across sets of cultures, for example the degree of gentamicin-induced 

damage - enabled by running a negative -vector only and positive -gentamicin control within 

each experiment – as well as degree of protection conferred and reliability of compounds 

(reproducibility). 

3.1.3.1. Parametric testing 

Figure 3.3C-O shows the results of the original analysis carried out on the data set of 13 

compounds that protected in their first 50 µM trial. Cell counts for compounds treated with 5 

µM gentamicin and 5 µM gentamicin in the presence of test-compound were performed as 

described above and then converted to percentage survival relative to the relevant DMSO 

control (that run alongside the test-compound within the same experiment), which was set at 

100%. Normalising the data in this way helps account for variation of hair cell numbers across 

batches of cultures; it also allows the performance of both negative and positive controls to be 

taken account of and provides an intuitive means of comparing performance between 

compounds and of compounds across time (to assess reproducibility which may be affected by 

compound batch variation/degradation over time). 2-way ANOVAs were used to compare 

percentage hair cell survival between 5 µM gentamicin in the presence and absence of 10 or 

50 µM of potential protectants. However, when scatter plots were generated it was clear that 

the data for several of the compounds is not normally distributed,  falling instead in two 

distinct groups of performance (10 µM 13142, 50 µM 13190, 10 µM 13196, 10 µM 13222 and 

both 10 and 50 µM 13154; Figure 3.3F, I, K, M and N). It appears biologically in these instances 

that the compound is offering protection or not, rather than there being a bell-shaped curve in 

which varying degrees of protection would be observed. This bi-modal distribution therefore 

renders the ANOVA analysis less suitable due to the underlying assumption that the data has a 

Gaussian distribution.  

The scatter plots also show that some compounds have a wide distribution, conferring varying 

levels of protection across trials (10 µM 13097, 13104, 13143, 13228 and 50 µM 13142, 13143 
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and 13222; Figure 3.3D, E, F, G, N and O) but this style of analysis does not allow for comment 

on the reliability of compounds across trials or level of effectiveness within each trial (there is 

no way to assess if a compound has offered partial protection). Level of protection could be 

assessed by comparing performance in the presence of compound to both the negative and 

the positive controls (with compounds significantly different from both being ‘partial 

protectants’) however this is not possible with data normalised to the negative control as 

there is a subsequent loss of information about the variation in the negative control itself, that 

would hamper the statistical analysis that includes it. 

3.1.3.2. Non-parametric testing 

Non-parametric analysis was explored as it is sometimes considered more appropriate for non-

normally distributed data sets. In order to allow comparison to both negative and positive 

controls, hair cell counts not converted to percentage survival were used in these tests. 

Although non-parametric testing appeared to be a more appropriate way to assess statistical 

significance in this data set, in practice the relatively low number of repeats achievable for 

each individual compound render these tests impractical. Figure 3.4 shows scatter plots 

generated from cell counts and the results of Kruskall-Wallace tests with Dunn’s multiple 

comparisons between test compound in the presence and absence of 5 µM gentamicin and 

DMSO alone reported. Although most results appear intuitive from the plotted data, in the 

case of compound 13150 there is a clear difference in performance in the presence of test 

compound which is not reflected in this test due to the low n number of 4 (Figure 3.4F). There 

are other instances throughout the data where it is apparent that the p value decreases the 

higher the n number despite compounds not having performed perceivably better, for 

example 13087 and 13196 have performed as well if not better than 13097 but the p values 

are 0.03 (n=5), 0.04 (n=5) and <0.001 (n=9) respectively (Figures 3.4A, B and J). In this instance, 

statistical significance is not reflecting biological importance. 

Kruskall-Wallis testing and subsequent post-hoc analyses are particularly sensitive to 

inaccuracies as a result of low n number as a result of their dependence on ranking; minimising 

differences between groups that are small in size, regardless of, in this case, number of 

surviving hair cells. Furthermore, although a normal distribution is not required for these 

analyses, distribution that is similar between groups is desirable for median based 

comparisons - a criterion that is again violated by this dataset.  
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Having determined traditional hypothesis testing analyses are not optimal/potentially 

misleading other means of analysis were explored. 

3.1.3.3. Defining a threshold to determine protection of hair cells 

In order to make more appropriate judgements of the performance of a compound  in the face 

of non-normal data distribution and low n numbers, a method of classifying compounds as 

protective or not that was based on a threshold was devised. Figure 3.5 shows a schematic of 

how the threshold was defined. Cell counts of cultures incubated in gentamicin alone or 

gentamicin in the presence of test-compound were normalised to counts from the negative 

control culture (no compound, no gentamicin, vehicle alone) within the same experiment to 

generate a value for the percentage survival of basal-coil OHCs. The mean percentage survival 

of all the gentamicin control coils for a given drug at a given concentration was calculated and 

four standard deviations added. The value of standard deviation used was derived from all the 

gentamicin controls run throughout testing. This method provides a stringent and relevant 

threshold for individual compounds at each concentration tested that also takes into account 

the potential variability of gentamicin performance across experiments. Using percentage 

survivals generated from negative controls allows for an intuitive reading of results as well as 

taking account of biological variation in said controls. 

The threshold value of mean plus 4 standard deviations was implemented in order to firstly set 

a criterion for protection that is biologically intuitive and stringent and secondly to select a 

threshold at which there was a clear and sound statistically based justification to assume 

compounds were affecting a change in hair cell survival, and that survival was not simply as a 

result of variation within a single population of cells being killed by gentamicin. This 

thresholding analysis relies upon the assumption that a value of hair cells greater that 4 

standard deviations of the mean is not as a result of variation in the gentamicin hair cell kill. In 

a normally distributed dataset 99.9% of values lie within 4 standard deviations of the mean, 

and in non-normally distributed datasets 93.75% are expected to. It can therefore be 

concluded that there is a probability of between 0.031-0.063 that a value above threshold is 

not as a result of compound protection. 

In order to account for reliability of compounds, only those that performed above threshold on 

≥60% of occasions tested were considered ‘protective’, compounds that performed above 

threshold <60% but >20% were considered partially protective and any scoring above 
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threshold on <20% of occasions were considered not protective. One shortcoming of this 

method is that the results are unable to reflect varying degrees of protection in terms of 

numbers of surviving hair cells. Figure 3.6 shows percentage survival plots with 

thresholds superimposed and Table 3.1 contains a summary of compound performance. 

3.1.4. The value of zebrafish screening in identifying protective compounds 

In order to assess which zebrafish assays (if any) would be most useful for pre-screening test 

compounds in future projects, an observation of which of the 13 compounds that offer 

protection in mouse cochlear cultures were identified by each of the three zebrafish assays can 

be made. The FM1-43fx loading assay had the lowest performance, yielding only two of the 

top 13 (13143 and 13228) and the TR-neo assay was only marginally more successful yielding 5 

(13143, 13170, 13196, 13218 and 13228). The neomycin protection assay yielded 10 of the 13 

compounds (13087, 13097, 13104, 13142, 13143, 13154, 13190, 13196, 13218 and 13222) 

making it the best indicator. In light of these results a fourth zebrafish assay was designed and 

run retrospectively on the 13 compounds; a protection assay using gentamicin was deemed 

most appropriate as the neomycin protection assay yielded more hits than either loading assay 

and it is possible that the neomycin assay missed compounds from the top 13 due to the 

different mechanisms of action reported for neomycin and gentamicin232. When tested at 50 

µM in the presence of 10 µM gentamicin 10 of the 13 top compounds are still able to 

protect/partially protect lateral line hair cells, however 9 overlapped with the original 

neomycin results (13143 was not identified) and only one of the three compounds not 

identified by the neomycin assay was identified (13170), leaving compound 13150 unidentified 

by any zebrafish assay. Compound 13228 was identified by the FM1-43 and TR-neo loading 

assays but causes loss of larval viability in the neomycin and gentamicin protection assays. 

3.1.5. Electrophysiology 

The effects of these 13 compounds on both MET currents and the slow outward K+ current 

(IK,neo) in early postnatal mouse OHCs have been assessed in a recent paper230, the results of 

which are summarised here as they inform the discussion of protective mechanism. To assess 

MET channel interactions each compound was tested at a concentration of 50 µM at 

membrane potentials between -164 - +96 mV during hair bundle stimulation (see methods 
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section 2.5 for details). Seven of the compounds (13097, 13143, 13150, 13170, 13190, 13196 

and 13228) did not affect MET channel size at any membrane potential tested, indicating that 

they do not interact with the MET channel. The remaining 6 compounds (13087, 13140, 13142, 

13154, 13218 and 13222) did interact with the MET channel, causing a decrease in MET 

current amplitude and all but one of these (13087) displayed a partial release of block at 

moderately negative membrane potentials, indicating that they are permeant blockers of the 

MET channel 40. To assess any effect on the K+ currents, compounds were tested at 30 µM 

while cells were stepped between -164 - +40 mV from a holding potential of -84 mV. Two 

compounds (13170 and 13196) had no effect on potassium currents, the remaining 11 reduced 

the amplitude of IK,neo to varying degrees. These results are summarized alongside screening 

results in Table 3.1. 

3.1.6. Lead compounds 

Based on the results of the thresholding analysis, 12 of the 13 test compounds that protected 

at 50 µM in the initial round of testing were found to be protective after repeat trials (n = 3-11) 

and one found to be partial (13222), furthermore when tested at 10 µM three compounds still 

offered protection (13097, 13143, 13170). During testing it was observed that some 

compounds offer protection at 50 µM but cause changes to hair bundle morphology; in order 

to assess whether this was an effect of the test compounds themselves all 13 were tested at 

100 µM in the absence of gentamicin. Of the 13 only 5 were found to have no effect on bundle 

morphology at 100 µM (Figure 3.7) and so these compounds were considered the most 

appropriate compounds to carry forward as leads (13097, 13142,13143, 13154 and 13222). 

Interestingly, although the ANOVA analysis was considered less appropriate for this data set 

due to the distribution of the data and low n-numbers, a retrospective comparison of which 

compounds would be considered successful using the ANOVA analysis compared to the 

thresholding analysis shows little variation of performance classification of compounds at 50 

µM, with the only difference being that 13222 scores as partially protective using the 

threshold method rather than protective. In the 10 µM data, again all of the compounds that 

were classed protective or not protective using the thresholding analysis were consistent with 

the ANOVA classifications with differences only arising for compounds that were considered 

partially protective using the thresholding. Clearly this difference arises due to the binary 

nature of the ANOVA analysis as compounds can only be considered as significantly different 
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to gentamicin treated cultures or not significantly different, with no partial category existing. 

Of the six compounds that were classified as partially protective at 10 µM by thresholding 4 

were considered not protective and 2 were considered protective by ANOVA. Together these 

observations suggest that there is not a considerable difference in the ability of the two 

analyses to identify compounds that are protective or not-protective and so it appears the 

ANOVA is not that sensitive to non-normal distributions, however the thresholding technique 

is a more sensitive analysis for describing the reliability of compounds across trials. Since the 

lead compounds are chosen on their ability to protect at a concentration of 50 µM and there 

was little difference in the results at this concentration, going forward the ANOVA may be a 

more sensible analysis to use as it is more widely recognised and easier to perform than 

thresholding. If compound performance is compared to both negative and positive controls 

using ANOVA then an indication of how much protection is conferred can be obtained (this is 

not revealed by thresholding) and if there is considerable variation a reading of how reliable a 

compound is across trials can still be gained by implementing a minimum required percentage 

of successful trials. 

3.2. Protection of hair cells by depolarisation 

One potential way to protect sensory hair cells from aminoglycoside-induced cell death might 

be to depolarise them, thereby reducing the entry of these positively charged drugs into the 

cells. As two of the three Diversity compounds that passed the screening criteria were found to 

block IK,neo we sought to test whether depolarisation of hair cells is sufficient to protect from 

gentamicin-induced cell death.  

Cultures were prepared from CD-1 P2 mice and grown for 24 hours, then incubated with 5 µM 

gentamicin alone or 5 µM gentamicin with an additional 18 mM KCl, a concentration expected 

to depolarise OHCs by around 15 mV, for a further 48 hours. To control for changes in 

osmolality, 5 µM gentamicin was also applied in the presence of 18 mM NaCl. Quantification of 

OHCs show that 5 µM gentamicin alone causes significant OHC loss compared to control (p = 

<0.001) and both KCl alone and NaCl alone controls cause no significant hair cell loss (both p = 

>0.99). Incubation with 5 µM gentamicin in the presence of 18 mM NaCl causes significant hair

cell loss relative to 18 mM NaCl control (p = <0.001), 18 mM KCl is able to protect hair cells

from gentamicin-induced death and cell counts are not significantly different to those from
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control cultures treated with 18 mM KCl only (p = 0.31) (Figure 3.8). Statistical significance 

assessed with a two-way ANOVA with Sidak multiple comparisons. 

3.3. Life Chemicals Diversity Library screen 

3.3.1. A streamlined pipeline 

Identifying which compounds found using pre-screening in the zebrafish lateral line went on to 

offer protection in mouse cochlear cultures informed which zebrafish assays were the most 

valuable for identifying potential otoprotectants. This information was then applied to the 

screening of a much larger library of 10,240 compounds; the Life Chemicals Diversity Library. 

As over 80% of the top 13 compounds identified as protectants from the Tocris Library were 

identified using the neomycin and gentamicin zebrafish protection assays, with substantial 

overlap between the two, it was decided that selecting test-compounds that were successful in 

just these assays would be the most efficient way to yield the most effective compounds while 

keeping the number to be screened in cochlear cultures at a manageable figure. All 10,240 

compounds were therefore screened in the neomycin protection assay and the 477 that 

protected were further tested in the gentamicin assay. This resulted in 64 compounds being 

tested for their ability to protect against gentamicin in mouse cochlear cultures (Figure 3.9). 

3.3.2. Revised lead compound criteria 

The lead compound criteria for the Tocris screen were (i) that 50 µM test compound offered at 

least partial protection against 5 µM gentamicin over 48 hours, and (ii) that no signs of toxicity 

or hair bundle damage were witnessed when the compound was tested at 100 µM alone. 

These criteria were kept for the following screen with the addition of two more: firstly, out of 

concern for the reversibility of damage to the hair bundle morphology, only compounds that 

left the structure intact when tested in the presence of gentamicin were considered for lead 

compounds. Secondly, compounds that blocked the basolateral potassium current IK,neo were 

excluded. This decision was based on the concern that compounds able to block IK,neo may 

confer protection by the subsequent partial depolarisation of hair cells (see section 3.2), a 

mechanism of protection that would not carry over to mature hair cells due to their lack of 

IK,neo. 
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3.3.3. Mouse cochlear culture screening 

3.3.3.1 Mouse cochlear culture gentamicin protection assay - Diversity 

All 64 compounds identified in the zebrafish pre-screen were initially tested once at 50 µM in 

the mouse cochlear culture assay. Initial qualitative judgements (Figure 3.2) were made on 

whether a test compound offered full, partial or no protection and only compounds appearing 

to offer full protection were tested further. Compounds visually appearing protective were 

tested on a minimum of three independent occasions and raw cell counts of basal OHCs were 

analysed using one-way ANOVAs with Tukey multiple comparisons (this data set was normally 

distributed). A more in depth hair cell quantification method that utilised double staining of 

cells was performed for this screen (see section 4.1.2.4) due to concurrent screening against 

cisplatin-induced hair cell death highlighting differences in cell pathology deemed worth 

further investigation. After quantification, test compounds were considered protective, 

partially protective or not protective as per definitions given in methods section 2.4.1.  

Based on initial qualitative judgements of the 64 compounds tested, 20 protected OHCs from 

gentamicin-induced cell death, 12 of which caused hair bundle damage (Figure 3.10). As 

compounds that damaged hair bundle structure were not being considered as lead 

compounds, these 12 were then tested a minimum of three times at 10 µM to assess whether 

reducing the concentration could alleviate bundle damage while still maintaining protective 

action. Two of the 12 compounds were able to offer protection at this lower concentration 

(1344 and 7672), however they still caused bundle damaged and so were not considered 

further (Figure 3.11). 

The remaining 8 compounds all appeared to offer protection with no effect on bundle 

morphology in their first trial and when cell counts were performed 6 (962, 3606, 3607, 5247, 

7692 and 8052) were confirmed protectants (Figure 3.12A, B, C, D, F and G) and one (9645) 

was partially protective (Figure 3.12H). It was not possible to conclude whether the final 

compound (7691) was protective as the cell counts from cultures treated with both compound 

and gentamicin were not statistically different from either control, likely as a result of its 

unreliable performance paired with low n numbers (Figure 3.12E). When the 8 compounds 

were tested at 10 µM, only two appeared to offer any protection and once quantified both 

were partial protectants (Figure 3.13). 
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3.3.3.2. Assessing compounds for inherent toxicity 

When the 6 compounds shown to protect against 5 µM gentamicin at a concentration of 50 

µM were tested at 100 µM alone to ensure no signs of cytotoxicity or bundle damage 2 of the 

compounds (5247 and 8052) were toxic (Figure 3.14D and G), one was not toxic but disrupted 

hair bundle morphology (962; Figure 3.14A) and three (3606, 3607 and 7692; Figure 3.14B, C 

and F) had no adverse effects on cultures. 

3.3.3.3 The value of using overlay counting for gentamicin screening 

In order to assess whether there was value in quantifying gentamicin-treated cultures using 

the overlay technique used for cisplatin-treated cultures, hair cell counts from the basal ROI of 

the gentamicin-treated controls were analysed to show what proportion of cells would have 

been missed had quantification been performed using just phalloidin staining and based only 

on the presence of a hair bundle. Figure 3.15 shows predicted dead cells (see section 2.4.1. for 

prediction method), hair cells counted based on bundle presence only and cells that would 

have been missed due to lack of hair bundle. Cells that would have been unaccounted for if 

phalloidin-only staining was used totalled less than 1% and so going forward this single staining 

method was deemed suitable for quantification of gentamicin-treated cultures. 

3.3.4. Basolateral current interactions 

Since only three compounds protected against 5 µM gentamicin at a concentration of 50 µM 

with no effect on hair bundle morphology and showed no signs of toxicity when tested at 100 

µM alone, these three were tested to see if they had any effect on basolateral potassium 

currents. As mentioned previously, ideally lead compounds would not block the basolateral 

potassium current IK,neo as mature mammalian hair cells do not express it and so any 

protection conferred by this mechanism may not carry over to adult hair cells. Two compounds 

were found to cause a decrease in basolateral current size when applied by superfusion to the 

cells during whole-cell patch-clamp recordings (3606 and 3607), leaving only one compound 

that hit all lead compound criteria; 7692. In order to investigate potential mechanisms of 

protection of 7692 recordings of mechanoelectrical transduction currents were also recorded 

(data not shown, see discussion). 
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3.4. ORC-13661: A compound in clinical trials 

PROTO-1 is a thiophene-urea carboxamide identified as able to protect against neomycin-

induced hair cell death in a small drug-like molecule screen carried out using the zebrafish 

lateral line. Following its discovery, this compound was used as a starting point for a series of 

systematic modifications, the resultant compounds being tested for their structure-activity 

relationship in protecting zebrafish hair cells229. The lead compound developed from these 

efforts was named ORC-13661 and further shown to offer protection against amikacin-induced 

hearing loss in an in vivo rat model. As ORC-13661 offers protection in both zebrafish and rat in 

vivo models it is of interest to know how it performs in the in vitro mouse cochlear culture 

assay as it could offer validation of the assay as a useful way to assess test compounds in a 

mammalian model before much more expensive and time consuming in vivo testing is 

performed. 

Cultures were co-incubated with a range of concentrations of ORC-13661 (1-30 µM) in the 

presence of 5 µM gentamicin for 48 hours and then the numbers of IHCs and OHCs in the mid-

apical and mid basal ROIs were counted. In the apical ROI, gentamicin does not cause 

significant loss of IHCs or OHCs (Figure 3.16A, B). In the basal ROI, gentamicin alone causes no 

significant IHC loss, however 5 µM gentamicin in the presence of 30 µM ORC-13661 does 

cause a slight drop in IHC survival (p=0.04) compared to control (Figure 3.16C). In the basal ROI 

significant OHC death occurs in the presence of 5 µM gentamicin (p=<0.001). Concentrations 

of ≤ 5 µM ORC-13661 are unable to prevent this. When applied at 10 µM, ORC-13661 is able to 

offer partial protection of basal OHCs and concentrations of ≥ 20 µM offers full protection 

(Figure 3.16D). Statistical tests run were one-way ANOVAs with Sidak multiple comparisons.
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Figure 3.16. ORC-13661 protects mouse OHCs from gentamicin damage. Panels A and B: 

Gentamicin does not cause significant loss of inner or OHCs in the apical ROI. In the basal ROI, 

gentamicin alone causes no significant IHC loss, however 5 µM gentamicin in the presence of 30 

µM ORC-13661 does cause a slight drop in IHC survival (panel C). In the basal ROI significant OHC 

death occurs in the presence of 5 µM gentamicin, concentrations of :,; 5 µM ORC-13661 are 

unable to prevent this, 10 µM ORC-13661 is able to offer partial protection of basal outer hair cells 

and concentrations of;;:: 20 µM offer full protection (Panel D). Each symbol represents a basal ROI 

from one culture. Significance ratings show results of one-way ANOVAs with Sidak multiple 

comparisons (p > 0.05 ns, p:,; 0.05 *, p:,; 0.001 **, p:,; 0.001 ***). 
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Chapter 4 

How does cisplatin enter mouse 

cochlear hair cells and can we 

prevent the resulting ototoxicity? 
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Although treatment with cisplatin has been reported to cause a higher incidence of hearing 

loss than treatment with AGs12,96, fewer large scale screens searching for compounds that 

might provide protection against cisplatin have been carried out. Although many compounds 

that protect against cisplatin have been identified in mammalian models by targeting 

pathways known to be involved in cisplatin ototoxicity, none have gone on to offer full 

protection in clinical trials. As a consequence, there are not any FDA-approved drugs available 

for treating cisplatin-induced hearing loss. An added complication in the search for compounds 

that protect against cisplatin ototoxicity is that little research has been conducted regarding its 

entry into mammalian hair cells and the information that is available provides contradictory 

information112–114. AGs are well known to enter through the MET channel but the evidence for 

the MET channel as a route of cisplatin entry is less conclusive. 

The compounds found to offer protection against gentamicin-induced cell death in this study 

were also assessed for MET channel interaction; in theory compounds that are able to block 

the MET channel may compete with AGs for entry into hair cells, thereby reducing AG 

accumulation and subsequent cell death. If cisplatin also enters hair cells through the MET 

channel then it could be that compounds protecting against gentamicin by blocking the MET 

channel also offer some degree of protection against cisplatin. Independent of the route of 

entry into the cell, AGs and cisplatin both induce oxidative stress and share at least one 

common intracellular damage pathway (the cytochrome c/caspase 3 cascade)46. Depending on 

the mechanism of protection, it may be that there is overlap in the compounds that protect 

against the different ototoxins. Tapping the aminoglycoside screening pipeline at the stage of 

cochlear testing may therefore provide a means of identifying compounds that protect against 

cisplatin, as well as providing insight into the MET channel as an entry route for this 

compound. 

 

4.1. Screening for compounds that protect against cisplatin-induced ototoxicity 

4.1.1. Developing a cisplatin protection assay in mouse cochlear cultures  

4.1.1.1. The effects of 24 hour, 50 µM cisplatin treatment on cochlear cultures 

In order to assess compounds for their ability to protect against cisplatin-induced hair cell 

death, it was first necessary to develop an assay in which the damage seen clinically was 

closely replicated; i.e. death of the OHCs, with no obvious death/damage to the supporting or 
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IHCs. Figure 4.1 shows the results of the initial assay design (results replicated on >5 individual 

occasions) in which cultures (prepared as described previously) were incubated with 50 µM 

cisplatin for 24 hours. This treatment has no effect on the structure of the hair bundle of IHCs 

(Figure 4.1D) but does, however, lead to a slight elongation of the cell bodies (Figure 4.1E). 

Many of the OHC bundles lose their traditional v-shaped structure but a more pronounced 

morphological change seen is the large expansion of the apical surface of the hair cells (Figure 

4.1D, arrow), which is mirrored by changes in the cell bodies (Figure 4.1E). Another effect of 

this high dose of cisplatin is on the outgrowth zone; panel C (Figure 4.1) shows control 

outgrowth zone cells with clear actin junctions between cells of similar sizes, after cisplatin 

incubation these junctions are disrupted and cell debris is visible (Figure 4.1F, arrowheads). 

Although incubation with 50 µM cisplatin for 24 hours causes damage to the OHCs that is 

progressively worse towards the basal end of the culture, this assay is not specific enough 

because it also damages other cell types in the culture. Also, in patients a loss of OHCs is seen; 

a more severe effect than the observed morphological changes to cell structure. It was 

therefore concluded that this assay is not representative of clinical damage.  

 

4.1.1.2. The effects of 48 hour, 5 µM cisplatin incubation on cochlear cultures 

Figure 4.2 shows the cisplatin protection assay used throughout the screening described in this 

work. Organotypic cochlear cultures have been incubated with 5 µM cisplatin for 48 hours. 

Using this protocol, a clear loss of OHC hair bundles and damage to those remaining can be 

seen (Figure 4.2D). There is also substantial loss of OHC bodies, morphological changes to 

those remaining and visible debris from dead hair cells (Figure 4.2E). Both the hair cell bodies 

and hair bundles of the IHCs remain intact, as do the supporting cells and cells in the 

outgrowth zone. 

  

4.1.2. Investigating the morphological features of cisplatin-induced damage 

4.1.2.1. Assessing the value of single vs. double labelling 

During the Tocris Ion Channel library screen for compounds that protect against gentamicin-

induced damage, cell counts were performed by counting hair bundles visualised with 

phalloidin staining. After following the same staining protocol for cisplatin-treated cultures and 

carrying out quantification based on the presence/absence of a hair bundle, two observations 
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were made; (i) the well-documented and clinically relevant apical to basal gradient of damage 

induced by cisplatin was not apparent in cell counts, and (ii) there was a clear effect of cisplatin 

on actin structures such as the cytoskeleton and hair bundle. In light of these observations it 

was decided that the cell pathologies induced by cisplatin exposure may be better viewed by 

staining the cell body as well as the hair bundle (unlike the single staining used in initial 

gentamicin screening) and so antibody staining against MYO7A was used in conjunction with 

phalloidin labelling. To investigate whether this staining protocol was more effective, cell 

counts were performed using overlaid images and cells categorised based on the different 

damage profiles present. Cells with and without bundles were documented separately. 

A number of cell morphologies were observed by anti-myosin VIIa and phalloidin double 

labelling (Figure 4.3). The most striking damage profile (and that originally seen in phalloidin 

only staining) was an expansion of the apical surface of hair cells to several times their original 

size (Figure 4.3J) with a corresponding expansion of the cell bodies, seen as a diffuse body 

stain (Figure 4.3K, overlay Figure 4.3L). Also observed were cells that had undergone apical 

constriction to the point of no longer being associated with a hair bundle (Figure 4.3M-O). 

Both of these cell types were considered ‘non-viable’. Also present were cells presumably in 

the early stages of these pathologies; cells with an expanded apical surface but otherwise 

normal body morphology (Figure 4.3D-F) and cells slightly elongated/constricted but still intact 

(Figure 4.3G-I); these cells were considered to be damaged but ‘viable’. Cells with normal body 

morphology are also included in the ‘viable’ cell category (Figure 4.3A-C). These findings 

demonstrate the range of cell morphologies induced by cisplatin exposure to cochlear cultures 

and the greater resolution of information to be gained by viewing cisplatin-damaged cultures 

with a double anti-myosin VIIa, phalloidin label. 

 

4.1.2.2. The effect of cisplatin treatment on actin structures 

Analysing the overlay cell counts of the cisplatin-treated control cultures from the Tocris 

library screen (section 4.1.4) allows for investigation of the effect of using different criteria for 

quantification. If counts of viable cells (as described above) are grouped into categories of ‘all 

cells’ and ‘only cells with hair bundles present’ (the latter being equivalent to the counting 

method from the previous chapter) the effect that including cells with no hair bundles has on 

the quantification of cell survival can be seen (Figure 4.4). In the basal ROI comparing these 

two groups shows that there is not a significant difference (p = 0.26). In the apical ROI, 

however, there is a significant increase in apparent hair cell survival when including cells with 
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no bundles but otherwise healthy cell body morphology (p < 0.001). There is therefore more 

cisplatin-induced hair bundle damage in the apical region of these cochlear cultures than there 

is in the basal region.  

If we compare cell counts based on only cells with hair bundles between apical and basal ROIs 

there is not a significant difference in hair cell survival (p = 0.14). If, however, we make the 

same comparison but include all cells regardless of hair bundle presence, the expected 

gradient of higher apical survival after cisplatin treatment is apparent (p < 0.02) (Figure 4.4). 

These results show that phalloidin staining alone does not reveal the apical to basal gradient of 

cisplatin-induced damage in this cochlear culture system. This is because the more severe hair 

bundle damage induced by cisplatin treatment in the apex leads to an underestimation of how 

many cell bodies are present when counting cell survival from an actin stain alone.  

The above data show that hair cell survival in cultures treated with cisplatin appears higher in 

the apical ROI when cells with no hair bundles are included; i.e. there are more damaged, yet 

not dead, cells in the apex compared to the base. There is also more hair cell loss in the base 

so it may be the case that the larger damaged population present in the apex are simply in the 

process of dying, as they already have in the base. If we generate an estimate of dead cells 

(based upon predicted cell numbers from controls, see methods 2.4.1) and then compare 

percentages of different cell groupings between regions (Figure 4.5) there are ~10% fewer 

predicted dead/non-viable cells in the apical ROI compared to the basal (58.97% apical, 69.36% 

basal) but also ~17% more damaged cells. This extra ~7% of damaged cells in the apex 

therefore cannot be accounted for by assuming the increase in damaged cells is due to a 

decrease of dead cells; it is accounted for by the extra healthy cells present in the base.  

In a further breakdown of counts into all observed categories it is clear that in the apex the 

most prominent damage category as a result of cisplatin exposure is cells with morphologically 

normal bodies but no hair bundle (Figure 4.6), a group which is more than three time larger in 

the apex compared to base (apex 22.74%, base 6.20%). There is also a higher percentage of 

cells with an expanded apical surface and we see the appearance of the ‘grossly expanded’ 

category in the apex, which it is not present in the base. These results show an expansion of 

the categories of cells in the apex of cisplatin-treated cultures concerned with maintenance of 

actin structures, compared to the base. 
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4.1.2.3. Differences in toxicity between gentamicin and cisplatin 

The break-down of damage categories in gentamicin-treated control cultures from the 

Diversity Library screen shows more death in the basal ROI compared to that seen in cisplatin-

treated cultures (gentamicin 87.61%, cisplatin 62.12%) (Figure 4.6) and less death in the apex 

(gent 3.44%, cisplatin 54.96), indicating higher basal toxicity and a steeper apical to basal 

gradient of damage. There are also considerably fewer cells in damage categories (viable cells 

and normal cells with no bundle) in gentamicin-treated cultures (6.63% in apex, 2.75% in base) 

compared to cisplatin (27.45% in apex, 9.91% in base).  

 

4.1.2.4. Quantifying surviving hair cells in cultures treated with cisplatin 

 While in cisplatin-treated cultures using a double stain allows visualisation of cell 

morphologies otherwise unobserved and reveals the presence of a considerable amount of 

extra cells, the only definite error in cell counts arising from the use of a phalloidin only stain 

would be to include cells that have undergone decapitation as their hair bundle is still present 

in the epithelium and it is only possible to see it is removed from its cell body if the latter is 

also stained (with anti-myosin VIIa). In gentamicin-treated cultures the percentage of cells in 

this category is ~1% in the base, a number sufficiently low to cause little error in the accuracy 

of cell counts. In the base of cisplatin treated cells this value is 7.23%, a value deemed here to 

introduce an unacceptable level of error into cell counts. It is therefore concluded that while 

performing counts on overlaid images of double stained hair cells is a more accurate way to 

quantify hair cell survival, it is only necessary for cisplatin-treated cultures.  

Although the inclusion of hair cells with no hair bundle reveals a considerable number of extra 

cells in the apex of cisplatin-treated cultures, it is not known how functional these cells are nor 

if hair cells can regenerate a hair bundle that is completely absent. Aside from this, the effect 

cisplatin has on bundle morphology is mainly seen in the apex where the cells are less 

developed and so it is not clear if these effects are due to disruption of developmental 

processes. For these reasons, only basal ROIs were assessed and hair cells considered to be 

surviving from this section onwards are those that are viable (as described in section 4.1.2.1) 

and have a hair bundle. Any disturbance to hair bundle morphology is noted separately, as 

previously with counts based on a phalloidin-only stain.  
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4.1.3. Dimethyl sulfoxide protects against cisplatin-induced hair cell death 

Dimethyl sulfoxide (DMSO) is a highly polar organic liquid able to dissolve most small 

molecules at high concentrations, making its use in drug screening studies common. Cisplatin 

is an unstable drug with low solubility; in its neutral, inactive form it has mainly the Pt(NH3)2Cl2 

configuration but upon entering a low chloride environment, such as a cell, the balance shifts 

towards the aquated, active form [PtCl(NH3)2(H2O)]+, in which a chloride ligand is replaced with 

a water molecule (see Figure 1.3). In order to reduce unwanted reactions prior to reaching 

cells, cisplatin for clinical use is prepared as a 1 mg/ml (3.33 mM) stock in saline solution (154 

mM NaCl). DMSO contains a nucleophilic sulphur, allowing it to coordinate with cisplatin and 

displace ligands leading to inactivation of the compound and so should under no 

circumstances be used to prepare cisplatin for experimentation. As the libraries of compounds 

used were prepared in DMSO it was necessary to assess whether the presence of low levels of 

DMSO would have an effect on cisplatin toxicity. The cytotoxic effect of cisplatin on hair cells in 

the presence of varying levels of DMSO (0-0.5%) relevant to our assays was therefore tested. 

Following 48 hour incubation with cisplatin and DMSO, counts of OHCs in a basal ROI were 

performed and the data were tested using a one way ANOVA with post-hoc Tukey’s multiple 

comparisons. Cultures treated with 5 µM cisplatin show significant hair cell loss compared to 

control cultures incubated in low serum medium (LSM) only (p < 0.001) (Figure 4.7). Significant 

hair cell loss compared to LSM only controls is still observed in cultures treated with 5 µM 

cisplatin in the presence of up to 0.2% (28 mM) DMSO (p < 0.001). With 5 µM cisplatin in the 

presence of 0.3% (42 mM) DMSO, however, hair cell counts are not significantly different from 

those seen in control cultures (p 0.25). When comparing cell counts from cultures incubated 

with 5 µM cisplatin alone to counts from cultures incubated with 5 µM cisplatin in the 

presence of DMSO only the lowest concentration of DMSO tested (0.1%; 14 mM) does not 

significantly increase hair cell survival (p 0.73). Once DMSO concentrations are raised to 0.2%, 

hair cell survival significantly increases compared to cisplatin alone treatment (p 0.001). If 

using the same criteria as used earlier with test compound classification, this makes 0.2% 

DMSO partially protective against cisplatin-induced toxicity and 0.3% fully protective.  

 

4.1.4. Screening Tocris and Diversity libraries for compounds that protect against cisplatin 

In order to assess whether there was value in tapping the aminoglycoside screening pipeline 

for compounds that could protect against cisplatin, the thirteen compounds from the Tocris 
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Ion Channel Library initially identified to protect against gentamicin-induced cell death were 

tested in the 5 µM, 48 hour cisplatin protection assay.   

During the testing of compounds against gentamicin-induced death, 10 mM stock compounds 

were used making the final DMSO content during an experiment testing a compound at 50 

µM, 0.5% (70 mM). While this is not an issue in the gentamicin protection assay, this DMSO 

concentration negates the toxic effects of cisplatin and so for the cisplatin protection assay 

test compounds were made up in water where possible, or alternatively as sufficiently 

concentrated DMSO stocks to dilute the DMSO concentration to 0.1% or less during 

experimentation. All but two compounds were initially tested at 50 µM and then carried 

forward for further testing if they offered protection in initial qualitative assessments (see 

Figure 3.2 for examples). The two remaining compounds (13154 and 13170) were tested at 25 

µM (with DMSO at 0.1 and 0.08% respectively) for the initial screen as compound solubility 

limited the highest stock concentration that could be made, and in turn the concentration of 

DMSO when tested at 50 µM. 

Compounds that protected in the initial screen were tested a further 4 or 5 times and numbers 

of viable cells with hair bundles were quantified. One-way ANOVA with Tukey multiple 

comparisons show that four of the compounds (13087, 13170, 13190 and 13196) did not 

perform well enough on subsequent trials to be classed as protective (Figure 4.8A, B, C and E) 

and that one compound (13218) offered full protection (Figure 4.8D). 

Testing only those compounds from the Tocris Ion Channel Library that offered protection 

against gentamicin-induced damage yielded just one compound out of thirteen that 

completely protected against cisplatin and four that did not offer statistically significant 

protection, however three of these displayed a trend towards higher cell survival than that 

seen in cisplatin-treated cells. The remaining eight compounds did not perform well enough on 

the initial screen to be tested further. With this in mind, it was decided that testing 

compounds from an earlier stage of the pipeline, after the zebrafish screening, might lead to 

finding a higher number of compounds that protect against cisplatin-induced hair cell death 

from the Diversity compound library. All 64 compounds found using the combination of the 

TR-neo and gentamicin zebrafish protection assays were therefore tested in the cisplatin 

protection assay. Due to the large number of compounds it was not possible to obtain all at 

DMSO stock concentrations appropriate for testing with cisplatin. These compounds were 

therefore tested at 10 µM instead of 50 µM to make the final DMSO concentration 0.1%. All 

compounds were tested once at 10 µM and only one of these compounds appeared to offer 
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protection (based on initial qualitative assessment) and so was further tested; quantification of 

hair cell survival confirms that compound 7678 offers full protection against cisplatin-induced 

hair cell death (Figure 4.8F). 

 

4.1.5. ORC-13661 protects against cisplatin-induced hair cell death 

Due to its success protecting against death induced by a range of different aminoglycosides in 

zebrafish, gentamicin in mouse cochlear cultures (see section 3.4) and amikacin in an in vivo 

rat model229, ORC-13661 is an interesting candidate compound to test in an assay for cisplatin-

induced hair cell loss. 

Counts of OHCs were carried out in a basal ROI and then tested for significance with a one way 

ANOVA followed by Sidak multiple comparisons. Incubation with 5 µM cisplatin causes 

significant loss of basal OHCs compared to control (p < 0.001). Co-treatment with 5 µM 

cisplatin and ≥10 µM ORC-13661 offers full protection from cisplatin-induced hair cell loss, 

whereas concentrations of ≤5 µM offer no protection (Figure 4.9). 

 

4.1.6. MET channel blockers berbamine and d-Tubocurarine as protectants 

Berbamine and d-Tubocurarine (d-TC) are two structurally related MET channel blockers 

previously shown to protect mouse cochlear hair cells from gentamicin and zebrafish lateral 

line hair cells from both gentamicin and neomycin 233. In light of this protection, both 

compounds were tested at a previously identified optimal dose 233 to assess their ability to 

protect against cisplatin-induced hair cell death. 

Cultures were incubated with 5 µM gentamicin or cisplatin in the presence or absence of 20 

µM berbamine for 48 hours and then surviving hair cells were quantified as described above. 

One-way ANOVAs with Tukey post hoc testing confirm that berbamine is able to protect 

against both ototoxins (Figure 4.10A, B). Although berbamine offers protection and both hair 

cell body and bundle morphologies are intact, it does cause the appearance of MYO7A stain-

devoid vacuoles throughout the cell bodies (Figure 4.11). 

For testing the protective effects of d-TC, cultures were incubated with 5 µM gentamicin or 

cisplatin in the presence of 25 µM d-TC for 48 hours and then surviving cells were quantified as 

described above. One-way ANOVAs with Tukey multiple comparisons do not show the 
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previously reported protection by 25 µM d-TC against gentamicin (Figure 4.10C) nor do they 

show protection of hair cells against cisplatin (Figure 4.10D). 

 

4.2 Does cisplatin enter mouse cochlear hair cells through the mechanoelectrical 

transducer channel? 

4.2.1. Can the compounds found during screening provide insight into cisplatin entry 

mechanisms?  

Table 4.1 shows all of the compounds investigated using electrophysiology as part of the 

gentamicin protection screening programme and how they performed in both the gentamicin 

and cisplatin mouse cochlear culture assays. Comparing their performance in the different 

assays allows us to make several observations that can inform later discussion of potential 

protective mechanisms, and possibly routes of cisplatin entry.  

Of the 25 compounds tested, 20 offer full protection against gentamicin and 2 offer partial 

protection; the three remaining fall one each into the categories of - not protective, toxic and 

inconclusive. Of the 25 compounds 4 protect against cisplatin and 21 do not. Three compounds 

protect against both gentamicin- and cisplatin-induced hair cell death, 1 protects against 

cisplatin but is toxic when incubated with gentamicin and 19 offer some level of protection 

against gentamicin but not cisplatin. For both gentamicin and cisplatin there are compounds 

that offer protection but also have an effect on hair bundle morphology (10 for gentamicin, 1 

for cisplatin), as well as compounds that protect and do not visibly alter the hair bundle 

structure (12 for gentamicin, 3 for cisplatin). Electrophysiology performed to assess 

interactions of the compounds with MET and basolateral IK,neo currents shows that of the 22 

compounds protective/partially protective against gentamicin there are blockers and non-

blockers of both the MET current and IK,neo (MET: 15 blockers and 7 non-blockers; IK,neo: 17 

blockers and 5 non-blockers). The majority of compounds included in Table 4.1 were selected 

for their protection against gentamicin-induced hair cell loss, but the one compound that does 

not offer protection against gentamicin blocks MET currents but not IK,neo. All 4 compounds 

that protect against cisplatin block the MET current but only 2 block IK,neo and there is also a 

large number of compounds that block MET currents but do not protect against cisplatin 

toxicity (14). To summarise, there are far fewer compounds that protect against cisplatin than 

92



93



protect against gentamicin and there is no clear correlation between their protective abilities 

and their ability to block MET currents, IK,neo or both.   

 

4.2.2. Myo7aSh6J/Sh6J basal outer hair cells are not susceptible to cisplatin-induced damage 

MYO7A is an unconventional myosin expressed in the sensory hair cells of the inner ear. It is a 

motor protein that moves along actin. In the absence of MYO7A, hair cells have no resting MET 

current and are not susceptible to gentamicin-induced death234. 

Cochlear cultures prepared from P2 Myo7aSh6J/Sh6J mice and their heterozygous siblings were 

plated with 4 coils per coverslip and phenotyped prior to experiments as hetero- or 

homozygous based on hair bundle morphology. Each coverslip had a minimum of one hetero- 

and one homozygous culture. Cultures were then incubated for 72 hours in LSM in the 

presence of 5 µM cisplatin. Experiments were run for longer than the standard cisplatin assay 

due to the insensitivity of heterozygous hair cells in these cultures to cisplatin damage. The 

cultures were also plated in 4-coil assemblies to reduce outgrowth and in turn morphological 

distortion seen in cochlear cultures over longer durations in vitro. 

Quantification of hair cells was performed in a basal ROI as described above and a two-way 

ANOVA with Sidak post-hoc testing run. A significant difference in hair cell numbers is not seen 

in cultures from heterozygous and homozygous littermates (p > 0.99) under control conditions. 

When incubated with 5 µM cisplatin for 72 hours significant hair cell loss compared to control 

is seen in cultures made from Myo7a+/Sh6J mice (p < 0.001) but not in cultures made from 

Myo7aSh6J/Sh6J litter mates (p > 0.99) (Figure 4.12A, B). 

 

4.2.3. Cisplatin and gentamicin have different effects on mechanoelectrical transducer 

currents  

Electrophysiological recordings from cochlear hair cells can provide information on the 

interactions of compounds with the MET channel. The aminoglycoside dihydrostreptomycin is 

a permeant blocker of the hair cell MET channel; it blocks MET channels and then due to its 

positive charge is pulled into the cell at extreme negative potentials40. In order to assess if 

these findings could be replicated with the aminoglycoside gentamicin and if there is any 
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interaction of cisplatin with the MET channel, recordings were made from CD-1 P2 cultured 

cochlear hair cells during application of these ototoxins by superfusion. 

Figure 4.13 shows example MET currents recorded at membrane potentials ranging from -164 

to +96 mV, prior to (A), during (B) and post (C) exposure to 100 µM gentamicin. During 

gentamicin exposure a clear decrease in current size is observed when cells are stepped to 

negative, but not positive, potentials. The block of the channel and subsequent recovery are 

rapid, with currents returning to pre-exposure amplitude after gentamicin washout with 

control solution. An averaged current-voltage curve, normalised to the maximum control 

current at +96 mV for each cell, demonstrates the voltage dependence of the block, which 

becomes increasingly stronger with more negative voltage steps (D). An averaged fractional 

block curve, generated by plotting the ratio of current size in the presence of gentamicin to 

control current against voltage, shows a block of MET currents (Figure 4.13E) that is voltage 

dependent and strongest at ~-104 mV, being released slightly at steps more negative than this. 

This release of block is indicative of a permeant blocker that is entering the cells when the 

electrical driving force reaches sufficient levels.  

Figure 4.14 shows MET currents recorded as above but prior to (A), during (B) and post (C) 

exposure to 100 µM cisplatin. In the presence of cisplatin a decrease in current amplitude is 

not seen, and this is confirmed in the current-voltage relationship shown in Figure 4.14D 

where there is no discernible difference between conditions. A fractional block curve of the 

amount of current remaining in the presence of cisplatin relative to control currents at the 

same membrane potential also shows no current change (Figure 4.14E). 

 

4.2.4. 50 µM Texas Red-conjugated cisplatin displays equivalent toxicity to 5 µM cisplatin  

Fluorescently-conjugated aminoglycosides have been successfully used as proxies for their 

unconjugated counterparts in order to investigate various questions relating to the effects of 

AGs on cochlear hair cells. Such research addresses entry routes of AGs into hair cells, loading 

time courses and intracellular trafficking processes. Texas Red-conjugated cisplatin (CPTR) was 

therefore used in the same way to address the question of cisplatin entry into cochlear hair 

cells, after initial validation that it displays sufficiently similar effects to unconjugated cisplatin 

in a cochlear culture toxicity assay.  
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In order to assess whether CPTR caused hair cell death comparable to native cisplatin, cultures 

prepared from P2 CD-1 mice were incubated with 5 or 50 µM for 48 hours and assessed 

qualitatively. Incubation with 5 µM CPTR causes no hair cell loss but 50 µM causes a similar 

degree of hair cell loss as native cisplatin, with damage being more severe in the base (Figure 

4.15). These results show that the conjugation of Texas Red to cisplatin reduces but does not 

negate the toxic effects of the cisplatin. 

 

4.2.5. Texas-Red conjugated cisplatin does not rapidly load into basal CD-1 hair cells 

Texas Red-conjugated gentamicin (GTTR) rapidly enters mouse cochlear hair cells over short 

(minute) durations 230, a process that can be prevented/reduced by applying the GTTR in the 

presence of MET channel blockers (e.g. curare)39, treating cells with calcium chelators (to 

disrupt tip links), or by using mutants missing integral tip link proteins (such as Cadherin23)235. 

These results, coupled with the finding that Texas Red alone does not enter hair cells 35,39 

suggest that GTTR is entering though the MET channel in the same way as unconjugated 

aminoglycosides. In order to assess whether cisplatin enters mouse cochlear hair cells in a time 

frame indicative of entry through the MET channel, mouse cochlear cultures were incubated 

with CPTR for ten minutes both with and without a 5 minute pre-incubation with the MET 

channel blocker d-TC. The same was done with GTTR as a control. 

After a 10-minute incubation, GTTR (used at 0.2 µM) visibly loads into OHCs; while some 

loading was visible in IHCs it was to a lesser extent and was not seen in supporting cells (Figure 

4.16A). GTTR loading is significantly reduced when cells are pre-incubated for 5 minutes with 

100 µM of the MET channel blocker d-TC (p 0.010). CPTR (used at 10 µM) does not visibly load 

into OHCs over the time frame of the experiment and so there is not a significant difference 

between loading in the presence and absence of 100 µM d-TC (p 0.32) (Figure 4.16B). There is 

a significant difference in fluorescence levels captured for GTTR vs CPTR (p 0.005). 

 

4.2.6. Texas Red-conjugated cisplatin toxicity, but not entry, requires mechanotransduction 

The results shown above reveal that cultures prepared from homozygous Shaker6J mice are 

protected against cisplatin-induced hair cell death. However, unconjugated cisplatin does not 

interfere with wild-type MET currents and CPTR cannot be detected in wild-type hair cells 
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following a short exposure time (10 mins). It was therefore investigated whether CPTR is able 

to enter MET deficient hair cells over longer incubation periods (24 and 72 h).  

Cochlear cultures prepared from P2 Myo7aSh6J/Sh6J mice and their heterozygous siblings were 

plated 4 coils per coverslip and incubated for 24 or 72 hours with 50 µM CPTR, fixed and 

stained, and then phenotyped on the basis of hair bundle morphology (visualised with 

phalloidin) during confocal imaging. After 24 h incubation CPTR is seen in the OHCs of cultures 

prepared from both heterozygous and homozygous mice (Figure 4.17A-B,E-F). After a longer 

incubation (72 h) all but a few OHCs in cultures from heterozygous mice are dead (Figure 

4.17C). Those in the homozygous culture, however, are intact and loaded with CPTR (Figure 

4.17G,H). These results suggest that functional mechanotransduction is not required for the 

entry of CPTR into OHCs in the long-term (24-72 hours), but is, however, required for CPTR-

induced damage. 

 

 4.2.7. Depolarisation of hair cells offers no protection against cisplatin-induced hair cell loss 

As partial depolarisation of OHCs is sufficient to protect from gentamicin (see section 3.2), 

potentially through a reduction of gentamicin entry through the MET channel, it was 

investigated whether or not depolarisation was also sufficient to protect OHCs against 

cisplatin. 

Cultures were incubated with 5 µM cisplatin alone or 5 µM cisplatin with an additional 18 mM 

KCl, a concentration expected to depolarise OHCs by around 15 mV230, for a further 48 hours. 

To control for changes in osmolality, 5 µM cisplatin was also applied in the presence of 18 mM 

NaCl. Quantification of OHCs shows that 5 µM cisplatin alone causes significant OHC loss 

compared to control (p < 0.001). Hair cell loss is not observed in controls incubated in medium 

with the addition of either KCl or NaCl alone (both p > 0.99). Incubation with 5 µM cisplatin in 

the presence of either 18 mM NaCl or 18 mM KCl causes significant hair cell loss relative to 18 

mM NaCl and 18 mM KCl controls ( p < 0.001 for both)(Figure 4.18). Statistical significance 

assessed with a two-way ANOVA with Sidak multiple comparisons. It was therefore concluded 

that depolarisation of hair cells by high potassium has no effect on cisplatin-induced toxicity; 

unlike the effect depolarisation has on gentamicin-induced toxicity. 
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The work on screening for compounds that protect against AG-induced hair cell loss presented in 

this thesis is part of a larger screening project; this thesis, in addition to contributing to the 

identification of otoprotective compounds, considers the logistical issues presented by such a 

project and aims to assess the value of various different pre-screens and determine the most 

appropriate analyses to use on the data produced. Another aim of this thesis was to design an 

appropriate assay for identifying compounds that protect against cisplatin-induced hair cell loss; 

some aspects of the aminoglycoside work were able to inform this side of the project but various 

differences in damage induced by the two ototoxins were observed and led to some alternative 

processes being employed. This work has successfully identified multiple compounds able to protect 

against OHC loss induced by gentamicin, cisplatin or both.  Furthermore, the possibility of the MET 

channel as the main entry route of cisplatin into cochlear hair cells has been addressed. Below is a 

discussion of particular points of interest in the context of the existing body of literature. 

 

5.1. Designing an assay suitable for the identification of compounds protective against 

cisplatin ototoxicity  

As outlined in section 1, many compounds have been tested for their potential to protect against 

cisplatin-induced hearing loss (CIHL) in animal models and proved to be successful. Unfortunately 

this success has not translated well to a clinical setting and as such no drugs are currently approved 

for treating the ototoxic side-effects of cisplatin. Hearing loss can have a large impact on quality of 

life for all ages but is particularly problematic in the paediatric population for whom it can effect 

educational and psychosocial development236. These problems paired with higher cancer incidence 

and better survival rates mean that a prevention strategy for CIHL is currently an urgent, unmet 

medical need. There are various factors that may contribute to the discrepancy between results 

from animal models and results in clinical trials, one of which is the unavoidable differences in drug 

metabolism in human patients compared to in vitro or in vivo animal models. Another potential 

reason for poor predictability of clinical efficacy, which does leave scope for improvement, is the 

quality of the assays used to identify potential protective compounds in vitro.  

Many studies utilise the auditory cell line HEI-OC1 for identifying protective compounds, however 

these cells express markers seen in supporting cells, prompting the suggestion that they are not fully 

differentiated142. Although some mechanisms of cisplatin ototoxicity have been demonstrated to be 

the same in cochlear hair cells and HEI-OC1 cells122–124,135,136, there is a concern that these cells do 

not accurately mimic the effects of cisplatin on fully differentiated hair cells. Critically, HEI-OC1 cells 
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do not possess a hair bundle; a pertinent fact as MET channel function has been shown to play a role 

in the toxicity of cisplatin and AGs in fish111,232 and affect AG-entry into the hair cells of fish and 

mice39,232. It may, therefore, be that the insult caused to these cells by ototoxic drugs is of a different 

nature to that seen in hair cells. 

Aside from the time consuming nature of preparation and the subsequent issue of obtaining enough 

tissue to perform biochemical analyses, organotypic cochlear culture systems offer relatively few 

disadvantages compared to HEI-OC1 cells. The hair cells (though immature) are fully differentiated 

and as the entire organ of Corti is removed and plated intact, all the supporting cells are present and 

in their appropriate location relative to the hair cells, which have intact hair bundles. Although organ 

of Corti explants are arguably as accurate a model of the organ of Corti in vivo as is possible in vitro, 

it is also important to replicate clinical symptoms as closely as possible to ensure maximum 

translation of results from this model system to patients. The main clinical pathology seen after 

cisplatin treatment is the loss of basal coil OHCs with no obvious effects on the supporting cells104,106, 

however this is often not replicated in the assays currently in the literature. Studies predominantly 

utilise explants prepared from rats, which require substantially higher concentrations of cisplatin 

than utilised in our mouse assay to induce the same level of OHC loss. While it is not clear if this is 

due to insensitivity of the animals, higher serum concentrations applied to the cultures or another 

cause, this difference leads to the use of experimental protocols in which there is very little death of 

the OHCs, the concentrations of cisplatin are so high that they cause general cytotoxicity to all cells 

in the culture or both. This means that in some instances compounds considered as protective are 

protecting against as little as 20% hair cell loss113, and others are being taxed with the task of 

protecting not only the hair cells, but all of the cells in the culture. We have tested two different 

protocols for inducing hair cell death with cisplatin in cochlear cultures prepared from mice and 

found that incubating cultures for 24 hours with 50 µM cisplatin (considered high dose, short 

duration) causes damage to all cells in the culture as seen in much of the current literature (Figure 

4.1). The IHCs have distorted body morphology and the OHCs undergo a large expansion of the 

apical surface but despite this damage, hair bundles are still present and cells are not lost. As the 

clinical symptoms of CIHL arise through loss of OHCs but not of other cell types in the organ of Corti 

this high-dose, short-duration assay is not considered here to be an accurate representation of 

clinical damage. The second assay design used a concentration of 5 µM cisplatin for 48 hours 

(considered low-dose, long-duration) and causes an average loss of ~70% of OHCs in the basal ROI, 

whilst not visibly damaging IHCs or supporting cells (Figure 4.2). This assay was therefore considered 

suitable for screening for compounds that can protect against cisplatin-induced OHC loss and 

superior to other experimental protocols currently being utilised in the literature.  
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Another issue in studies attempting to identify compounds that protect hair cells against cisplatin 

damage is the potential use of inappropriate solvents for generating cisplatin solutions. Cisplatin is 

activated via the replacement of leaving groups with water once inside cells; the solvent 

environment is therefore a critical mediator of cisplatin activity237. DMSO is considered a universal 

solvent, able to solubilise most small molecules up to 100 mM; however, the presence of a 

nucleophilic sulphur enables DMSO to displace the ligands of cisplatin and form platinum species 

with altered cytotoxicity238. Preparation of cisplatin in water is also an issue as in low chloride 

environments cisplatin becomes aquated, which produces a mixture of platinum species with 

increased reactivity and altered cytotoxicity; for this reason cisplatin for clinical use is prepared as a 

1 mg/ml (3.33 mM) stock in saline solution (154 mM NaCl), which is the limit of its solubility. 

A study from 2014 by Hall et al237 found that in 26-50% of papers published by 5 major cancer 

journals the solvent used for cisplatin was not reported, in 11-34% it was reported as DMSO and in 

1-4% water was used. In literature utilising cochlear explants to investigate cisplatin toxicity and 

protection the solvent is often not reported, however in some instances the concentrations of 

cisplatin tested are up to 6x the solubility of cisplatin in saline, suggesting the use of an alternative 

solvent or that the cisplatin is not in solution. While it is not known how wide the use of DMSO to 

make cisplatin is in the screening literature for ototoprotective compounds the use of DMSO in large 

scale screening projects is pervasive, as it is commonly used to dissolve libraries of compounds; this 

means that although the cisplatin itself may be formulated appropriately, DMSO is still present in the 

final aqueous solution. While experiments investigating the effect of 3% DMSO on cisplatin 

cytotoxicity in dilute environments showed no change in the biological effects on human carcinoma 

cell lines, mass spectrometry of saline solutions of cisplatin in the presence of 3% DMSO did show a 

peak corresponding to a platinum species with one chloride ligand replaced with DMSO237. The 

gentamicin cochlear culture protection assay utilised for screening in this thesis tests compounds at 

50 µM, diluted from a 10 mM stock made in DMSO; we therefore sought to test the effects of 0.5% 

(70 mM) DMSO on cisplatin to assess whether this would be appropriate for use in a cisplatin 

protection assay.  

Our results show that number of OHCs in cultures treated with cisplatin and 0.3% (42 mM) DMSO or 

higher are not significantly different from those in cultures treated with no cisplatin, and are 

significantly different from cultures treated with cisplatin alone. Therefore the presence of 0.3% 

DMSO in an aqueous solution offers complete protection from 5 µM cisplatin. Furthermore, 0.2% 

DMSO offers partial protection against cisplatin. The only concentration of DMSO tested that does 

not increase hair cell survival is 0.1% (14 mM). These results demonstrate that even small amounts 
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of DMSO present with cisplatin in an aqueous solution can have a profound effect on its cytotoxicity 

in mammalian hair cells, and so ensuring that DMSO is minimal or absent in experiments screening 

for compounds protective against cisplatin is important for the correct interpretation of results. 

While it is not currently clear why the sensitivity of cisplatin toxicity to DMSO varies between cell 

types, it does highlight the importance of evaluating the effect of DMSO on cisplatin toxicity in any 

model system prior to its use.  

 

5.2. Identify novel compounds that protect against gentamicin and cisplatin ototoxicity 

5.2.1. Screening for compounds that protect against gentamicin 

Two libraries of compounds were screened using a variety of zebrafish assays and the resulting 142 

compounds considered to be of interest were tested in a gentamicin cochlear culture protection 

assay. Eighteen compounds were identified that fully protected hair cells from gentamicin-induced 

hair cell loss at a concentration of 50 µM, 5 of which also fully protected at 10 µM. There were also 2 

compounds that partially protected at 50 µM and 8 compounds that partially protected at 10 µM. As 

such these library screening programmes were considered very successful.  

 

5.2.1.1. Validity of the criteria for selecting lead compounds 

In the Tocris library screen, compounds qualitatively assessed to be protective in their initial screen 

were further tested at 50 µM, regardless of any effects on hair bundle morphology, however in the 

later Diversity screen compounds that had an effect on hair bundles were excluded from further 

testing at 50 µM and tested only at 10 µM instead. This means there were 12 compounds produced 

from the Diversity screen that were not tested at 50 µM on a sufficient number of occasions to 

quantify hair cell survival and assess if they would offer statistically significant protection from 

gentamicin. Part of the reason these compounds were excluded was logistical; screening using 

cochlear cultures is costly and time consuming and when multiple compounds that protect without 

damaging hair bundles have already been identified it is not practical or reasonable to continue 

testing those that do. Aside from logistics, there is a concern that the hair bundle damage caused by 

these compounds may be irreversible, which would leave cells unable to transduce and so 

compromise hearing function regardless of hair cell survival. When considering criteria for ‘lead’ 

compounds to carry forward into in vivo testing, compounds that caused hair bundle damage or any 

signs of toxicity when used in the absence of gentamicin at a concentration of 100 µM were also 
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excluded. This is because we consider these compounds to have a narrow therapeutic window and 

as it is difficult to estimate the concentrations of compounds reached in the inner ear it is preferable 

to use compounds that will not cause damage in their own right when used at higher concentrations. 

Whether or not excluding compounds based on damage to hair bundles is necessary is difficult to 

assess, as while damaged hair bundles are certainly an issue for hair cell function, hair bundle 

maintenance is a constant process and it may be the case that cells can repair from this damage. 

Although we did not test whether these cells can repair bundle structure after compound washout 

due to difficulty maintaining cells in culture for longer durations, it has previously been shown that 

mouse hair cells are able to repair from morphological hair bundle changes induced by blocking MET 

currents239. Furthermore,  it has been shown that human vestibular hair cells can survive in culture 

up to 28 days with no hair bundle240 and hair cells of the bullfrog saccule can survive bundleless for 

up to seven days after gentamicin exposure241. Aside from the question of whether hair cells may be 

able to survive with no bundle or whether they can repair disrupted bundles, it is important to 

consider that in judging a hair bundle as damaged or not we are already imposing an arbitrary limit 

due to imaging resolution. Regardless of whether hair cells with damaged or no bundles are viable, 

for the purpose of choosing a set of lead compounds considered to have the best performance of all 

those that offer protection, it is sensible to choose those that cause no obvious signs of damage. 

Another criterion imposed in the later screen for a compound to be considered a ‘lead’ was that the 

compound should not block IK,neo. IK,neo is a voltage-gated basolateral potassium current expressed 

in immature hair cells and activated at voltages positive to -50 mV242. A block of IK,neo may lead to 

prolonged depolarisation of hair cells as it would prevent the potassium efflux that repolarises hair 

cells after depolarisation. This thesis contains evidence that depolarisation of hair cells is sufficient 

to protect against gentamicin-induced hair cell death over 48 hours and so there is a possibility that 

any compound that blocks IK,neo is protecting through this mechanism. This is problematic as IK,neo is 

not expressed in mature hair cells and so protection may not transfer to adult animals. Aside from 

this it is known that chronic blocking of KCNQ4 channels (a basolateral potassium channel expressed 

in adult mammalian hair cells) leads to degeneration of OHCs243 and KCNQ4 dysfunction in humans is 

associated with the DFNA2 form of non-syndromic dominant deafness244. Therefore, even if it were 

possible to protect cells from AGs by depolarising them, it would not be clinically useful. 
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5.2.2. Screening for compounds that protect against cisplatin 

Cisplatin and gentamicin have been shown to share some common cell death mechanisms, including 

inducing oxidative stress and activating caspase-mediated apoptosis245. It may therefore be useful to 

tap the gentamicin screening pipeline in order to identify compounds that also offer protection 

against cisplatin. The compounds from the Tocris library that offered protection against gentamicin-

induced hair cell loss in culture were tested at 50 µM to see if they could also offer protection 

against cisplatin. Of the thirteen compounds only one (UOS-13218) offered protection. As the 

thirteen compounds were only a small subset of the compounds tested against gentamicin in 

culture, it was considered possible that more compounds might be identified if the pipeline were 

tapped earlier when testing the Diversity library. Of the 64 compounds identified from the zebrafish 

screens of Diversity library compounds, again only one (UOS-7678) proved successful against 

cisplatin, though this low yield from a larger group may be attributable to the lower concentration at 

which it was necessary they were tested (in order to keep the DMSO content ≤ 0.1%). Interestingly 

this one compound was not only not successful against gentamicin in culture but was toxic when 

applied in the presence of gentamicin and so would not have been identified had only compounds 

successful against gentamicin in culture been tested. Another consideration is that cisplatin 

treatment leads to a reasonable proportion of hair cells that have normal cell body morphology but 

no hair bundle; if these cells were also included in cell survival counts then two compounds in the 

Tocris set would have been considered as partially protective. Although it was not within the scope 

of this work to assess the ability of hair cells to replace missing bundles, the evidence that they can 

survive for up to a week suggests that it is worth testing if these cells can repair, particularly in light 

of the low yield of compounds protective against cisplatin. This low yield of compounds from both 

the zebrafish and culture AG assays suggests there is little value in using these screens as precursors 

to identify compounds also protective against cisplatin. As the zebrafish protection screens were 

reasonably successful in identifying compounds that protected against gentamicin in culture it is 

likely that a zebrafish screen assessing compounds for protection against cisplatin may be a more 

accurate predictor of whether a compound will protect against cisplatin in culture. This assertion is 

supported by evidence that ORC-13661 protects against cisplatin induced hair cell death in the 

lateral line229 as does E6 berbamine227, a compound structurally similar to berbamine. 

The precursor of ORC-13661, PROTO-1, was originally identified in a large-scale zebrafish screen 

where it was shown to be protective against neomycin but not cisplatin228. After undergoing 

extensive optimisation, ORC-13661 was produced and shown to protect lateral line hair cells as well 

as rat hearing against amikacin ototoxicity in vivo229. Recent work from our collaborators (not yet 
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peer reviewed) has shown that ORC-13661 also protects against amikacin, gentamicin and cisplatin 

in fish. The work in this thesis shows that ORC-13661 protects against both cisplatin and gentamicin 

in cochlear culture protection assays, making ORC-13661 an example of a compound able to 

alleviate hair cell death not only across a range of species and assays but also across a range of 

ototoxins. It also validates our gentamicin assay as being able to identify compounds that go on to 

protect in an in vivo model. These promising results make ORC-13661 a strong candidate for clinical 

development and it has indeed been approved by the FDA for clinical trials in humans. 

The MET channel blocker berbamine was, as previously reported233, able to offer protection against 

gentamicin and has been shown in this work to also protect against cisplatin. It does however lead to 

MYO7A-devoid vacuoles throughout the cell bodies and so further investigation into the nature and 

generation of these structures would be required before considering this compound for use as an 

otoprotectant against either compound. 

In total, considering all screens and individual compound investigations, this thesis reports on 22 

novel compounds that offer full or partial protection against gentamicin and 4 that offer protection 

against cisplatin. 

 

5.2.3. Assessing the value of zebrafish pre-screening assays 

Thirteen compounds that fully or partially protected in the cochlear culture assay against gentamicin 

were identified from the Tocris Ion channel library. Although this is a small number to draw firm 

conclusions from, some interesting observations can be made about the ability of the zebrafish 

assays used to predict compounds that will be successful in culture. There were, in total, four 

zebrafish pre-screening assays, two loading assays and two protection assays. The two loading 

assays were designed to assess the ability of a compound to prevent the loading of FM1-43 or TR-

neo into zebrafish lateral line hair cells and the two protection assays were designed to assess the 

ability of compounds to prevent lateral line hair cell death induced by neomycin or gentamicin. 

 

5.2.3.1. Zebrafish loading assays 

As FM1-43 and TR-neo are known to enter though the MET channel246, these assays were designed 

to identify compounds that could protect hair cells by competing with AGs for entry through the 

MET channel. Interestingly, these two loading assays were the least successful in identifying 

compounds that went on to protect against gentamicin in culture despite just under half (6/13) of 

112



the protective compounds found going on to block mouse MET currents. The FM1-43fx assay 

identified just two of the thirteen protective compounds (13143 and 13228) and the TR-neo yielded 

five (13143, 13228, 13170, 13196 and 13218); with overlap the total compounds identified between 

these assays was five. Aside from the low success rate of the loading assays, it is also worth noting 

that of the five compounds identified only one blocked MET currents in mouse cochlear hair cells 

(13218) and there were an additional 5/13 protectants that blocked mouse MET currents but were 

not identified in either of these zebrafish loading assays. Both assays did however identify 

compound 13228 which was not identified by either of the zebrafish protection assays and so would 

have been missed otherwise.  

 

5.2.3.2. Zebrafish protection assays 

The neomycin and gentamicin zebrafish protection assays each identified 10 compounds, with an 

overlap of 9. The two compounds that would have been missed had only these two screens been 

used were 13150, which was selected for testing due to structural similarity and not identified in any 

zebrafish assay, and 13228. Both protection assays identified MET channel blockers and non-MET 

channel blockers. 

Given that 11 of the 13 compounds that were protective in mouse cochlear cultures were identified 

using a combination of the neomycin and gentamicin zebrafish protection assays and there was only 

one extra compound that would have been identified using either loading assay, the loading assays 

appear to have little value as a pre-screening tool for identifying compounds protective in culture. 

The protection assays on the other hand both yielded over 75% of compounds that went on to 

protect in culture and so are considered useful pre-screens.  

 

5.2.4. Assessment of competitive MET channel block 

When considering the ability of the different assays to identify MET channel blockers, and so 

compounds that may protect through a competitive block of the MET channel, the zebrafish TR-neo 

and FM1-43 loading assays only identified one of the six compounds that have been determined to 

be MET channel blockers. The protection assays both identified all 6 MET channel blockers and each 

identified 4 non-blockers (6 MET blockers and 5 non blockers in total due to overlap). These results 

suggest that the loading assays, although not very sensitive, are better able to identify non-blockers 

than blockers. The protection assays are able to identify both blockers and non-blockers.  
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Although TR-neo has not been tested in mammals, GTTR and FM1-43 have been shown to load into 

mouse OHCs over a short time course indicative of entry through the MET channel230,246 

Furthermore, this effect is prevented by genetic or pharmacological inhibition of MET function. It is 

therefore interesting that neither of the loading assays used in the zebrafish was an accurate 

identifier of compounds that interact with MET currents in mice and it is possible that this 

discrepancy arises from fundamental differences in the mechanotransduction process or machinery 

between the two species.  

The five lead compounds (13097, 13142, 13143, 13154 and 13222) identified in the Tocris library 

have previously been tested for their ability to prevent GTTR loading in cultured mouse OHCs230, as 

these compounds have also been tested for their interaction with MET currents by 

electrophysiology, we can assess the correlation between GTTR loading and MET current block in 

mouse cochlear cultures. Of the five compounds, only one reduces GTTR loading (13143) however 

this compound does not block MET currents when assessed by electrophysiology. Three lead 

compounds did not prevent GTTR loading (13142, 13154 and 13222) but did block MET currents. 

Only the one remaining lead compound (13097) had results that were consistent in the GTTR loading 

assay and MET recordings; this compound does not prevent loading in mouse cultures and also does 

not block mouse MET currents. Therefore, for four of the five compounds tested, their effect on 

GTTR loading in mice is not an accurate indicator of if they can block MET currents in mice.  

If we compare the loading in the zebrafish assays vs. the loading in the mouse cultures however, the 

effects of the compounds on loading are the same; four compounds do not block loading in either 

fish assay or the mouse assay and one prevents loading in all three. These compounds are therefore 

consistent in their ability to block loading of fluorescent compounds across species and the 

discrepancy probably arises due to the use of different experimental techniques within a species.  

It is not clear whether the loading assay or the electrophysiology more accurately predicts if a 

compound will be able to protect through blocking the MET channel. Although GTTR has been 

shown to have a similar toxicity profile to gentamicin232, due to the large size of Texas-Red it is 

possible that its conjugation to gentamicin leads to significant changes in its MET channel 

interactions; it is also possible that test compounds may interact with GTTR directly to prevent its 

entry into hair cells. Equally, measuring a compound’s ability to block MET currents does not give an 

indication of its affinity for the channel relative to the AGs against which we hope it protects and so 

it may be the case that a compound is able to block the channel but due to a lower relative affinity, 

is still unable to offer protection by this means.  
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Several groups have performed searches for compounds protective against AG-induced hair cell loss 

using the zebrafish lateral line, a system appropriate for this purpose due to the high fecundity of 

the animals, the ease of experimentation and the intrinsic benefits of using an in vivo system. The 

results presented here show that zebrafish loading assays are not a useful indicator of success in 

culture and although the zebrafish protection assays are able to identify the majority of compounds 

that will go on to protect in culture they also identify many compounds that will not go on to protect 

(from the Tocris library 43 compounds protected in the neomycin zebrafish assay compared to 9 in 

the mouse). Caution should therefore be exercised when extrapolating results between these two 

species and it is advisable to confirm the ability of a compound to protect in mammalian models 

before going forward to in vivo testing. 

While it is possible to assess how useful the zebrafish assays are in identifying compounds that 

protect in culture, it is important to acknowledge that this work does not address how accurately the 

cultures go on to predict which compounds will work in an in vivo animal model. It is also important 

to be aware that at each stage of testing only the successful or false positive compounds from a 

previous assay identified, with no indication of the incidence of false negatives as it would be 

unethical to further test failed compounds in subsequent assays. Regardless of these limitations, the 

zebrafish protection assays are certainly valuable for narrowing numbers of compounds to be 

further tested and are able to identify compounds that go on to be protective in cochlear cultures.  

 

5.3. The MET channel as the primary entry route of cisplatin into mouse cochlear hair cells 

The route of cisplatin entry into hair cells is not currently known. Studies utilising HEI-OC1 cells are 

difficult to interpret due to their known differences to differentiated hair cells. Two channels that 

have been investigated are CTR1 and OCT2, however manipulation of these in various animal models 

has shown variable effects on cisplatin ototoxicity 112–115and cimetidine, reported to block both 

channels and downregulate CTR1116, is unable to offer full protection113,116. Work in the zebrafish 

lateral line has shown that functional mechanotransduction is required for cisplatin-induced hair cell 

toxicity to take place, implicating the MET channel as a potential route of entry111. Two studies, one 

in the chick and another in guinea pigs, have reported that cisplatin blocks MET currents 120,121, 

however a more recent study in the lateral line119 has shown that cisplatin does not reduce 

microphonic potentials, suggesting it does not block the MET channel. 

This thesis has identified four compounds that protect against cisplatin-induced hair cell loss. All four 

were MET channel blockers, although the vast majority of MET channel blockers identified during 
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the course of this study did not offer protection. Whilst it is hard to conclude much with a sample 

size of four, it is possible that MET channel block is necessary, but not sufficient, to offer protection 

against cisplatin.  

Shaker6J mutants have a deficiency in the motor protein MYO7A causing their hair cells to lack MET 

currents at rest 247. The results presented here show that cultures prepared from Myo7aSh6J/Sh6J mice 

are unaffected by incubation with cisplatin while their heterozygous siblings undergo extensive OHC 

loss. Although these cells lack functional mechanotransduction and are protected from cisplatin, 

MYO7A labelling is visible throughout the wild type hair cell body and it is not clear what other 

functions it carries out in hair cells, though it has been implicated in cellular transport and mediating 

cytoskeletal tension248. Due to its structure, it has previously been suggested that MYO7A may be 

involved in endocytic processes, however it has also been shown that coated pit numbers on the 

apical surfaces of heterozygous and homozygous OHCs from these mice are the same suggesting 

there is no disruption to clathrin-mediated endocytosis249. While the finding that homozygous 

Myo7a6J cells are protected from cisplatin is consistent with the finding in zebrafish that functional 

mechanotransduction is required for cisplatin-induced toxicity, it does not provide direct evidence of 

cisplatin entering cells through the MET channel. 

As mentioned previously, compounds that enter through MET channels impede ion entry and so 

alter the properties of the MET currents observed (usually in the form of a reversible block). In order 

to directly assess whether cisplatin enters through the MET channel, MET currents were recorded 

from mouse OHCs while applying cisplatin. The same experiment but using gentamicin in order to 

have a control compound known to enter through the MET channel was run concurrently. As 

expected, gentamicin caused a block of the currents at negative potentials that was partially 

released at extreme negative potentials, indicative of the drug permeating through the channel. The 

recordings made in the presence of cisplatin showed no reduction in size of the MET currents at any 

potential tested suggesting it does not enter mouse cochlear hair cells through the MET channel. 

While this evidence may appear conclusive, it is important to note that gentamicin, like all AGs, is 

positively charged and so there is a strong electrical driving force into the relatively negative 

intracellular environment. The MET channel contains negative residues within the pore and so there 

is also an interaction of AGs with the channel itself. Cisplatin is a much smaller compound than 

gentamicin that should be predominantly in its neutral state until inside the cell. There should be no 

electrical driving force in either direction, at least not for non-aquated, electrically neutral cisplatin, 

and it is not expected to interact with the channel itself. The lack of effect seen on MET currents at 

the reasonably high concentration used in these experiments (100 µM) suggests that large 
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quantities of cisplatin are not entering into these cells via this route. It is however possible that a 

quantity small enough to not impede ion entry to the extent that it can be measured by 

electrophysiology is entering down its concentration gradient. If this were the case, it would be 

expected that at higher concentrations an effect would be seen on the MET current as the 

concentration gradient would provide a sufficient driving force to move a quantity of cisplatin into 

the cells that would visibly impede ion flow. This may explain why in chick cochlear hair cells cisplatin 

showed no block at 200 µM but did appear to block at millimolar concentrations121. 

Though unlikely, to ensure large quantities of cisplatin were not entering cells while leaving MET 

currents unperturbed, we used a fluorescent cisplatin conjugate (CPTR) to visualise entry into hair 

cells. Imaging mouse cochlear hair cells after a 10 minute incubation with CPTR did not reveal any 

signs of loading while a 10 minute incubation with GTTR showed obvious loading of OHCs, 

suggesting that if CPTR was entering cells it was at too low a quantity to be visualised. 

As transduction-deficient hair cells are protected against cisplatin but cisplatin does not appear to 

load readily through the MET channel, we sought to assess whether there is a difference in cisplatin 

loading into the hair cells of Myo7aSh6J/Sh6J and Myo7a+/Sh6J mice over longer durations that may 

explain the different sensitivities. After a 24 hour incubation, both homo- and heterozygous hair 

cells are loaded with CPTR, indicating that functional mechanotransduction is not required for entry 

into mouse hair cells over this time frame. After a 72 hour incubation with CPTR most OHCs in 

cultures prepared from heterozygous mice are dead, however OHCs from homozygous mice are still 

present and healthy looking whilst still being loaded with CPTR. Although it is not possible to assess 

the relative intracellular concentration of CPTR in dead heterozygous and surviving homozygous 

cells, and so not possible to assess if homozygous cells have reduced CPTR loading, it can be 

concluded that they are not protected by prevention of entry and so may be intrinsically less 

sensitive to CPTR as a product of non-functional MYO7A. Investigating the cause of this differential 

sensitivity was not within the scope of this thesis but it could be due to other unknown roles of 

MYO7A in hair cells or altered metabolism in transducing and non-transducing hair cells. The latter is 

more likely since in the zebrafish lateral line protection against cisplatin is conferred by a number of 

methods of disrupting mechanotransduction that do not involve MYO7A111. To conclude, no 

evidence that the MET channel is the primary route of cisplatin entry into mouse cochlear hair cells 

has been presented here, however the possibility that small quantities can leak into cells through 

this route cannot be excluded. 
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