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Summary 

  

Sensory hair cells of the inner ear are susceptible to damage and death as a result of exposure 

to aminoglycoside antibiotics, leading to permanent sensorineural hearing loss. Here, the 

atypical recruitment and redistribution of membrane in hair cells exposed to aminoglycosides is 

characterized during two distinct cellular processes: the retrieval of membrane blebs induced 

by a brief exposure to a high concentration of neomycin, and the alteration of lysosomal 

structure in hair cells during a low-dose treatment with gentamicin-Texas Red (GTTR).  

 

When cochlear cultures from early postnatal mice are exposed to a high dose of neomycin, rapid 

and extensive membrane blebbing occurs at the apical pole of hair cells. Remarkably, following 

aminoglycoside washout hair cells rapidly repair this damage. Blebs as large as 3 μm in diameter 

are reinternalised by hair cells within the first 15 minutes of recovery from neomycin exposure. 

Repair from blebbing is robust and not blocked by inhibitors of canonical endocytic pathways. 

Characterisation by conventional TEM and serial TEM tomography indicates this bulk endocytic 

process involves the formation of large multi-laminated structures consisting of multiple 

concentric membrane folds. This lipid-driven endocytic event is dependent on the function of 

volume regulating anion channels and may provide an example of massive endocytosis (MEND) 

occurring in sensory hair cells. 

 

The effects of exposure to a low-dose aminoglycosides on hair cell ultrastructure were also 

examined. Fluorescently conjugated aminoglycosides, such as GTTR, have been used extensively 

to study the loading and trafficking of aminoglycosides in sensory hair cells. Here, using a low-

dose, long duration, in vitro assay GTTR is demonstrated to co-localise with, and cause the 

formation of multi-lamellar, lipid-rich structures identifiable as membranous cytoplasmic bodies 

(MCBs), such as those observed in lysosomal storage disorders. The significance of these large 

ultrastructural aberrations for understanding the molecular mechanisms of aminoglycoside 

ototoxicity remains, however, unclear. Other aminoglycosides had a varying propensity to 

induce lipid inclusions and MCB formation. Aminoglycosides are not toxic to hair cells with non-

functional mechanotransduction, such as those in the Myo7aSh6J/Sh6J mouse, yet it was 

demonstrated here that these cells are found to load with GTTR in a manner comparable to wild 

type cells, and to also form MCBs.  
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Overall, these findings further our understanding of the mechanisms by which hair cells can 

repair from aminoglycoside induced membrane damage, explore the differing toxic effects of 

aminoglycosides within hair cells, and highlight fundamental considerations for future 

aminoglycoside/hair-cell research that utilises fluorescently conjugated aminoglycosides. 

Permanent sensorineural hearing loss is a severe side effect of aminoglycoside treatment, 

responsible for significant morbidity. This research allows us to better understand the biology 

of aminoglycoside ototoxicity, essential for future work in the prevention of aminoglycoside 

induced hearing loss. 
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1. Introduction

1



 
 

Sensory hair cells of the inner ear are susceptible to damage and death as a result of exposure 

to aminoglycoside antibiotics. In this thesis two distinct aspects of aminoglycoside ototoxicity 

are explored. The first, “Endocytic retrieval of neomycin-induced membrane blebs” (chapter 

3), focusses on the process by which hair cells in organotypic cochlear cultures can recover from 

gross membrane blebbing induced by short-term neomycin exposure. The second, “Genesis of 

membranous cytoplasmic bodies by fluorescently conjugated gentamicin” (chapter 4), 

concerns the ultrastructural effects and trafficking of Texas Red-conjugated gentamicin in 

sensory hair cells during a longer term exposure. In both of these studies the atypical 

recruitment and redistribution of membrane in sensory hair cells as a result of treatment with 

aminoglycosides is investigated. However, the processes explored in these chapters are distinct 

and addressed independently. For clarity each chapter contains its own specific introduction and 

discussion. First, however, the sensory hair cells of the cochlea and the aminoglycoside 

antibiotics are briefly introduced. 

 

 

1.1. Sensory hair cells 

  

Sensory hair cells are highly specialised cells, responsible for the conversion of mechanical 

energy into electro-chemical signals. Facilitated by their location in the mammalian hearing 

organ, the cochlea, these hair cells are the sensory receptors of sound, and are essential for 

hearing.  

 

1.1.1. Anatomy of hair cells and the cochlea 

Located within the temporal bone, the cochlea is a coiled bony tube divided longitudinally into 

3 fluid filled chambers: the scala vestibuli and scala tympani, which are filled with perilymph, 

similar in ionic composition to cerebrospinal fluid; and, sandwiched between them, the scala 

media, which is filled with endolymph (fig. 1.1 A & B). Endolymph has a high K+ concentration 

and a low concentration of both Na+ and Ca2+, this ionic composition is maintained by the cells 

of the stria vascularis which lines the lateral wall of the scala media, and is essential for hair cell 

function. The basilar membrane forms the interface between the scala media and scala tympani, 

and the organ of Corti (also in the scala media), a polarized sensory epithelium which contains 

the sensory hair cells, lies upon it (fig. 1.1 C). Hair cells in the organ of Corti are arranged as 1 

row of inner hair cells and 3 rows of outer hair cells that run along the length of the cochlea.  

Inner and outer hair cells are morphologically and functionally distinct, and are bound by tight-

adherens junctions to surrounding support cells, which include Deiters’, Hensen’s, pillar and  
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inner pharyngeal cells1. In order to investigate the cell biology of hair cells in this study, 

organotypic cochlear cultures are utilised, in which the organ of Corti is removed from postnatal 

day 2 mice and maintained in vitro2. Example images of hair cells in this preparation are shown 

in figure 1.2.  

 

Sensory hair cells are polarized, with the specialised mechanotransduction apparatus, the 

sensory hair bundle, located at the apical pole where it is bathed in endolymph (fig. 1.2 D & E). 

The basolateral surface of the cell, however, is surrounded by perilymph. The hair bundle is 

made up of stereocilia which are arranged in an ascending staircase pattern, interconnected by 

multiple links. Located at the tips of the shorter stereocilia are the mechano-electrical 

transducer (MET) channels, the pore forming components of which  were recently identified as 

transmembrane channel like (TMC) 1 and 23. These channels are gated mechanically via tip-links 

that connect to adjacent taller stereocilia4,5. Hair cells are thought to have just 1 or 2 MET 

channels per stereocilia6. Physical deflection of the hair bundle towards the tallest row of 

stereocilia leads to the opening of the MET channels and in turn hair-cell depolarisation7.  

 

Inner hair cell stereocilia are arranged in almost straight lines with ~50 stereocilia per cell; 

whereas in outer hair cells the hair bundle consists of ~100 stereocilia in a W shape8 (fig. 1.2 Bii 

& C). The tips of the tallest row of outer hair cell stereocilia are embedded in the tectorial 

membrane, a ribbon-like strip of extracellular matrix which lies over the organ of Corti, acting as 

an inertial mass and influencing fluid flow around hair bundles of the inner hair cells9,10. 

Stereocilia contain densely packed actin filaments, a number of which extend down into the 

cuticular plate forming rootlets, anchoring the stereocilia. The cuticular plate lies just below the 

apical surface of the hair cell and is comprised of a dense actin-based cytoskeletal meshwork 

(fig. 1.2 E). During development hair cells also have a single kinocilium, located behind the tallest 

row of stereocilia. This is the only true cilium of the hair bundle with a microtubule core, and is 

lost from cochlear hair cells during their maturation. At its base there is a break in the cuticular 

plate called the fonticulus.   

 

1.1.2. Hearing and deafness 

Acoustic vibrations transmitted to the cochlea from the tympanic membrane via the malleus, 

incus and stapes in the middle ear result in pressure differences between the upper and lower 

scalae that cause the basilar membrane, with the organ of Corti atop it, to vibrate. The resultant 

travelling wave propagates along the basilar membrane from the basal end of the cochlea,  
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where the basilar membrane is thick and stiff; to the apical end of the cochlea, where the basilar 

membrane is wider and less rigid. The cochlea has a tonotopic axis with the traveling wave 

induced by higher frequencies peaking more basally, and the wave induced by lower frequencies 

peaking more apically. The movement of the organ of Corti leads to a shearing motion between 

the organ of Corti and the tectorial membrane which drives the hair bundles of the outer hair 

cells directly and generates fluid movements that stimulate the hair bundles of the inner hair 

cells. The deflection of the stereocilia results in the opening of the MET channel. With an 

endocochlear potential of +80 mV, from the endolymph,  and resting membrane potentials of -

45 (inner hair cells) and -70 mV (outer hair cells)11, K+ and Ca2+ enter hair cells down the 

electrochemical gradient leading to hair cell depolarisation.  

 

The sharp tuning and sensitivity of the cochlear arise due to the organ of Corti acting as a 

regenerative mechanical amplifier. Although the primary function of inner hair cells is to 

transmit sound information to the central nervous system via afferent neurons, during cycles of 

depolarisation and hyperpolarisation outer hair cells contract and elongate, mechanically 

enhancing the travelling wave. This amplifies the magnitude of this wave by approximately 40-

60 dB (100-1000 times)1.   

 

Hearing loss is the most common sensory deficiency experienced by both children and 

adults12,13, and can be caused by a range of factors including genetic abnormality, infection and 

disease, noise damage, aging, and of particular interest to this study, exposure to ototoxic 

compounds8. Hair cells are essential for hearing, and as hair cells of the mammalian cochlea are 

not replaced following loss, hair cell death causes permanent sensorineural hearing loss.  

 

 

1.2. Aminoglycoside antibiotics 

The aminoglycosides are a highly effective family of antibiotics, used in the treatment of 

tuberculosis and Gram-negative infections. They are used routinely in cases of neonatal sepsis, 

with 80% of newborns admitted to neonatal intensive care units in the United States being 

treated with aminoglycosides prophylactically14. Although their uses are limited to life 

threatening conditions in developed countries, due to their dose-limiting side effects, 

aminoglycosides remain an attractive antibiotic as a result of their rapid and broad spectrum 

bactericidal activity, chemical stability at ambient temperature, low incidence of antibiotic 

resistance, and relatively low cost15.  
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The aminoglycosides, which include streptomycin, neomycin, kanamycin, gentamicin 

tobramycin and amikacin, are all large poly-basic and poly-cationic structures. Usually 

administered intravenously, the bactericidal action of these compounds is due to the disruption 

of protein synthesis as a result of binding to the 30S subunit of the bacterial ribosome16.  

 

1.2.1. Aminoglycoside ototoxicity 

Severe dose limiting side-effects of aminoglycoside treatment include kidney damage, 

sensorineural hearing loss, and balance disorders, as a result of aminoglycoside toxicity 

toproximal-tubule cells (nephrotoxicity) and hair cells (ototoxicity) respectively. While the 

incidence of kidney damage can be reduced with modified dosing paradigms, hearing loss 

remains common, and irreversible, with up to 25% of patients treated with aminoglycosides 

developing permanent sensory neural hearing loss17. 

 

Almost all cells take up, and subsequently clear aminoglycosides, with the exception of sensory 

hair cells and renal proximal tubule cells in which aminoglycosides are maintained15. Systemic 

aminoglycosides are trafficked across the blood-labyrinth barrier into the stria vascularis, and 

subsequently cleared into endolymph15. From the endolymph, aminoglycosides rapidly load into 

hair cells via MET channels, driven by the electrochemical gradients18. Although it has been 

known for well over half a century that aminoglycosides induce hearing loss, the mechanisms by 

which they cause hair-cell death, once inside the cell, are still being elucidated (and are discussed 

further in chapter 4).  

 

 
1.3. Project aims  

Two aspects of the hair cell’s response to treatment with aminoglycosides are explored 

separately in this thesis (summarised in fig. 1.3). The first study, “Endocytic retrieval of 

neomycin-induced membrane blebs” (chapter 3), focusses on the process by which hair cells can 

recover from gross membrane blebbing induced by short-term neomycin exposure. In the 

second, “Genesis of membranous cytoplasmic bodies by fluorescently conjugated gentamicin” 

(chapter 4), the ultrastructural effects and trafficking of Texas Red-conjugated gentamicin in 

sensory hair cells during a longer term exposure are determined. In both of these studies the 

atypical recruitment and redistribution of membrane in sensory hair cells as a result of  
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treatment with aminoglycosides is investigated in vitro, and characterised by multiple modalities 

of light and electron microscopy.  

 

1.3.1. Endocytic retrieval of neomycin-induced membrane blebs research aims 

Sensory hair cells form large membrane blebs on their apical surface during brief exposure to a 

high dose of the aminoglycoside neomycin19–21, but are remarkably able to rapidly repair this 

damage following neomycin washout22. However, the mechanism by which this is achieved have 

remained elusive23.  The overarching aim of the research presented in this study (chapter 3) is 

to determine the mechanisms by which sensory hair cells recover from neomycin-induced 

damage, focussing specifically on bleb retrieval. The dynamics of bleb retrieval are characterised 

by live imagining. The role of the actin cytoskeleton in internalisation is explored by the use of 

pharmacological inhibitors, as are the effects of a hypo-osmotic environment and Cl- channel 

inhibition during repair. Finally, the ultrastructure of the membrane retrieval process is 

examined extensively by electron microscopy. 

 

1.3.2. Genesis of membranous cytoplasmic bodies by fluorescently conjugated gentamicin 

research aims 

The second focus of this thesis concerns the fluorescently conjugated aminoglycoside 

gentamicin-Texas Red (GTTR), a reagent that has been used extensively to study the loading and 

trafficking of aminoglycosides in hair cells17,24,25. In this chapter the effects of long-duration, low-

dose aminoglycoside treatment on hair-cell ultrastructure in organotypic cochlear cultures are 

determined. GTTR positive puncta are identified by high resolution TEM as membranous 

cytoplasmic bodies (MCBs), characteristic of lysosomal storage disorders. The formation of 

MCBs is explored, and the significance of MCB formation in aminoglycoside toxicity in hair cells 

is investigated by analysis of GTTR loading and cell ultrastructure in Myo7aSh6J
 hair cells, resistant 

to aminoglycoside toxicity. Finally the relative toxicity of different aminoglycosides and their 

propensity to cause MCB formation is also explored.  

 

Together, the research carried out in these studies aims to further our understanding of the cell 

biology of aminoglycoside ototoxicity by: increasing our understanding of the mechanisms by 

which hair cells can repair from aminoglycoside induced membrane damage, exploring the 

differing toxic effects of aminoglycosides within hair cells, and highlighting fundamental 

considerations for future aminoglycoside/hair cell research that utilises fluorescently 

conjugated aminoglycosides.   
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2. Methods 
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Investigations in this thesis can be split into two distinct focusses; neomycin induced damage 

and repair, and fluorescently conjugated gentamicin trafficking. The experimental assays utilised 

in these investigations are described separately in sections 2.2. Damage repair assays, and 2.3. 

Texas Red – conjugated gentamicin assays. In order to alleviate some repetition however, 

methodology common to both focusses are detailed separately in 2.1. Cochlear cultures, 2.4 

Light microscopy, and 2.5 Electron microscopy. As such, while this section serves as an accurate 

record of the methodologies undertaken, specific parameters and the workflows of individual 

experiments are further outlined in relevant results sections.  

 

 

2.1. Cochlear cultures 

2.1.1. Mouse strains 

Mouse colonies were maintained at the University of Sussex and kept in full accordance with 

United Kingdom Home Office regulations. Schedule 1 culling of animals for culture preparation 

was performed in accordance with Animals (Scientific Procedures) Act 1986. Cochlear cultures 

were produced from wild-type CD-1 mice at postnatal-day 2 (P2) unless specified otherwise. In 

one instance, (fig. 2.12 F) cultures were prepared from OtoaEGFP/EGFP mice26, this was for practical 

reasons of availability, and is not considered to have had a biological effect on the assay. 

 

Myosin7a mutant mice have the spontaneous Myo7a6J mutation and are maintained in a closed 

colony on a 25% BALBc/75% C57BL/6J background. P2 pups were collected from Myo7a+/Sh6J 

female x Myo7aSh6J/Sh6J male mattings. The genotype of Myo7a+/Sh6J or Myo7aSh6J/Sh6J pups from 

which cochlear cultures were prepared was determined by differential interference contrast 

(DIC) microscopy of the hair bundles of hair cells in each culture, while maintained in Maximow 

slide assemblies 24 hours after culture preparation, prior to the start of experiments.  

 

2.1.2. Cochlear culture preparation  

Organotypic cochlear explant cultures were prepared as described previously2. In brief, cochleae 

were removed from P2 pups following sagittal bisection of the head in HBHBSS: Hanks Balanced 

Salt Solution (with CaCl2 and MgCl2, Gibco) buffered with 10 mM Hepes pH 7.2. (Gibco). The 

cartilaginous shell of the cochleae were removed, followed by the stria vascularis, and modiolus. 

Dissection of the cochleae was carried out in HBHBSS supplemented with foetal bovine serum 

(Labtech) (FBS). FBS in this instance served to wet dissection dishes and the Pasteur pipette used 

for the transfer of cultures subsequent to stria removal. The organs of Corti were plated  
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singularly on cover slips coated with rat tail type 1 collagen (Corning). Care was taken to position 

any remaining Reissner’s membrane and modiolus to the centre of the coil away from hair cells. 

Cultures were covered in a minimal volume of rat culture medium (RCM): 93% DMEM/F12 

(Gibco), 7% FBS (Labtech), 10 µg/ml ampicillin (Sigma). Coverslips were sealed within Maximow 

slide assembles and maintained at 37°C for 24 hours (P2+1), unless stated otherwise.  

 

 

2.2. Damage repair assays  

2.2.1. Fundamental assay 

The basic damage and repair assay, which formed the central start point for the interrogation of 

the mechanisms of damage and repair, remained constant. This was investigated through both 

perturbation and observation of the processes. Modification in assessment, pre and post 

damage treatments, recovery conditions, and imaging are further detailed in subsequent 

sections.  

 

Coverslips with adherent cultures were transferred from Maximow assemblies to glass-

bottomed Perspex slide chambers and washed with HBHBSS prior to neomycin induced damage. 

Damage was induced for 15 minutes at ambient temperature ~23°C by 1 mM neomycin sulphate 

(Sigma) in either HBHBSS or low ionic strength (LIS) HBHBSS: HBHBSS diluted 5:1 with ELGA 

18.2Ω water (240 mOsmol/kg). Damage was confirmed using DIC or fluorescence wide field 

microscopy, by bleb formation or annexin V binding respectively, and imaged in the basal (~10% 

from the basal end of the coil) or mid basal (20-30% from the basal end of the coil) regions of 

the coil 10 minutes after the addition of neomycin (T=10). The use of LIS-HBHBSS during damage 

was adopted in order to alleviate the variability that occurred in the extent of the large, 

kinocilium located blebs induced by damage with neomycin in HBHBSS alone.  

 

Following 15 minute exposure to neomycin, cultures were washed with HBHBSS and transferred 

to 35 mm diameter petri dishes for recovery in pre-warmed/ pre-gassed RCM for 30 or 60 

minutes at 37°C/5% CO2 (Live time-lapse imaging of recovery, both DIC section 2.4.1.2, and 

confocal 2.4.1.3. took place in a heated chamber in Hepes-buffered RCM). In most cases after 

recovery, with the exception of some experiments carried out for electron microscopy (section 

2.5), cultures were washed with HBHBSS and returned to the slide chamber in HBHBSS for wide 

field DIC and/or fluorescence imaging (section 2.4.1.1.), prior to fixation (section 2.4.2). 

Typically, live imaging focused on the apical surface of the cell and the hair bundle, as well as 
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the sub-cuticular and perinuclear regions. Care was taken not to live image areas required for 

subsequent fixed analysis, or to live image damage in the same location as repair, in order to 

mitigate against any potential effects of light exposure, through photo-arrest (the process by 

which light exposure seemingly prevents recovery) or photo-bleaching. DIC images were 

collected under green light. 

 

2.2.2. Fluorescent annexin V labelling 

Fluorescently conjugated Alexa Fluor 488, 594, or 647 annexin V (Invitrogen) was utilised to 

identify phosphatidylserine (PS) accessible to extracellular solution, and therefore assumed to 

be present in the outer leaflet of the plasma membrane at the time of binding. Fluorescent 

annexin V is referred to henceforth as annexin V for brevity; in no instance is native or 

unconjugated annexin V referred to or discussed. Two protocols were used, one in which 

annexin V was added during the damage process (pre-recovery) (fig. 2.1 A), in order to identify 

damage induced PS externalization and track the subsequent internalisation of membrane 

during recovery; and one in which annexin V was added subsequent to recovery (post recovery) 

(fig. 2.1 B) in order to identify any phosphatidylserine that was retained in the outer leaflet. For 

pre-recovery labelling, annexin V was added (1:100 dilution) to the HBHBSS or LIS-HBHBSS in 

which damage took place, briefly before the addition of neomycin, and was therefore present 

at ambient temperature for 10 minutes prior to imaging, and unbound annexin V was washed 

out along with the neomycin after 15 minutes. In post-recovery labelling experiments, following 

RCM washout and the transfer of cultures to HBHBSS in Perspex slide chambers, annexin V 

(1:100) was added for a 5 minute incubation at ambient temperature prior to imaging. Focal 

plane of image acquisition was confirmed by DIC, and fluorescent illumination was restricted in 

area and duration to limit photo-bleaching and photo-arrest.  

 

2.2.3. Cationized ferritin labelling 

In order to track the trafficking of membrane during damage and repair by electron microscopy, 

electron-dense cationized ferritin from horse spleen (Sigma) was used to decorate the apical 

surface of the sensory epithelia (fig. 2.1 C). Unless stated otherwise, the damage step in all 

electron microscopy experiments was carried out in HBHBSS, in order to mitigate the need to 

maintain cultures in LIS-HBHBSS for prolonged periods during ferritin labelling. Therefore to 

identify the formation of large kinocilium located blebs in these conditions, the practice of 

confirming damage profile by DIC microscopy was adopted.  
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To track membrane internalisation, following 15 minutes neomycin damage, cultures were 

washed with cold HBHBSS then incubated on ice at 4°C in HBHBSS with 0.5 mg/ml cationized 

ferritin for 15-30 minutes. Cultures were washed with cold HBHBSS and either fixed, or allowed 

to recover, as described previously, for 10 or 15 minutes, prior to fixation.   

2.2.4. Quantitative characterisation of damage and repair  

The fundamental assay described in 2.2.1, imaged by numerous techniques described further in 

subsequent sections 2.3 and 2.4, was utilised to characterise the damage and repair processes. 

The way in which these processes were quantified, and the corresponding figures in which it is 

presented in section 3, are detailed below.  

2.2.4.1. Quantification of bleb size during damage 

Kinocilium located bleb size was quantified from DIC micrographs (collection described in 

2.4.1.1.) following 10 minutes damage in HBHBSS and LIS-HBHBSS (fig. 3.3Ci.), and 15 minutes 

damage in HBHBSS at ambient temperatures or 37°C. (fig. 3.3 E). Bleb diameter was measured 

in Adobe Photoshop CC for 30 outer hair cells per condition (10 cells from 3 cultures).  

Quantification of the number of blebs following damage in HBHBSS compared to LIS-HBHBSS 

(fig. 3.3 Cii) was carried out from SEM micrographs collected from the middle of the coil (imaging 

described in section 2.5.4). Blebs were quantified from 10 cells per condition (5 each from 2 

micrographs of adjacent regions). Quantification was carried out from single top down views, 

and therefore does not account for small blebs that may be hidden by neighbouring blebs. 

Graphing and statistics were carried out in Graphpad Prism 8.0.   

2.2.4.2. Quantification of bleb size during damage and repair time-lapse imaging 

The diameter of kinocilium located blebs were quantified during damage in LIS-HBHBSS and 

recovery in HBRCM at 37oC for 11 blebs from DIC time-lapse micrographs (image collection 

described in section 2.4.1.2) (3 independent repeats; 5 blebs from one culture, 3 from 2 others). 

The size of each bleb over time was normalised as a percentage of the bleb’s diameter at its 

largest point. Graphing was carried out in Graphpad Prism 8.0, trend lines were produced by 

locally weighted scatter plot smoothing (fig. 3.4).  
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2.2.4.3. Quantification of fluorescence distribution in confocal time-lapse imaging  

The distribution of fluorescence in live confocal micrographs collected during recovery (image 

collection described in section 2.4.1.3.) was quantified from summative-z projections of three 

inner hair cells. For each hair cell a lateral ROI was created containing the lateral edge of the hair 

cell, including the hair bundle. For each time point an area of fluorescence above a threshold 

level was calculated both within the lateral ROI and outside it. A threshold level of only the top 

7.5% of fluorescence intensity values was used in order to eliminate high background 

fluorescence from analysis. The proportion of cell fluorescence contained within the lateral ROI 

was determined for each cell at each time point and graphed individually in GraphPad Prism 8.0, 

with a trend line produced as a spline of mean values (fig. 3.5). Thresholding and quantification 

were carried out in Image J.  

 

2.2.5. Perturbation of damage or repair  

Insight into the mechanisms of damage repair were sought in part through attempts to perturb 

repair and as such indicate processes that may be involved. The application of pharmacological 

inhibitors, expression of dominant negative forms of endocytic effectors, and altering the 

osmotic environment during the recovery process, were tested. 

 

2.2.5.1. Pharmacological intervention 

Inhibitors, and DMSO as a vehicle control, were tested for their effect on damage and/or 

recovery by their inclusion during the recovery period (in RCM). The following inhibitors were 

tested: 20 µM H89 (Calbiochem) from stock of 10 mM in DMSO, 10 µM jasplakinolide (Tocris) 

from stock of 2 mM in DMSO, 10 µM latrunculin A (Tocris) from stock of 2 mM in DMSO, 100 

µM niflumic acid (NFA) (Tocris) from stock of 10 mM in DMSO.  

 

In experiments in which there was a pre-incubation period before damage, cultures were 

transferred to 35 mm dishes directly from Maximow assemblies and pre-incubated in test 

compound or DMSO in RCM at 37°C/5% CO2 for 30 minutes before transfer to Perspex chambers 

for neomycin treatment. Alternatively, if compounds were to be tested in the absence of 

neomycin, compounds were added to cultures in HB-RCM and imaged live as described in 

section 2.4.1.2.  
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2.2.5.1.1. Quantification of internalised annexin V fluorescence 

In order to quantify internalised annexin V following recovery in the presence of latrunculin A 

(fig. 3.10) and NFA (fig. 3.12), confocal z-stacks were collected from cultures that were fixed and 

labelled with phalloidin (detailed in sections 2.4.2.1. and 2.4.2.2.). Fluorescent annexin V label 

was applied during neomycin damage in HBHBSS. All imaging and staining parameters were 

maintained between control and experimental conditions and, whenever possible, between 

experimental repeats. Maximal z-projections were made from orthogonal sections for individual 

hair cells (appropriate co-ordinates were identified from top-down views). Two cells of each cell 

type (IHC, OHC row 1, 2, and 3) were selected from 3 independent experimental repeats (a total 

of 24 cells per condition). Cells were selected systematically at two cell intervals with no hair 

cells from the same z-projection. 

In order to quantify fluorescence a threshold was applied to remove background signal. The 

threshold was calculated in individual control cultures as the mean fluorescence value plus one 

standard deviation from top-down maximal z-projections. This value was applied to all 

orthogonal projections from both the control and the corresponding experimental condition for 

each replicate separately. To quantify internalised fluorescence only, a region of interest was 

drawn around the inside of the cell, utilising the phalloidin label as an apical boundary, and the 

area of fluorescence within that ROI that was above a threshold level was calculated (shown 

diagrammatically in fig. 3.10 D). Thresholding and quantification were carried out in Image J. 

Graphing and statistics (t-tests) was carried out in Graphpad Prism 8.0. 

2.2.5.2. Dominant negative Rab5a AAV infection 

2.2.5.2.1. Dominant negative-Rab5a AAV 

Adeno-associated virus was made by the Viral core services at Charité Universitätsmedizin, 

Berlin. The construct, designed by Emma Kenyon, consists of eGFP coupled to a dn-Rab5a 

GTPase by a P2A element expressed under the CMV early enhancer/chicken β actin (CAG) 

promotor with a woodchuck hepatitis virus posttranscriptional regulatory element (WPRE). 

Dominant negative activity of Rab5a was induced by S35N substitution in the GTP binding 

domain, as previously described by Lis & Stahlg (1993)27.  

2.2.5.2.2. Cell culture and endocytosis assay  

Madin-Darby Canine Kidney II (MDCK) cells were maintained at 37oC/5% CO2 in DMEM 

(Invitrogen) with 10% foetal bovine serum (Labtech), 1% penicillin/streptomycin and 1% L-
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glutamate and grown to confluence on ThinCert PET membrane 3.0 µm pore well inserts. Cells 

were infected with dn-Rab5a AAV and incubated for a further 4 days with periodical addition of 

further media. Cells were washed (from above and below membrane) with serum free DMEM 

containing 2.5 mg/ml BSA and 50 mM HEPES (DMEM+), prior to incubation in 0.5 mg/ml Texas 

Red conjugated lysine-fixable dextran 10000 MW (TR-dextran Invitrogen) for 15 minutes at 37 

oC/5% CO2. TR-dextran was pre-warmed and applied to the basal surface of the cultures. 

Following treatment, cells were washed with ice cold DMEM+ and fixed at room temperature 

for 90 minutes in 3.7% formaldehyde/0.1 M sodium phosphate. Cells were washed with PBS and 

permeabilized in 0.1% TritonX-100 for 6 minutes. Following further PBS washes, cells were 

incubated in a cocktail of Alexa Fluor 633 and Alexa Fluor 647 phalloidins (Invitrogen) 1:200 in 

PBS with 10% horse serum overnight at 4oC. Thincert chambers were dismantled and PET 

membranes were mounted in Vectashield with adherent intact epithelia for investigation of 

endocytosis by confocal microscopy. 

  

2.2.5.2.3. Damage recovery in AAV infected cochlear cultures 

P2 mouse cochlear cultures were infected with dn-Rab5a AAV after 1 day in vitro and resealed 

into Maximov slide assemblies in a minimal volume of RCM for a further 24 hours at 37oC. 

Cultures were transferred to 35 mm dishes in RCM and maintained at 37oC/5% CO2 for a further 

2 days (P2+4). Damage recovery was carried out as previously described with a 60 minute 

recovery period. Cultures were imaged live prior to fixation for analysis by confocal microscopy. 

 

2.2.5.3. Recovery in low ionic strength media 

Effects of osmolality were investigated by live DIC imaging, detailed in section 2.4.1.2. Damage 

was carried out at ambient temperature (~23°C) in LIS-HBHBSS. Recovery was carried out at 37°C 

in Warner instruments JG-23WCP heated chamber assemblies. (Damage was also carried out in 

the assembled heated chamber, however at ambient temperatures). In order to mitigate against 

atmospheric CO2, RCM was supplemented with 10 mM Hepes (HBRCM). Recovery was carried 

out either in HBRCM (296 mOsmol/kg) or low ionic strength HBRCM (LIS-HBRCM) - RCM diluted 

5:1 with ELGA 18.2Ω water (246 mOsmol/kg).  

 

Kinocilium located bleb diameter was quantified at 2, 5, 10, 15, 30 and 60 minute time points 

during recovery for 9 blebs (3 from 3 independent repeats). Bleb size was normalised as a 

percentage of bleb diameter at the end of the damage period. Bleb measurement was carried 
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out in Adobe Photoshop CC. Graphing and two-way ANOVA with Sidak’s multiple comparison 

tests were carried out in Graphpad Prism 8.0 (displayed in fig. 3.11). 

 

2.2.6. Damage repair in the zebrafish lateral line  

The damage and repair process were also assayed in the hair cells of the zebrafish lateral line. 

Nacre zebrafish larvae were maintained at 28°C in E3 embryo medium containing (mM) 5.0 NaCl, 

0.17 KCl, 0.33 CaCl2, 0.33 MgSO4. Assays were carried out in 96 well plates, one well per 

condition, 3 fish per well at 4 or 5 days post fertilisation (dpf). Breeding and maintenance of fish 

was performed in accordance with Animals (Scientific Procedures) Act 1986. Damage was 

induced by incubation in 1 μM neomycin for 5 minutes in the presence of Alexa Fluor 594 

annexin V 1:50. Larvae were washed with E3 and allowed to recover for 30 minutes. Following 

recovery, or immediately after neomycin damage, larvae were anaesthetized with 0.1% (v/v) 

tricaine, and fixed in 4% paraformaldehyde buffered with 0.1 M sodium phosphate (pH 7.4) at 

4°C overnight. Larvae were washed in PBS and mounted in Vectashield mounting media for 

analysis by confocal microscopy.  

 

 

2.3. Texas Red – conjugated gentamicin assays  

Texas Red-conjugated gentamicin (GTTR) was generously provided to Guy Richardson and Corne 

Kros by Peter Steyger (Oregon Hearing Research Centre), and made to a 1 mM stock in DMSO. 

 

2.3.1. Treatment assay 

Cochlear cultures at P2+1 were transferred to 35 mm petri dishes and incubated at 37oC/5% CO2 

with 2 µM GTTR in low serum media (LSM): DMEM/F12 (Invitrogen), 1.4% FBS (Labtech or SXM), 

2 µg/ml ampicillin (Sigma). Following incubation periods of 1, 4, 8 or 24 hours, cultures were 

washed with HBHBSS and transferred to Perspex chambers in HBHBSS for fluorescence imaging. 

The focal plane of image acquisition was confirmed by DIC, and fluorescent illumination was 

restricted in duration to limit photo-bleaching. Live imaging of fluorescence was carried out in 

the mid or mid-basal region of the cochlear, away from areas to be investigated by light or 

electron microscopy following fixation. 

 

2.3.1.1. Quantification of presumptive membranous cytoplasmic body formation  

Quantification of the number of large vacuolar structures identified in hair cell profiles was 

carried out on electron micrographs of 80 nm sections collected from the mid-basal region of 
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the cochlear (sample preparation and TEM detailed further in section 2.5.1). Vacuolar structures 

larger than 500 nm in diameter were split between presumptive membranous cytoplasmic 

bodies (MCBs) and multi-vesicular bodies (MVB)/empty, detailed further in sections 4.2.1.3. All 

micrographs for quantification were taken at a consistent magnification (5000x). This 

magnification rarely contains a whole hair cell profile, as such, and to account for variation in 

profiles collected, number of structures was normalised against cytoplasmic area in the 

micrographs to provide a number of structures per 10 µm2. Cytoplasmic area was measured 

discounting nucleus and cuticular plate. Area measurements were carried out in Adobe 

Photoshop CC. Cells that had irregular cytoplasmic morphology/texture, were filled with 

vacuolar structures, had dilated mitochondria, or gross lipid aggregation were considered dying, 

and were not used in quantitative analysis. 

The area of electron dense content in presumptive MCBs was quantified by measuring the area 

of each MCB below a threshold grey value. This threshold value was determined as the mean 

cytoplasmic intensity taken from three 500 nm circular ROIs minus one standard deviation for 

each micrograph - a value which was found to include electron dense membranous material 

independent of variation in average micrograph intensity. Thresholding was carried out in Image 

J. Graphing, linear regression and statistical analysis was carried out in GraphPad Prism 8.0 (data

presented in fig. 4.4 and similarly in fig. 4.9 for presumptive MCBs only in Myo7aSh6J hair cells, 

experiments detailed in section 2.3.3).  

2.3.2. Cationized ferritin pulse, GTTR chase 

P2+1 cochlear cultures were transferred to 35 mm petri dishes, washed with HBHBSS and 

incubated at room temperature in HBHBSS with 0.5 mg/ml cationized ferritin for 15 minutes. 

Cultures were subsequently washed with HBHBSS then incubated at 37oC/5% CO2 with 2 µM 

GTTR in LSM for 24 hours. Controls with GTTR treatment in the absence of cationized ferritin 

labelling, as well as cationized ferritin labelling followed by incubation in the absence of GTTR, 

were also carried out. Cultures were transferred to Perspex slide chambers for fluorescent 

imaging, prior to fixation.   

2.3.3. GTTR treatment in Myo7aSh6J/Sh6J cochlear cultures 

Cochlear cultures prepared from Myo7a+/Sh6J or Myo7aSh6J/Sh6J littermates at P2+1 or P3+1 were 

incubated with GTTR as described in 2.3.1. All Myo7aSh6J/Sh6J cultures were processed in parallel 

with heterozygote littermate controls. Incubation times for initial fluorescent loading 
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experiments, subsequently fixed for light or electron microscopy, were 1, 4, 8, 24, 36, 48, and 

96 hours. Additional time points of 10 minutes were also carried out, however GTTR incubation 

took place at ambient temperature in a Perspex slide chamber. Live fluorescent images were 

collected in the mid-basal region, with careful restriction of fluorescence exposure to this region. 

In order to account for increased fluorescence over a large range of time points, and maintain 

comparability between mutant and heterozygous cultures across time points, a fixed range and 

order of fluorescent exposure times were used in all conditions.  

 

2.3.3.1. Quantification of GTTR fluorescence in Myo7a+/Sh6J and Myo7aSh6J/Sh6J cochleae 

Exposures of 200 msec for 10 minute time point, and 20 msec for all other time points were 

used, with focal plane between cuticular plate and nucleus. Littermates were used for equivalent 

time points. Fluorescence samples were taken from subcuticular region, irrespective of punctate 

structure presence. Mean fluorescence intensity in 50 px (5.8 µm) diameter circular ROI was 

collected from 10 outer hair cells per condition. Average background intensity values from 4 

ROIs (2 from between inner and outer hair cells, 2 from over the outgrowth zone) were 

calculated for each micrograph and deducted. Analysis was carried out in Adobe Photoshop CC, 

graphing and statistical analysis was carried out in GraphPad Prism 8.0 (displayed in fig. 4.8). 

 

2.3.4. Treatment with non-GTTR aminoglycosides 

2.3.4.1. Aminoglycoside dose response toxicity curves 

Experiments to determine the relative toxicities of gentamicin (Sigma), kanamycin (Sigma), and 

neomycin (Sigma) were carried out by Guy Richardson. In brief, P2+1 cochlear cultures were 

incubated in LSM with varying concentrations of aminoglycosides for 48 hours. Cultures were 

subsequently fixed and labelled by anti-MYO7A and Texas Red phalloidin (as detailed in section 

2.4.2.1), before quantification of surviving outer hair cells (OHCs) along a 220 µm length of the 

cochlear in the mid-basal region (~20% from the basal end of the cochlear), detailed further in 

section 2.4.2.2. A dose response to GTTR was carried out in the same way by Guy Richardson 

and Jodi Parslow, however subsequent labelling was for phalloidin alone. As such, surviving OHC 

quantification was also based solely on phalloidin stain.  

 

Data collection for dose response curves was carried out in consultation with myself, and I was 

responsible for carrying out data analysis and fitting of non-linear regression to determine LD50 

values. Curves were fitted in Graphpad Prism with the following model: y=Bottom + (Top-

Bottom)/(1+((X^Hillslope)/(IC50^Hillslope))) with the ‘[Inhibitor] vs. response – variable slope 
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function’ in which hillslope is fitted from the data and standard slope is not assumed. Top and 

bottoms of curves were constrained to the average number of OHC with 0 µM aminoglycoside 

and the average number of OHCs at highest concentration of each aminoglycoside tested, 

respectively. On graphs, 0 µM is set to 0.1 for the sake of display on the log scale, however LD50s 

were calculated from true values. Each condition had 3 independent repeats with the following 

exceptions: GTTR 1 µM n = 6, 3 µM n = 2, control n = 4. Kanamycin 75 µM n = 2. Neomycin 75 

µM n = 6, 300 µM n = 1, control n = 2. Data presented in figures 4.10 and 4.11. 

 

2.3.4.2. Membranous cytoplasmic body formation by non-GTTR aminoglycosides 

Cochlear cultures were incubated at 37oC/5% CO2 in LSM with: 5 µM gentamicin or 40 µM 

kanamycin, for 24, 36, or 48 hours; 100 µM neomycin, or 40 µM Texas Red – conjugated 

neomycin (TRNeo synthesised by Guy Richardson), for 24 hours, or 2 µM unconjugated Texas 

Red control 36 hours. Cultures were washed with HBHBSS and imaged live by DIC, and 

fluorescence in the case of TRNeo, in the mid-basal region, prior to fixation for electron 

microscopy. A 48 hour 5 µM gentamicin treatment has been used historically in the Richardson 

Lab and formed the basis for further investigation; this, in conjunction with the long time period 

and range of concentrations under which GTTR induced MCBs were observed, enabled 

appropriate concentrations of different aminoglycosides to be determined based upon dose 

response curves.   

 

2.3.4.2.1. Quantification of lipid inclusions 

Number of lipid inclusions was established per 10 µm2 as described for presumptive MCBs 

described in section 2.3.1.1. with the adjusted criteria that lipid inclusions did not have to be 

greater than 500 nm in diameter to be counted. The area of lipid inclusions and cytoplasm was 

determined in Adobe Photoshop CC. Graphing and statistics were carried out in GraphPad Prism 

8.0 (displayed in figs. 4.10, 4.11, and 4.12).  

 

 

2.4 Light Microscopy 

2.4.1. Live imaging 

2.4.1.1. Live DIC and fluorescence  

Live, wide field imaging, was carried out on a Zeiss Axioplan2 microscope with either an Olympus 

LUMPlanFl 60x dipping objective, or a Zeiss achroplan 63x/0.09W dipping objective. Images 

were collected using an RT Slider SPOT camera and SPOT Advanced imaging software. 
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Fluorescent images were taken with Zeiss filtersets 10 and 15, with fixed exposure times. 

Cultures were exposed to fluorescence for the duration of image acquisition alone in order to 

prevent photobleaching. Focal plane of fluorescent images was confirmed by DIC. Images were 

processed in Adobe Photoshop CC, including the formation of composite images from multiple 

focal planes in order to maintain focus at the same level within multiple cells in single 

micrographs independent of height in z.  

 

2.4.1.2. DIC time-lapse imaging  

DIC time-lapse imaging was utilised for experiments tracking the dynamics of bleb retrieval over 

time, in different osmotic conditions, and in the presence of jasplakinolide and latrunculin A. 

Cultures were illuminated continuously by green filtered white light. DIC images were taken 

either at 30 second intervals with focus adjusted continuously in order to encompass kinocilium-

located blebs at their widest point or hair bundles. Recovery at 37oC was carried out with 

coverslips secured in a Warner instruments JG-23WCP heated chamber assemblies, with 

temperature maintained by a Warner instruments TC-324B automatic temperature controller 

with an in-line temperature sensor both in the reservoir and chamber body. Large 24 x 50 mm 

#1 coverslips formed the base of chamber assemblies, sealed below the liquid reservoir with 

Vaseline, prior to each experiment. All live recovery experiments took place in Hepes buffered 

medium. The same region of each coil was observed pre damage, during damage (15 minutes), 

and during recovery (1 hour). Images were collected as described in 2.4.1.1. In order to create 

movies images were manually aligned and converted into frame animations in Photoshop CC. 

 

2.4.1.3. Confocal time lapse imaging  

Live confocal imaging was carried out on a Zeiss LSM 510 microscope with a Zeiss achroplan 

63x/0.09W dipping objective. Neomycin damage, and recovery both took place in a Warner 

instruments JG-23WCP heated chamber assembly as described above. Photo-bleaching was a 

primary concern during these experiments, as such, recovery alone was imaged, following 

neomycin washout and heated chamber stabilisation at 37°C. Therefore, imaging of recovery 

typically began ~4 min after neomycin washout. As previously, recovery took place in HBRCM. 

In order to collect as much fluorescent information during membrane internalisation as possible, 

while not overexposing the brightest regions of fluorescence on the apical surface of the cell, 

Alexa Fluor 647 annexin V was added for the final 7 minutes of neomycin exposure in LIS-HBHBSS 

only. Experiments were carried out on P2+2 cochlear cultures.   
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Images were collected with Zeiss LSM image browser software, in z-stacks every 60 seconds. 

Stacks of 15-20 µm at 1 µm intervals, and 30 µm x 22 µm with a resolution of 200 x 150 px, were 

acquired of 3 IHCs, allowing for drift in x, y and z. Recovery was recorded for 30 minutes 

following neomycin washout, after which lower magnification images were collected to 

determine the level of photobleaching. Annexin V was excited at 633 nm, with emission 

collected via HFT UV/488/543/633 and NFT 545 beam splitters between 650-710 nm (by band 

pass filter). Transmitted light was collected in conjunction with fluorescence to produce contrast 

optic images to enable z-stack alignment and to confirm bleb removal from the apical surface.  

 

Transmitted light images were used to identify the position of the cells in z at each time point. 

Summative z-projections were constructed in image J either containing subcuticular 

fluorescence only, with the highest plane 2 µm below the hair bundle, and therefore collecting 

light below the cuticular plate. The image J ‘royal’ look up table was applied to better indicate 

areas of high and low fluorescence prior to z-projections being imported into Photoshop CC for 

manual alignment in x and y.  

 

2.4.2. Fixed fluorescence imaging   

2.4.2.1. Cochlear culture fixation and immunohistochemistry 

Cochlear cultures were fixed in 3.7% formaldehyde buffered with 0.1 M sodium phosphate (pH 

7.4) for 1 hour at room temperature. Cultures were subsequently removed from cover slips and 

permeabilized for 5-15 minutes in 0.1% Triton X-100. Permeabilization was kept to a minimum 

in order to prevent the breakdown of membranous structures labelled with fluorescent annexin 

V or containing GTTR. Primary antibody, phalloidin, and secondary labelling was carried out in 

PBS/10% heat inactivated horse serum (HS) (Gibco). Primary antibody and phalloidin were 

incubated for 24 hours at 4°C, secondary antibodies were incubated for 2-4 hours at ambient 

temperature.  Cultures was washed with PBS between incubations and prior to mounting in 

Vectashield mounting media. For aminoglycoside toxicity curves (2.3.4.1.) 0.1% Triton X-100 was 

instead included in both primary and secondary incubations. 

 

‘Standard’ damage repair experiments (2.2.1.) for fluorescence microscopy were stained with 

1:1000 TRITC-phalloidin (Sigma) unless stated otherwise. Cultures infected with DN-Rab5 AAV 

were labelled with a long-wavelength cocktail of Alexa Fluor 633 phalloidin and Alexa Fluor 647 

phalloidin (Invitrogen) (1:250), GFP signal was amplified by incubation in goat-anti GFP (FITC) 

(Abcam) prior to Alexa Fluor 488 donkey anti goat secondary 1:500 (LifeTech). Cultures that were 

                      24



 
 

used to determine a GTTR dose response curve were labelled with 1:500 FITC-phalloidin (Sigma). 

Whereas those in dose response curves against other aminoglycosides were labelled with 1:200 

Texas Red-phalloidin (Invitrogen) and 1:1000 anti-MYO7a (Proteus), followed by Alexa fluor 488 

goat anti rabbit (Invitrogen) 1:500. Finally, Myo7a+/Sh6J or Myo7aSh6J/Sh6J cultures were incubated 

first with anti-MYO6 (Proteus) 1:500 and long-wavelength cocktail of Alexa Fluor 633 phalloidin 

and Alexa Fluor 647 phalloidin (1:250), followed by Alexa Fluor 488 goat anti rabbit 1:500. 

 

2.4.2.2. Epifluorescence microscopy 

Epifluorescence microscopy of fixed tissue was utilised primarily for the assessment of dose 

dependent toxicity of aminoglycosides. Images were collected on a Zeiss Axioplan2 microscope 

with a Zeiss Plan-Neofluar 40x/0.75 objective. Images were collected using an RT Slider SPOT 

camera and SPOT Advanced imaging software. Fluorescent images were taken with Zeiss 

filtersets 10 and 15 and collected at multiple focal plains in order to enable the identification of 

hair bundles and cell bodies of all hair cells in each row. Subsequent to image acquisition multi-

channel overlays and composite images of multiple focal planes were created offline in Adobe 

Photoshop CC in order to identify these features in single images to facilitate surviving cell 

quantification.  

 

2.4.2.2. Confocal microscopy 

Confocal microscopy of fixed tissue was carried out on Leica SP8 confocal with a HC PL APO Cs2 

63x/1.40 oil or 40x/1.10 water objectives. A TD 488/561/633 beam splitter was utilised and 

emission bands were selected by spectral detection. TRITC phalloidin was excited at 561 nm by 

a DPSS laser and collected between 564-663 nm. Long wave length phalloidin cocktail containing 

Alexa Fluor 633 phalloidin and Alexa Fluor 647 phalloidin was excited at 633 by a HeNe laser and 

collected between 635-735 nm. Annexin V Alexa Fluor 488 was excited at 488 nm by an argon 

laser and collected between 491-524 nm. Annexin V Alexa Fluor 594 was excited at 561 nm by a 

DPSS laser and collected between 570-620 nm. eGFP and signal amplifying equivalents were 

excited at 488 nm by the argon laser and collected between 492-554 nm. Single images and z-

stacks were acquired with LAS X software, and processed in ImageJ and Adobe Photoshop CC. 
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2.5. Electron microscopy 

2.5.1. Standard transmission electron microscopy 

Cultures were fixed for 2 hours at room temperature in 2.5% glutaraldehyde buffered with 0.1 

M sodium cacodylate (pH 7.4), followed by a secondary fix with 1% osmium tetroxide/0.1 M 

sodium cacodylate for a further 1-2 hours. Subsequent to fixation, cultures were dehydrated by 

ethanol series and transferred to propylene oxide prior to infiltration with epoxy Embed 812 

resin (Taab). Cultures were incubated in increasing concentrations of epoxy Embed 812 resin in 

propylene oxide prior to overnight incubation in 100% resin, and finally embedding in fresh 

resin.  

 

Radial sections of the organ of Corti were collected by ultramicrotomy from the middle region 

of the coil unless stated otherwise. Sections were cut to give profiles that typically include 1 

inner hair cell and 3 outer hair cells (as shown in fig. 1.1. C and fig. 1.2 D). In order to assess angle 

and profile of orthogonal section, thin (1 µm) sections were Toluidine blue stained and observed 

by light microscopy. Ultra-thin (80 nm) sections were subsequently collected onto 

formvar/carbon coated slot grids (Taab) for TEM. In instances in which multiple cells were 

investigated from a single block, following section collection on multiple grids, 20 – 30 µm of 

tissue was removed from the block face by ultramicrotomy prior to further ultra-thin sectioning.  

Sections were stained on grids with 1% uranyl acetate and Reynolds’ lead citrate prior to 

microscopy.  

 

Transmission electron microscopy was carried out on a JEOL JEM1400-Plus microscope 

operating at 100 – 120 kV. Images were captured using a Gatan OneView 4K camera operated 

with Digital Micrograph, and processed with Adobe Photoshop CC. 

 

2.5.2. Serial tomography 

2.5.2.1 Sample preparation and image acquisition 

Tissue was prepared as described for standard TEM. Serial 200 nm sections were collected on 

formvar/carbon coated slot grids (Taab) which had been pre-labelled with 10 nm BSA gold 

(Oricon) 1:50. This concentration was considered sufficient to provide 20-40 fiducial markers per 

image at the magnification utilised for serial tomography of internalised membrane structures 

in this study (15000 x).  
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Tomograms were collected from serial sections on a JEOL JEM1400-Plus microscope operating 

at 120 kV using a Gatan OneView 4K camera and JEOL Recorder software. Images were acquired 

from -60 to +60° at 2° increments.  

 

2.5.2.2. Tomogram processing  

Tomograms were constructed, aligned, and joined in IMOD 4.9 Etomo28, utilising the University 

of Sussex high performance computing cluster. Manual segmentation of tomograms and 

subsequent reconstruction was carried out in Image J TrakEM229, prior to video and still 

preparation of renderings and tomograms in Adobe Photoshop CC.  

 

2.5.3. Correlative light and electron microscopy 

2.5.3.1. Sample preparation 

A number of modifications to traditional sample preparation for TEM (2.5.1.) were required in 

order to establish an appropriate balance between the maintenance of detectable levels of GTTR 

fluorescence for light microscopy, and acceptable preservation of membranous ultrastructure 

for TEM. It was determined that critical parameters included the strength and duration of 

osmium tetroxide secondary fixation, dehydration of tissue and embedding procedure, in 

addition to the resin used for embedding. 

 

Following incubation with GTTR cultures were fixed at room temperature for 1 hour with 2.5% 

glutaraldehyde/0.1 M sodium cacodylate. Here, a secondary fix of 0.1% osmium tetroxide/0.1 

M sodium cacodylate for 20 minutes was utilised, followed by fast dehydration by ethanol series. 

Cultures were embedded in Lowicryl HM20 resin by low temperature embedding in a Leica AFS2 

freeze substitution machine, with the FSP for increasing HM20 concentration from 100% ethanol 

to 100% HM20 over 10 hours, prior to polymerisation by UV light for 48 hours at -35°C.  

 

Consecutive orthogonal sections from the middle of the coil were collected by ultramicrotomy, 

an 80 nm section for electron microscopy then the adjacent 500 nm section for light microscopy. 

This was achieved with no tissue loss between sections taken for the different modalities by 

using a DiATOME Histo knife capable of cutting sections of both thicknesses. 80 nm sections 

were collected on formvar/carbon coated slot grids and stained with 1% uranyl acetate and 

Reynolds’ lead citrate prior to imaging. Corresponding 500 nm sections were collected on glass 

slides and allowed to dry prior to mounting in Vectashield.      
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2.5.3.2. Image acquisition and processing  

TEM images were collected at 100 kV on a JEOL JEM1400-Plus microscope. Sections for light 

microscopy were imaged by confocal microscopy on a Leica SP8 confocal with a HC PL APO Cs2 

63x/1.40 oil objective with the aid of Richard Goodyear. A TD 488/561/633 beam splitter was 

utilised and emission bands were selected by spectral detection. GTTR was excited at 561 nm by 

a DPSS laser and collected between 570-780 nm.  

 

Registration between TEM and confocal images was achieved in Adobe Photoshop CC with the 

custom warp transformation function, accounting for the physical manipulation of sections for 

either light or electron microscopy during collection and processing. Registration was based on 

alignment of hair cell boundaries only, in order to avoid biasing the correlation of membranous 

cytoplasmic bodies and bright punctate structures. In order to facilitate the identification of 

GTTR fluorescence intensity differences in micrographs, when overlaid on top of greyscale TEM 

micrographs, florescence intensities were converted to heat map colours in Image J with the 

‘thermal’ look up table.       

  

2.5.4. Scanning electron microscopy 

2.5.4.1. SEM of the apical surface of the organ of Corti 

Cultures were fixed with 2.5% glutaraldehyde, 2 mM calcium chloride, 0.1 M sodium cacodylate 

for 1 hour at room temperature followed by 24 hours at 4°C, and maintained in a tenfold dilution 

of this fixative prior to dehydration by ethanol series and maintenance in 100% ethanol. With 

the aid of Catalina Velez-Ortega and Gregory Frolenkov at the University of Kentucky, samples 

were critical point dried in a Leica EM CPD300, mounted, and sputter coated with 5 nm platinum. 

Images were collected from multiple regions in the middle of the coils with an FEI Helios Nano 

lab 660 microscope, operated at 10 kV, at the University of Kentucky by Gregory Frolenkov 

(image acquisition directed by myself). Micrographs were processed in Adobe Photoshop CC.  

 

2.5.4.2. Focussed ion beam scanning electron microscopy  

Cultures were fixed for 2 hours at room temperature with 2.5% glutaraldehyde, 2 mM calcium 

chloride, 0.1 M sodium cacodylate; followed by secondary fix with 1% osmium tetroxide, 1.5% 

potassium ferrocyanide, 0.1 M sodium cacodylate for a further 2 hours. Samples were 

dehydrated by ethanol series and transferred to propylene oxide prior to embedding in an Epoxy 

Embed812/Araldite 502 resin mix. As previously, to enable infiltration, cultures were incubated 
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with increasing concentrations of resin in propylene oxide prior to overnight incubation in 100% 

resin. Cultures were embedded in fresh resin and bocks were cured for 48 hours at 60°C.  

 

Following tissue exposure by ultramicrotomy, FIB-SEM was carried out at the Center for 

Nanoscale Systems, Harvard University, on a FEI Helios Nano lab 660 operated at 3 kV by Artur 

Indzhykulian. Outer hair cells in row one in the mid region of the coil were imaged with 20 nm 

milling steps (in consultation with myself). Milling and imaging was carried out in an orientation 

along the apical/basal axis of the organ of Corti, orthogonal to the reticular lamina, travelling 

through multiple outer hair cells in row one simultaneously. Images were processed in Image J 

and registered by ‘Register virtual stack’ plugin30. Further FIB-SEM data handling, such as colour 

inversion, levels adjustment and cropping utilised Image J batch processing. Optical reslicing of 

FIB-SEM data was carried out in Image J, interpolating 20 nm milling steps to the x,y resolution 

of 3.82 nm/px. Figures and movies were prepared in Adobe Photoshop CC.   
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3. Endocytic Retrieval of  

Neomycin-Induced Membrane Blebs 
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3.1. Introduction 

3.1.1. Aminoglycoside damage at the apical pole of sensory hair cells 

The cytotoxic effects of aminoglycosides on sensory hair cells are numerous and complex 

(outlined further in section 4.1.). This study focusses specifically on the immediate effects of a 

high concentration of aminoglycosides on hair sensory hair cells in organotypic cochlear 

cultures: The formation of large membrane blebs and externalisation of phosphatidylserine (PS) 

at the apical pole19–22.  

 

3.1.1.1. Aminoglycoside induced membrane blebbing 

Membrane blebs form in cochlear cultures on the apical surface of sensory hair cells in response 

to a number of aminoglycosides, including neomycin, gentamicin and dihydrostreptomycin21. 

The most severe surface damage is encountered as a result of neomycin treatment, with 

concentrations as low as 200 µM rapidly inducing membrane blebbing19. This morphological 

effect is restricted to hair cells, which are more sensitive at the basal end of the cochlea, and is 

not observed in the supporting cells within the organ of Corti19. Blebbing in response to 

neomycin treatment is more severe when applied in Ca2+/Mg2+ free saline than in perilymph-like 

medium and can be blocked by elevating the concentration of Ca2+, or by lowering the 

temperature to 4°C during neomycin exposure19. Other polybasic compounds, poly-L-lysine and 

spermine, also induce membrane blebbing21. Membrane blebbing at the apical pole of sensory 

hair cells in the mouse utricle has also be observed ex vivo following the trans-tympanic injection 

of gentamicin (ChunJie Tian, personal communication).   

 

Following treatment with 1 mM neomycin there is no disruption to the basolateral membranes 

of hair cells19, however there is a significant increase in whole-cell capacitance22. After ~2 min of 

neomycin exposure the whole cell capacitance of outer hair cells increases from 6.4 to 9.6 pF, 

indicative of an increase in the surface area of the plasma membrane, and therefore the addition 

of membrane to the apical pole of hair cells during membrane blebbing22. Freeze-fracture 

analysis reveals that the membrane that accumulates in membrane blebs in response to 

neomycin treatment contains very few intramembrane particles and is likely to have a high 

content of unsaturated phospholipids in a fluid phase. This membrane is therefore not typical 

of that found at the apical surface of hair cells20. Neomycin elicited blebs contain cytoplasm and 

osmophilic membrane. When cultures are fixed in high osmolality fixatives, following incubation 

for 1-hour in neomycin, poly-L-lysine or spermine, bleb content is more condensed and contain 

concentric whorl structures that resemble myelin or artificial multi-lamellar liposomes19,21.   
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3.1.1.2. Aminoglycoside induced phosphatidylserine externalisation 

In addition to membrane blebbing, treatment with 1 mM of the aminoglycosides neomycin, 

gentamicin, and dihydrostreptomycin, induces the rapid externalisation of PS on the outer 

leaflet of the apical plasma membrane of hair cells22. PS is normally restricted to the inner leaflet 

of the plasma membrane; however, during apoptosis PS translocates to the outer leaflet. The 

translocation of PS can be identified by the external application of fluorescently conjugated 

annexin V, a calcium dependent PS binding protein. PS is not ordinarily detected in the outer 

leaflet of the apical plasma membrane of hair cells in cochlear cultures22. However, following 

perfusion with 1 mM neomycin, PS externalisation is observed on the hair bundle within ~75 

seconds, and extends to the periphery of the hair cell and membrane blebs within the next ~75 

seconds22.  

 

As with aminoglycoside-induced blebbing, PS externalisation is evident in both inner and outer 

hair cells and extends from the basal to the apical end of the cochlea, in a manner that increases 

with developmental age. PS externalisation is also restricted to the apical surface of hair cells, 

with no change observed on the basolateral membrane. Poly-L-lysine treatment also elicits PS 

externalisation, spermine, however, does not. Similarly, PS externalisation can be elicited by 20 

mM CaCl2 in the absence of membrane blebbing. PS externalisation and membrane blebbing can 

therefore occur independently22. 

 

Neomycin entry into hair cells, via the mechanoelectrical transducer channel, is required for 

membrane blebbing and PS externalisation, and is thought to induce lipid scrambling as a result 

of phosphatidylinositol 4,5-bisphosphate (PIP2) clustering22. As with calcium31, neomycin can 

cluster PIP232, and the overexpression of PIP2-binding pleckstrin homology domain of 

phospholipase Cδ1 blocks PS externalisation22. As neomycin-induced blebbing and PS 

externalisation are observed in calcium-free saline it was concluded that PS externalisation is as 

a direct result of PIP2 clustering by neomycin rather than as a result of a neomycin-induced 

calcium increase in hair cells22.  

 

Large membrane blebs and the externalisation of PS have also been observed at the apical 

surface of hair cells in acutely dissected guinea pig organs of Coriti, in the absence of other signs 

of apoptosis33,34. The formation of blebs in acute guinea pig preparations were largely attributed 

to Na+ influx, presumably as a result of breaking the compartmentalisation of endolymph and 
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perilymph when transferring the organ of Corti into homogenous perilymph-like (high Na+) 

medium. Bleb formation was reduced by blocking cAMP synthesis, inhibition of PI-3 kinase, and 

block of intracellular vesicle transport34. However, the adenylate cyclase inhibitor SQ22546, PI-

3 kinase inhibitor LY294002, and the vesicle-transport inhibitor brefeldin A were found to have 

no effect on neomycin induced blebbing and PS externalisation in cochlear cultures 22. 

 

 

3.1.2. Repair from neomycin-induced damage  

As sensory hair cells of the mammalian cochlea are not replaced following cell death, the 

maintenance of the cell and sensory hair bundle is critical for normal hearing. Indeed, 

components of the stereocilia, including their membrane, undergo continual renewal35,36. In 

cochlear cultures that are damaged for 15-30 minutes with neomycin and subsequently washed 

and allowed to recover at 37°C, PS is no longer detected on the apical surface, and membrane 

blebs are removed22. After 30 minutes recovery, surface bound annexin V is internalised and 

distributed in a punctate manner throughout the supranucular apical cytoplasm of the hair cell, 

between the nucleus and cuticular plate. Labelling with fluorescent annexin V that is applied 

following recovery from damage is substantially reduced in cultures that have recovered at 37°C, 

but is not reduced in cultures that are maintained at 20°C during the recovery period22. Taken 

together, these data demonstrate the endocytic retrieval of bleb membrane from the apical 

surface of hair cells occurs during recovery from neomycin-induced blebbing. 

 

3.1.2.1. Mechanisms of damage repair  

A large body of work was carried out by Nicola Allen (Richardson lab, PhD thesis)23 to determine 

the mechanism of endocytosis in hair cells during bleb retrieval. Evidence indicates a number of 

endocytic mechanisms are operational in sensory hair cells, and under normal physiological 

conditions numerous coated pits are associated with the apical plasma membrane of hair cells20, 

and membrane bound structures and vesicles are abundant in the cytoplasm below it37. A 

summary of canonical endocytic pathways and their respective inhibitors that have been, or will 

be, tested for their influence on damage repair are presented in figure 3.1. 

  

The ultrastructural characteristics of numerous canonical endocytic mechanisms can be 

observed during, or prior to, damage repair23. Antibody labelling for the clathrin heavy chain or 

caveolin 1 does not, however, co-localise with annexin V labelling during repair. Incubation with 

Pitstop 2, an inhibitor of the coated pits that form during clathrin-mediated endocytosis, did not  
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prevent annexin V internalisation; nor did incubation with dynasore or rhodadyn, inhibitors of 

the GTPase dynamin required for the scission of membrane during both caveolar and clathrin-

mediated endocytosis23. It is concluded therefore that neither caveolae nor clathrin-mediated 

endocytosis are required for the damage repair process.    

 

The formation of extended invaginations, similar to those that characterise clathrin independent 

carriers (CLIC), in addition to ring-like structures resembling glycosylphosphatidylinositol-

anchored protein enriched early endosomal compartments (GEECs) were observed by TEM 

during repair from neomycin damage38. However, the Na+/H+ exchange inhibitor 5-(N-Ethyl-N-

isopropyl)amiloride (EIPA) that blocks the CLIC/GEEC pathway does not inhibit repair from 

neomycin damage. Double-membrane bound compartments, characteristic of autophagy, were 

also detected by TEM during repair from neomycin-induced damage. Although autophagy is 

sensitive to PI-3 kinase (PI3K) inhibition, the PI3K inhibitors wortmanin and LY294002 did not 

block repair23.  

 

Mechanisms of large-scale bulk endocytosis such as macropinocytosis have also been 

considered (discussed further in section 3.2.3.). Intriguingly, macropinocytosis can be activated 

by the presence of PS in the outer leaflet of the plasma membrane39; it is, however, susceptible 

to PI3K inhibitors and inhibitors of Na+/H+ exchange40. As damage repair is not sensitive to 

wortmannin, LY294002 or EIPA,23 canonical micropinocytosis does not account for bleb 

internalisation.   

 

Neomycin-induced bleb formation and recovery has also been determined to be independent 

of myosin II mediated cortical contraction and subsequent bleb retraction23. In a number of cell 

lines in which membrane blebbing has been reported, membrane blebs are formed as a result 

of cortical contraction increasing cell pressure, and are subsequently removed following cortex 

re-assembly and retraction41. This processes is sensitive to the myosin II inhibitor blebbistatin. 

However, neither neomycin induced blebbing, nor repair, were inhibited by blebbistatin 

treatment23.  

 

 

3.1.3. The actin cytoskeleton in endocytosis  

The actin cytoskeleton is required for a multitude of cellular events aside from the maintenance 

of cell structure and the localisation of intracellular organelles, including endocytosis and the 
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transport of vesicular cargo within the endocytic system42. Actin is required for clathrin 

mediated endocytosis, phagocytosis, micropinocytosis and cortical dorsal ruffles40,43–45. The 

dynamics of actin, in combination with the scaffold, regulatory, and myosin motor proteins that 

are associated with it, can be responsible for the forces that contribute to plasma membrane 

deformation, bringing material into the cytoplasm, and membrane fission.46  

 

The large-scale endocytic mechanisms of phagocytosis and micropinocytosis are characterised 

by extensive cytoskeletal reorganisation and membrane remodelling47. Both mechanisms can 

internalise particles > 500 nm in diameter, either in the fluid-phase during  macropinocytosis, or 

a via receptor mediated process in phagocytosis48.  Actin drives the formation of membrane 

ruffles and protrusions of plasma membrane that subsequently collapse and fold back on 

themselves giving rise to large endocytic vacuoles38,40,45,47.  

 

3.1.3.1. A role for actin in hair-cell damage repair   

Actin dynamics are tightly regulated by associated proteins including capping proteins such as 

Eps849. The ability of hair cells to repair from neomycin-induced damage, however, is not 

impaired in cochlear cultures prepared from Eps8 deficient mice23. The actin cytoskeleton has, 

however,  been implicated in the repair process as myosin VI is required for the transport of 

internalised bleb material away from the periphery of the hair cell22.  

 

The minus end-directed myosin motor, myosin VI, has been implicated in many aspects of 

endocytosis in polarized epithelial cells50, including the transport of uncoated vesicles from the 

periphery of cells51 and organelle movement52. Mutations in myosin VI cause deafness in 

humans53, and the absence of myosin VI in the Snell’s waltzer mouse (Sv) results in hair bundle 

defects54. Although neomycin-induced blebs are internalised during recovery in cochlear 

cultures prepared from Sv mice, most of the annexin V positive bleb membrane remains located 

at the apical pole of hair cells and fails to distribute throughout the cytoplasm implicating myosin 

VI and the actin cytoskeleton in damage repair22. 

 

The role of actin dynamics in damage repair are investigated further in the present study by the 

examination of damage repair during the disruption of actin polymerisation and stability, as well 

as the role of protein kinase A (PKA), an actin regulator that is directly anchored to the actin 

cytoskeleton55. 
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3.1.4. Atypical exo- and endo-cytosis 

3.1.4.1. Plasma membrane injury induced exocytosis and repair 

Membrane wounds are rapidly repaired in eukaryotic cells following the entry of extracellular 

Ca2+ through lesions, triggering localised bursts of exocytosis56,57. Although Ca2+ regulated 

secretion is clearly common place in a number of cells, this process has been observed in a range 

of cell types that are not specialised in Ca2+ regulated secretion58. Lysosomal membranes fuse 

with the plasma membrane, as detectable by the presence of lysosome associated membrane 

protein 1 (LAMP1) at the plasma membrane59, releasing lysosomal hydrolases including acid 

sphingomyelinase (ASM)60. Lysosomal membrane fusion does not however simply ‘patch’ 

membrane lesions as originally assumed61, or reduce membrane tension to facilitate 

spontaneous resealing62, as this would not account for the elimination of stable protein lined 

transmembrane pores such as those induced by streptolysin O (SLO) toxin58. Instead, lysosomal 

fusion initiates the active endocytosis of damaged membrane.58  

 

Ultrastructural analysis by electron microscopy reveals a population of highly homogenous <100 

nm vesicular structures that resemble caveolae flask shaped invaginations at early time points 

(seconds after lesion formation)63,64. Indeed, SLO has been visualised entering cells in caveolin-

positive caveolar vesicles63. At later time points (3-4 minutes after lesion formation) 

endocytosed membrane was found in large 300-500 nm  vacuolar structures65. The role of 

lysosomal exocytosis for the induction of lesion endocytosis has been ascribed to the release of 

ASM. ASM cleaves the phosphatidylcholine head group of sphingomyelin, an abundant plasma 

membrane lipid associated with cholesterol, to form ceramide, a lipid that forms inward-

budding microdomains following coalescence58. Exogenously applied sphingomylinase can 

promote plasma membrane repair even in the absence of Ca2+66, and inhibition of ASM block 

the formation of ceramide platforms and membrane repair67. It has therefore been 

hypothesised that ceramide production by exocytosed ASM may cause caveolae formation and 

endocytosis during membrane repair58. 

 

3.1.4.2. Massive endocytosis (MEND)  

Massive endocytosis (MEND) is a term that was coined by Hilgemann et al. in a series of 

publications in 201168–70 that describe a number of novel large-scale endocytic events driven by 

Ca2+ transients or amphipathic compounds, recorded by capacitance measurements  and FM 4-

64 dye tracing. Endocytosis of >50% of the plasma membrane in BHK and HEK203 cells is 

reported to occur by a mechanism that does not require clathrin, dynamin, or the actin 
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cytoskeleton, however is sensitive to cholesterol disruption by β-methycyclodextrin68. 

Hilgemann et al. therefore conclude that MEND is driven instead by ‘lipid forces’. 

 

As with membrane lesion repair, MEND was first described following Ca2+ transient induced 

exocytosis68. Ca2+ influx can induce MEND either by the long-term effects of multiple transients 

or MEND can be induced in the immediate presence of high Ca2+, dependent on the cellular 

environment. In the former, Ca2+ influx induces MEND via ATP action on PIP2 synthesis. In the 

absence of ATP, Ca2+ influx induces only exocytosis. Alternatively, MEND can occur in the 

absence of ATP and PIP2 when either (i) cytoplasmic Ca2+ is clamped at 10 µM, and is no longer 

transient, (ii) cytoplasmic solutions contain polyamines, or (iii) the membrane is enriched in 

cholesterol. Ca2+ influx induced MEND in cardiomocytes was observed in the absence of prior 

exocytosis. Exocytosis is therefore not a necessary for MEND68. 

 

The application of bacterial sphingomylinases, as with ASM in membrane lesion repair, can also 

induce rapid MEND68. However, Ca2+ activated MEND is not blocked by desipramine treatment, 

considered to displace ASM from membranes, suggesting ASM does not participate in ‘normal’ 

Ca2+ activated MEND69, although it has been suggested that full inhibition of ASM activity may 

not have been achieved under these conditions58. Fine et al. (2011) highlight that the ceramide 

domain induced high inward curvature and subsequent budding and fission proposed to occur 

during ASM treatment, in albeit in non-physiological conditions, demonstrate the potential for 

lipidic forces to drive endocytosis69. 

 

In a more recent pair of studies Hilgemann et al. identify a pathway by which large Ca2+ transients 

can induce MEND in BHK cells and cardiomyocytes71,72. Here, Ca2+ influx results in the opening 

of permeability transition pores in the inner membrane of mitochondria, and the subsequent 

release of CoA into the cytoplasm73. This leads to the palmitoylation of plasma membrane 

proteins, in an acyl CoA and DHHC5 palmitoyl acyl transferase dependent manner. The addition 

of fatty acids to membrane proteins promotes the coalescence of ordered membrane domains 

and thereby instigates MEND71,72.  

 

Hilgemann and Fine (2011)70 found that the membrane that was internalised during MEND 

bound to amphipathic molecules less well than the membrane that remained at the cell surface, 

and concluded that more ordered portions of membrane were therefore internalised by MEND. 

Ordered lipid domains in membranes experience ‘line tension’ with the surrounding membrane, 

dependent on parameters such as differences in thickness between membranes, that can 
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minimise their size and induce energetically favourable curvature69,74,75. It has also been 

suggested that ordered membrane domains can develop ‘collective tilt’ when domains reach 

diameters of 50-100 nm, which lead to spontaneous budding and fission76. The self, or 

otherwise, organisation of homogeneous lipid in the plasma membrane may therefore be able 

to provide the energies that can drive endocytosis in MEND in the absence of canonical 

endocytic machinery69. 

 

 

4.1.5. Cell volume regulation  

As there is an increase in whole cell capacitance concurrent with the formation of large 

membrane blebs during neomycin exposure, the hair cell volume is likely to increase during 

damage22. Cells regulate their volume by continually adjusting the intracellular concentrations 

of osmolytes, which in turn drive water flux across the membrane. This process usually occurs 

in the absence of significant exocytic or endocytic insertion or retrieval of membrane from the 

cell surface77. In almost all mammalian cells osmotic swelling or shrinkage is counteracted by 

regulatory volume decrease (RVD) or regulatory volume increase (RVI) respectively. The rapid 

reversal of osmotic gradients is achieved by the activation of osmolyte channels and 

transporters. Osmolytes must therefore be poorly membrane permeable and present in 

sufficient concentrations to induce osmotic change; these include K+, Na+ and Cl- as well as small 

compounds such as taurine and glutamate77. In response to osmolyte relocation water can 

diffuse across the plasma membrane, with the membrane permeability markedly enhanced by 

dedicated water channels, the aquaporins78.  

 

4.1.5.1. Regulatory volume decrease   

RVD involves the exit of K+ and Cl- from the cell, through either cotransporters or parallel, 

separate, K+ and Cl- transporters. There is considerable diversity, and as such, redundancy, in 

these volume-regulatory effectors77. A role for K+/Cl− cotransporters (KCCs) encoded by KCC1–

KCC4, has long been established in RVD77. Cl− channels involved in RVD include the calcium 

activated chloride channels (CaCCs)79 and the volume-regulated anion channel (VRAC)80,81.  The 

role, and molecular identity of these channels, has been more enigmatic, in part due to 

continued difficulties with their precise pharmacological inhibition82. 

 

In many cells, swelling is associated with an increase in intracellular  Ca2+ 77. Two families of CaCCs 

have been identified, the TMEM16s (also known as the anoctomins) and the bestophins. The 
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TMEM16 family is of particular interest here as most TMEM16 paralogs are Ca2+ activated lipid 

scramblases83, and because of the recent identification of TMEM16-like channels TMC1 and 2 as 

the pore forming sub units of the MET channel3. However only TMEM16a (ANO1) and TMEM16b 

(ANO2) are CaCCs83. Of the bestophins, BEST1-3 have been identified as CaCCs84. 

 

Until recently the molecular identity of VRAC, also referred to as IClswell, the volume activated 

anion current (IClvol), the volume-sensitive outwardly rectifying anion channel (VSOR), and the 

voltage-sensitive osmolyte and anion channel (VSOAC), was not known. It was, however, 

extensively characterised by its physiological properties, including time-dependent inactivation, 

ion selectivity (I>Br>Cl) and conductance of glutamate and turine85. The leucine-rich repeats 

containing 8 family (LRRC8) have now been identified as the constituents of VRAC80,81. LRRC8 

proteins form multi-meric, 6-8 subunit channels, the properties of which are dependent on the 

differential expression of LRRC8B-E.80,81 The LRRC8 family has 5 members (A-E) of which LRRC8A 

plus another subunit, from LRRC8B-E, are essential for VRAC function. Intriguingly, the ototoxic 

compound cisplatin can enter cells via VRACs and this is dependent on the LRRC8D subunit86. In 

addition to their critical role in cell volume regulation, VRAC function is also reported in cell 

proliferation87 and migration88. VRACs have also been implicated in the absence of cell swelling 

in apoptotic volume decrease89 , and in toxic glutamate release in stroke90.  

 

The mechanism of VRAC activation is not fully resolved; a number of pathways have been 

demonstrated. Classically, activation is considered to be in response to cell swelling; with 

contributions from intracellular ionic strength91, and the actin cytoskeleton92. However, extreme 

changes in extracellular osmolality are rare in most cells types under normal physiological 

conditions90, and VRACs can be activated under iso-osmotic conditions85. Reactive oxygen 

species93, epidermal growth factors receptor signalling94, plasma membrane cholesterol95 and 

diacylglycerol96 have all been implicated in VRAC activation.   

 

 

3.1.6. Research aims  

The overarching aim of the research presented in this chapter is to determine the mechanisms 

by which sensory hair cells recover from neomycin-induced damage, focussing specifically on 

bleb retrieval. This was undertaken by pursuing a number of more specific aims: (i) to 

characterise the dynamics of bleb retrieval, (ii) to determine the role of canonical effectors of 
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endocytosis in bleb internalisation, (iii) to investigate the link between volume regulation and 

recovery, and finally, (iv) to characterise the ultrastructure features of bleb endocytosis.  

 

(i) The dynamics of bleb retrieval were characterised by live time lapse imaging. DIC imaging of 

the apical surface revealed rapid internalisation of large kinocilium blebs during the first 15 

minutes of recovery. Confocal imaging revealed subsequent to a bulk endocytic event bleb 

membrane is broken up and dispersed within hair cells. (ii) The role of effectors of canonical 

endocytic mechanisms were assayed by pharmacological inhibition during recovery. It was 

demonstrated that the internalisation of membrane and redistribution of PS can occur 

independently, and that remodelling of the actin cytoskeleton is not required for bleb 

internalisation. (iii) The size of neomycin induced blebs was demonstrated to increase in 

hypotonic solutions, therefore the role of volume regulation in bleb internalisation was 

investigated. Osmotic pressure was demonstrated to affect the rate of bleb internalisation, and 

repair was determined to be dependent on functional volume regulating anion channels. (iv) 

The ultrastructure of the bleb membrane retrieval process was extensively characterised by 

multiple modalities of electron microscopy. Internalised membrane was shown to form 

heterogeneous multi-layered concentric membrane whorls. FIB-SEM demonstrated that these 

structures form frequently and are onion like in topology. Finally serial TEM tomography of 

internalising bleb membrane suggests that blebs are internalised by sequential envelopment of 

highly convoluted bleb membrane during bleb collapse. Overall these findings further our 

understanding of the mechanisms by which hair cells can repair from aminoglycoside induced 

membrane damage.  
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3.2. Results 

3.2.1. Rapid neomycin induced damage and repair occurs in mouse and zebrafish hair cells 

As described previously, treating cochlear cultures with a high dose of neomycin leads to the 

formation of large membrane blebs, and the externalisation of PS on the outer leaflet of the 

plasma membrane at the apical pole of sensory hair cells22. Forming the basis for the assay used 

throughout this study of damage repair, cochlear cultures prepared from postnatal day 2 mice 

maintained in vitro for a further 24 hours (P2+1) were incubated for 15 minutes with 1 mM 

neomycin at ambient temperature (21-23°C) in Hepes Buffered Hank’s Balanced Salt Solution 

(HBHBSS) (fig. 3.2 B imaged after 10 minutes). The addition of fluorescently conjugated annexin 

V (referred to forthwith simply as annexin V for brevity) to medium during damage allows for 

the visualisation of PS in the outer leaflet of the plasma membrane (fig. 3.2 Bii). Large blebs 

located in the region of the kinocilium are readily identifiable by transmitted light microscopy 

with differential interference contrast optics (DIC), as well as by annexin V fluorescence (fig. 3.2 

B arrows). Less clear by DIC, yet highlighted by annexin V fluorescence, are smaller blebs that 

form around the periphery of hair cells (fig. 3.2 Bii).   

 

Following 15 minutes damage, cultures were washed and incubated in rat culture medium 

(RCM) at 37°C for a recovery period of 30 minutes, prior to fixation and actin labelling with 

fluorescently conjugated phalloidin. After 30 minutes recovery, annexin V, present in culture 

medium during damage only, is observed within the cell bodies of the inner and outer hair cells 

(fig. 3.2 C). Some fluorescence remains near the apical surface of the hair cells, however a large 

number of fluorescent puncta are observed deeper within the cell towards the nucleus, 

demonstrating the internalisation and dispersal of membrane previously associated with the 

blebs and the apical surface of the hair cell.   

 

Hair cells in the neuromasts of zebrafish larvae (fig. 3.2 E & F) have been used extensively in the 

study of aminoglycoside toxicity and offer the potential for rapid, high throughput, 

pharmacological and genetic studies97. As a robust damage repair assay that utilises this model 

is an attractive prospect for identifying cellular components and mechanisms involved in repair 

from neomycin induced blebbing, the damage repair process was also explored in vivo in the 

hair cells of the zebrafish lateral line system. 

  

The rapid formation of membrane blebs and PS externalisation as a result of neomycin exposure, 

and the subsequent reversal of this effect, were observed in the hair cells of the zebrafish lateral  
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Figure 3.2: Damage and repair in mouse cochlear cultures and zebrafish neuromast hair cells 

A Schematic of damage repair assay in cochlear cultures, indicating time of micrograph collection. B Live 

wide field micrographs of the basal region of a P2+1 cochlear culture incubated with 1 mM neomycin in 

presence of with Alexa Fluor 488 annexin V for 10 min in HBHBSS.  (i) DIC, (ii) annexin V fluorescence, 

arrows indicate kinocilium located blebs. C Confocal microscopy of the mid region of a P2+1 cochlear 

culture that was incubated with 1 mM neomycin and 488-annexin V in HBBSS for 15 minutes prior to wash 

out and recovery for 30 minutes at 37°C followed by fixation. (i – iii) Maximal z-projection of a 25 µm deep 

orthogonal section. (iv) Maximal z-projection of the apical portion of hair cells, dotted box indicates 

section used for orthogonal projection. Arrow indicates internalised annexin V positive membrane. D 

Schematic of damage repair assay in zebrafish larvae, indicating time of micrograph collection. E&F 

Maximal z-projection of 5 dpf zebrafish head neuromasts following treatment with 1 µM neomycin for 5 

minutes in presence of Alexa Fluor 594 annexin V (E), or after treatment with 1 µM neomycin for 5 minutes 

in presence of  Alexa Fluor 594 annexin V followed by washout and 30 minutes of recovery (F). Arrow in 

Ci indicates PS positive blebs arrow in Di indicates internalised annexin V.      

 

 

line system. Five-day post fertilisation zebrafish larvae maintained at 28°C were incubated with 

1 µM neomycin for 5 minutes in the presence of annexin V, prior to the wash out of neomycin 

and recovery for 30 minutes. As in mouse cochlear cultures, annexin V positive blebs are 

observed at the apical surface of hair cells following neomycin exposure (fig. 3.2 E arrow). 

Following recovery, annexin v is detectable in punctate structures within the hair cell body, as 

in the mouse, (fig. 3.2 F arrow). Unlike in the mouse, however, annexin V appears diffuse in the 

hair cell cytoplasm, and PS externalisation is not observed on the kinocilium of zebrafish hair 

cells during damage (there is insufficient resolution to determine if stereocilia are labelled). 

Although zebrafish lateral line hair cells do undergo damage and repair, this assay was found to 

be less reliable than that in mouse cochlear cultures (for example fig. 3.2 E and F only two hair 

cells have responded to neomycin damage in each condition). As such, this system was not used 

further for the investigation of the damage repair process in this study. 

 
 
3.2.2. Larger blebs form during damage in a hypo-osmotic solution  

Although when neomycin treatment was carried out in HBHBSS large kinocilium located blebs 

were observed, this aspect of the response was found to be quite variable during the course of 

this study. Neomycin consistently induced the formation of small blebs and PS externalisation, 

however the size of blebs located around the base of the kinocilium was more variable (fig. 3.2 

Bi compared to fig. 3.3 Ai). Damage with 1 mM neomycin in HBHBSS with reduced osmolality 

(~241 mOsm/kg compared to ~288 mOsm/kg in HBHBSS), referred to forthwith as low ionic 

strength (LIS) HBHBSS, consistently induced the formation larger kinocilium-located blebs, than 

those produced in HBHBSS (fig. 3.3 Ci, A HBHBSS compared to B LIS-HBHBSS). However, SEM of 

cochlear cultures treated with neomycin in HBHBSS or LIS-HBHBSS for 15 minutes revealed that  
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fewer small blebs formed lateral to the kinocilium domain and around the periphery of hair cells 

in LIS-HBHBSS (fig. 3.3 Cii, Aii compared to Bii). Following wash out of neomycin and 30 minutes 

recovery in RCM at 37°C, as with cultures damaged in HBHBSS, hair cells that were treated with 

neomycin in LIS-HBHBSS underwent complete recovery from membrane blebbing (fig. 3.3 Dii 

compared to Di).   

 

Historically, neomycin-induced damage and repair have been studied with damage elicited at 

ambient temperature22,23. In routine damage and repair assays, featured throughout this study, 

damage is visualised after 10 minutes during a 15 minute neomycin treatment. Accordingly, in 

order to maintain cultures at 37°C during the damage period, damage and repair would need to 

be carried out in heated chamber assemblies (as in live DIC time-lapse imaging (section 3.2.3.1.)). 

This is, however, logistically challenging for experiments with multiple conditions. Comparison 

of kinocilium-located blebs formed following 15 minutes of neomycin exposure in HBHBSS at 

ambient temperature (21-23°C) and at 37°C (fig. 3.3 E) reveals that there is no difference in the 

size of blebs elicited when damage is carried out at these differing temperatures. Therefore, for 

reasons of practicality, and in order to maintain consistency between findings within this study 

and previous work, damage throughout this study is carried out ambient temperature (21-23°C). 

 

 

3.2.3. Membrane bleb retrieval is a rapid two-phase process  

3.2.3.1. Bleb internalisation occurs within the first 20 minutes of recovery 

The dynamics of bleb formation and retrieval were investigated by live DIC time-lapse 

microscopy during a 15 minute exposure to 1 mM neomycin in LIS-HBHBSS at ambient 

temperature, followed by repair in Hepes buffered RCM (HBRCM) at 37°C (fig. 3.4 & Movie 1). 

Images were collected every 30 seconds, with focus adjusted to maintain visualisation of large 

kinocilium-located blebs. Imaging of damage typically commenced at the 1 minute time point. 

Cultures were washed following 15 minutes damage with HBHBSS (taking ~2 minutes) before 

the addition of pre-warmed HB-RCM, at which point the recovery period was considered to have 

started. Imaging of recovery commenced following the stabilisation of the bath temperature at 

37°C, typically 2:30 minutes into recovery, and continued for 30 minutes – 1 hour. The diameter 

of kinocilium-located blebs was measured for 11 outer hair cells from 3 different cochlear 

cultures, and each bleb was normalised as a percentage of its diameter at its largest point (fig. 

3.4 L). Blebs could not be accurately resolved, and therefore measured, in DIC micrographs 

during the last stages of internalisation (when ~20% below their original size).  

                      46



                      47



 
 

Membrane blebs form rapidly, within the first minute of neomycin exposure (fig. 3.4 B), and 

typically continue to increase to up to ~5 µm in diameter for the first 5-7 minutes of the damage 

period. Kinocilium-located blebs often decrease in size slightly during the second half of the 15 

minute damage period, however more membrane blebbing can often be observed to occur 

within the existing large blebs (fig. 3.4 D and E).  

 

Following the wash out of neomycin, blebs decrease in size over time; and there is no evidence 

of blebs pinching off the apical surface. Blebs are internalised rapidly, with the vast majority of 

bleb reduction and membrane internalisation occurring by 15 minutes, and complete clearance 

of blebs from the apical surface occurring within 20-30 minutes. Although bleb-size decrease 

appears to be linear when averaged across cells, (fig. 3.4 L) individual bleb shape and content 

are highly heterogeneous and dynamic during recovery as membrane is internalised (fig. 3.4 F-

I).   

 

3.2.3.2. Bleb membrane is dispersed subsequent to bulk endocytosis 

In order to track bleb membrane during recovery, following internalisation, live time-lapse 

confocal microscopy of fluorescently-tagged annexin V was utilised. Following 15 minutes 

damage in LIS-HBHBSS, during which annexin V was added for the last 5 minutes, z-stacks were 

collected of P2+2 inner hair cells at 1-minute intervals during recovery at 37°C in HB-RCM. Using 

collected transmitted light to align stacks in z based upon hair bundle focus; summative z-

projections were created at each time point from sections just below apical surface of hair cells 

(depicted in fig. 3.5 Ai). Only z-sections from below apical surface were analysed in order to 

circumvent the masking of fluorescence inside the cell by the large amount undergoing 

internalisation at the apical surface. Exploiting the relatively flat and elongated nature of inner 

hair cells in cochlear cultures after two days in vitro, signal moving deeper into the hair cell 

towards the nucleus is expected to move down in the frame of summative z-projections (as 

depicted diagrammatically in fig. 3.5 Ai and Aii).   

  

During the first 17 minutes of recovery, annexin V is largely restricted to an area of bright 

fluorescence in the lateral region of the hair cell, around and lateral to the area of the kinocilium 

and hair bundle (fig. 3.5 B-C). From 17 minutes onwards this area of high fluorescence intensity 

breaks up, and fluorescent membrane is dispersed deeper within the cell (fig. 3.5 D-H arrow 

follows an example of one such fluorescent puncta).  
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In order to quantify the distribution of fluorescently labelled membrane inside the cell during 

recovery, the proportion of fluorescence in summative z-projections that was contained within 

a lateral region of interest (ROI) was determined at each time point for 3 cells. Lateral ROIs were 

identified for each cell at early time points as the original apical location of annexin V 

fluorescence before recovery. Therefore, a decrease in the proportion of cellular fluorescent 

annexin V signal that is contained in the lateral ROI compared to the rest of the cell reflects a 

redistribution of annexin V labelled membrane (and not a decrease in fluorescence signal). In 

order to discount background fluorescence a threshold level of the top 7.5% of fluorescence 

intensity values (across all time points for each cell) was used (shown in red for 5 and 29 minute 

time points in fig. 3.5 Iii and Jii respectively), and the proportion of this fluorescence that was 

contained within the lateral ROIs was determined at each time point (fig. 3.5 Iiii and Jiii, white 

ellipse shows ROI, fluorescence above threshold contained within the ROI is indicated in yellow). 

Although these data are noisy due to limitations in resolution in x  y, z and t, the proportion of 

fluorescence in the lateral ROI in all 3 cells (depicted in blue, grey and red fig. 3.5 k) is greatest 

early in recovery, and begins to decrease after 14-16 minutes.  

 

Taken in combination, these data demonstrate that recovery from blebbing is a two-stage 

process. During the first ~15 minutes of recovery, the majority of kinocilium-located bleb 

membrane is internalised by rapid endocytosis (fig. 3.4) and collects near the apical pole of hair 

cells in the lateral region (fig. 3.5). After ~15 minutes, internalised membrane is dispersed 

deeper into the cell (fig. 3.5 and 3.2 C). 

 

 

3.2.4. Perturbation of the repair process    

In order to establish the mechanism by which the damage induced by neomycin exposure is 

repaired by hair cells, attempts were made to impede repair, and therefore determine 

components and pathways involved in the process.  

 

3.2.4.1. Damage repair is not Rab5a dependent  

Rab GTPases function as regulators of membrane trafficking. Specific Rabs regulate various 

stages of trafficking, including vesicle formation, fusion, and cytoskeletal interaction98. Rab5a 

has been demonstrated to be a key early regulator of endocytosis in polarized epithelial cells99, 

and is expressed in sensory hair cells100. Associated with the apical and basolateral plasma 
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membrane of polarized epithelial cells, Rab5a is required for early endosome fusion and 

transport between the plasma membrane and early endosomes101. 

 

To determine if Rab5a function is necessary for repair from neomycin-induced damage, a virally 

delivered dominant negative (dn) Rab5a construct was tested for its ability to impede the repair 

process. Dominant negative activity of Rab5a was induced by a S35N substitution, immediately 

downstream of the first GTP/GDP binding motif, as described previously by Li and Stahl (1993)27. 

dn-Rab5a was encoded in a construct coupled to EGFP by a P2A element under the CAG 

promotor, designed by Emma Kenyon, and generated in adeno-associated virus (AAV) by the 

viral core services at Charité Universitatsmedizin Berlin.   

 

In order to confirm the block of Rab5a action in a polarized epithelium by infection with the 

dominant negative AAV construct, MDCK cells were infected with the AAV and maintained for 4 

days to allow dn-Rab5a production. Cells were then exposed to Texas Red-conjugated dextran 

(TR-dextran) for 30 minutes, prior to fixation, in order to assay the functionality of fluid-phase 

endocytosis in these cells (fig. 3.6). Following 30 minutes incubation with TR-dextran, cells not 

expressing the dn-Rab5a construct contain TR-dextran in small punctate structures. However, 

TR-dextran is not detected in cells expressing the dn-Rab5a construct, as determined by the 

expression of GFP (fig. 3.6). It is therefore concluded that expression of the dn-Rab5a construct 

does indeed and as expected inhibit the function of Rab5a.  

 

P2+1 cochlear cultures were infected with the dn-Rab5a AAV and maintained for a further 3 days 

in vitro prior to damage repair. Cultures were incubated for 15 minutes in 1 mM neomycin with 

annexin V in HBHBSS, prior to recovery for 60 minutes in RCM at 37°C (fig. 3.7 A). Infected hair 

cells (expressing GFP and dn-Rab5a) underwent significant blebbing and PS externalisation 

during damage (fig. 3.7 B). Following recovery, annexin V was distributed throughout the 

cytoplasm of inner and outer hair cells, independent of GFP and, therefore, of dn-Rab5a 

expression (fig. 3.7 C-E). It is therefore concluded that repair from neomycin damage does not 

require Rab5a function.  

 

3.2.4.2. H89 prevents recovery from phosphatidylserine externalisation  

The protein kinase A (PKA) inhibitor H89 was previously identified in Richardson Lab as a 

potential inhibitor of repair from neomycin induced damage23. In order to continue this study 

P2+1 cochlear cultures were pre-incubated in RCM containing either 20 µM H89 or an equivalent  
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concentration of DMSO (control) before treatment with 1 mM neomycin for 15 minutes in 

HBHBSS. Cultures were subsequently allowed to recover for 30 minutes in RCM containing either 

20 µM H89 or DMSO (fig. 3.8).   

 

As in controls, if PS labelling by annexin V was undertaken during the neomycin damage period, 

annexin V fluorescence was observed dispersed within hair cells following recovery in cultures 

treated with H89 (fig. 3.8 B and C), and blebs were no longer present on the apical surface of 

the cells (fig. 3.8 Di and Ei). H89 does not therefore prevent the internalization of bleb 

membrane. The same result was also observed in cultures that were not pre-treated with H89 

or DMSO prior to neomycin damage. 

 

In order to detect if any PS is maintained at the outer leaflet of the plasma membrane after 

recovery, annexin V labelling was carried out following recovery, as opposed to during damage 

as previously. Labelling is observed in bright punctate structures in controls (fig. 3.8 Dii, 

composite image of apical surface of epithelium based on DIC focus in Di). However, when 

treated with H89 during recovery, annexin V labelling is observed across the entire apical surface 

of the hair cell and hair bundle (fig. 3.8 Eii). H89 treatment alone, in the absence of neomycin 

damage, does not elicit PS externalisation23. It is therefore concluded that H89 prevents the 

recovery of PS externalisation, and that bleb internalisation and loss of PS from the outer leaflet 

of most of the apical plasma membrane are, to a large extent, independent processes.  

 

3.2.4.3. Functional actin dynamics are not required for bleb internalisation  

Rearrangement of the actin cytoskeleton plays a key role in a number of types of macro-

endocytosis. In order to determine the necessity for functional actin dynamics in damage repair 

in hair cells, the inhibitors jasplakinolide and latrunculin A were tested for their effects on bleb 

internalisation. Jasplakinolide binds to F-actin, stabilising and promoting the polymerisation of 

actin filaments (i.e. is an inhibitor of actin depolymerisation); whereas latrunculin A binds to 

monomeric G-actin, preventing actin filament polymerisation.  

 

DIC time-lapse imaging of kinocilium located blebs during recovery reveals that the addition of 

10 µM jasplakinolide to the recovery medium does not prevent bleb internalisation after 

neomycin-induced damage in LIS-HBHBSS (fig. 3.9 Ai-iii and Movie 2). Similarly, annexin V 

labelling of PS during damage in HBHBSS, is detected and dispersed within hair cells following 

their recovery in jasplakinolide, as in control cultures (fig. 3.9 B control compared to C  
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jasplakinolide). As phalloidin binding to F-actin is blocked by jasplakinolide, phalloidin labelling 

is not displayed for the jasplakinolide-treated culture. A 30-minute pre-incubation of cultures 

with jasplakinolide prior to damage, as well as during recovery, also does not prevent membrane 

internalisation.  

 

Although there is clear internalisation of membrane during jasplakinolide treatment and 

kinocilium located blebs are removed, at later time points of DIC imaging, ~30 min onwards, new 

small blebs begin to form during recovery in jasplakinolide (fig. 3.9 Aiv-vi arrows and Movie 2).  

A similar effect is observed when cochlear cultures are incubated with 10 µM jasplakinolide 

alone at 37°C in HB-RCM (fig. 3.9 D arrows). It is not clear if these blebs form on hair cells or 

support cells however.  

 

As with jasplakinolide treatment, the presence of 10 µM latrunculin A during recovery in HB-

RCM at 37°C does not block the internalisation of kinocilium-located blebs induced by neomycin 

in LIS-HBHBSS (fig. 3.10 A). Additionally, small membrane blebs again form during later time 

points of recovery.  

 

The fluorescence intensity of phalloidin is reduced in cultures treated with latrunculin A during 

recovery compared to in controls (fig. 3.10 B compared to C). This is presumably due to the 

depolymerisation of F-actin as a result of G-actin sequestration by latrunculin A. Indeed, during 

exposure to latrunculin A, the basolateral ends of hair cells begin to rise in the culture as the 

epithelium becomes increasingly disrupted by the action of the compound. Fluorescence 

intensity of annexin V also appears slightly decreased in cultures treated with latrunculin A. As 

damage and annexin V labelling are carried out prior to latrunculin A treatment, it is not clear 

why this occurs. This, however, gives the impression that internalisation of annexin V during 

recovery is reduced in response to latrunculin A treatment (fig. 3.10 B compared to C).  

 

In order to quantify internalised annexin V following recovery in the presence of latrunculin A, 

maximal z-projections were created from orthogonal sections for individual hair cells. A region 

of interest was drawn around the inside of the cell, utilising the phalloidin label of F-actin as an 

apical boundary (fig. 3.10 Di). The phalloidin labelling of the apical membrane is essential in 

order to discount fluorescent annexin V still at the apical surface of hair cells, as such this 

quantification method was not possible for jasplakinolide treated cultures.  
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In order to quantify fluorescence a threshold was applied to remove background signal and to 

identify internalised membrane independently of annexin V signal strength. The threshold was 

calculated in individual control cultures as the mean fluorescence value plus one standard 

deviation from top-down maximal z-projections. This value was applied to all orthogonal 

projections from both the control and its corresponding experimental condition for each 

replicate separately. Following application of the threshold (fig. 3.10 Dii), the area of 

fluorescence within the sub-apical ROI, that was above a threshold level, was calculated (fig. 

3.10 E). There was no significant difference in the total area of annexin V fluorescence in 

orthogonal projections of hair cells treated with latrunculin A during recovery compared to 

control. However, the distribution of internalized annexin V in latrunculin A treated cultures 

often appeared to be more restricted to the apical pole of the cell.  

 

Taken together it is concluded that functional actin dynamics are not required for the 

internalisation of membrane blebs during recovery from neomycin induced damage. The actin 

cytoskeleton may however play a role in the dispersal of membrane within hair cells following 

the initial internalisation of blebs during damage repair; and is important for the normal 

homeostasis of membrane at the apical pole of hair cells independent of neomycin damage.  

 

3.2.4.4. The rate of bleb internalisation is decreased in hypo-osmotic solutions 

In order to determine the effect of osmotic pressure on bleb internalisation, kinocilium-located 

blebs were tracked during recovery in Hepes-buffered RCM (HBRCM osmolality 296 mOsm/kg) 

(fig. 3.11 Ai-Di) as for all previous live imaging, or, in low ionic strength HBRCM (LIS-HBRCM 

osmolality 246 mOsm/kg) (fig. 3.11 Aii-Dii). Damage was induced by 1 mM neomycin for 15 

minutes in LIS-HBHBSS (241 mOsm/kg). It should be noted as live imaging takes place in an open 

chamber at 37°C the osmolality of the recovery solutions increases over time. After 60 minutes 

HBRCM had an osmolality of 366 mOsm/kg, and LIS-HBRCM had an osmolality of 367 mOsm/kg. 

However, this does not preclude a comparison of differences in bleb recovery in these solutions 

at early time points.  

 

Following transfer to normal recovery medium (HBRCM) blebs immediately decrease in size and 

continue to decrease during internalisation (fig. 3.11 E and 3.3), and most membrane blebs have 

disappeared (into the cell) by 30 minutes (fig. 3.11 Ci). However, when transferred into LIS-

HBRCM following neomycin wash out, blebs maintain or increase in size slightly for the first 5 

minutes of recovery (fig. 3.11 Aii-Bii and E). As a result, the overall rate of bleb internalisation is  
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decreased in LIS-HBRCM compared to in HBRCM. It is therefore concluded that bleb 

internalisation is sensitive to osmotic forces.   

 

3.2.4.5. Bleb internalisation requires volume-regulated anion channel function 

In light of the effects of osmolality on bleb internalisation, the Cl- channel inhibitor, niflumic acid 

(NFA), was tested for its ability to inhibit repair from neomycin-induced blebbing. Following 

treatment with neomycin in LIS-HBHBSS (fig.3.12 Ai and Bi) cultures were allowed to recover in 

RCM containing 100 µM NFA or vehicle (1% DMSO) for 30 minutes.  

 

In controls, blebs were removed from the apical surface of sensory hair cells (fig. 3.12 Aii), and 

annexin V fluorescence was observed dispersed within hair cells (fig. 3.12 C). In cultures 

incubated in 100 µM NFA during recovery, kinocilium-located blebs were not removed from the 

apical surface (fig. 3.12 Bii), however they did have a more granular appearance by DIC imaging 

(fig. 3.12 Bii repair in NFA compared to Bi damage). Similarly, unlike in controls, annexin V 

positive membrane was not dispersed throughout hair cells following recovery (fig. 3.12 D). This 

was confirmed by quantification of internalised annexin V fluorescence (as in section 3.1.4.3.) in 

cultures that had undergone 30 minutes recovery in RCM with NFA (or control) following 

annexin V labelling during neomycin damage in HBHBSS (fig. 4.12 E). Instead, fluorescence was 

restricted to the very apical pole of the hair cells.  

 

Interestingly, not only was membrane internalisation blocked during recovery in the presence 

of NFA, annexin v labelling of the hair bundles was also maintained during recovery (fig. 3.12 Fii 

NFA treated compared to control Fi). This suggests NFA not only blocks bleb internalisation, but 

also redistribution of PS, during recovery.  

 

For reasons that are not entirely clear, annexin V fluorescence was often reduced in NFA-treated 

cultures (Note that green channel levels in fig. 3.12 D are increased relative to control in order 

to demonstrate a lack of dispersed fluorescence in these cells). During NFA treatment, PS, to 

which fluorescent annexin V is bound, is maintained at the apical pole of the hair cell in the outer 

leaflet of the membrane. Therefore, one possible explanation for the reduced annexin V signal 

in NFA treated cultures is that PS may be more susceptible to Triton x 100 degradation during 

phalloidin labelling following recovery in NFA, than it is following recovery in controls.  
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Figure 3.12: Bleb internalisation is blocked by niflumic acid 

A-D P2+1 cochlear cultures were incubated with 1 mM neomycin for 15 minutes in LIS-HBHBSS at room 

temperature and allowed to recover for 30 minutes in LSM at 37°C containing DMSO or 100 µM niflumic 

acid (NFA). Ai&Bi DIC micrographs of damage after 10 minutes (mid region of the coil), Aii&Bii DIC 

micrographs after 30 minutes recovery (mid region of the coil) A DMSO control, B recovery with 100 µM 

NFA. C&D Confocal micrographs from the mid-basal region of coils fixed following 30 minutes of recovery 

in recovery from neomycin damage (in HBHBSS) DMSO (C), or 100 µM NFA (D). Maximal z-projections of 

25 µm orthogonal sections (i-iii), maximal z-projection of apical surface (iv). Alexa Fluor 488 annexin V 

fluorescence levels increased offline in D in order to show no fluorescence inside the cell. E Quantification 

of annexin V fluorescence in hair cells treated with DMSO or NFA during recovery from neomycin damage, 

area above threshold in maximal orthogonal projections. Damage was carried out in HBHBSS and recovery 

was in RCM. Error bars: standard deviation. Statistics: t-test, ns p>0.05. F live wide-field micrographs, in 

the hair bundle focal plane, collected following recovery in RCM with DMSO (i) or NFA (ii) (damage in 

HBHBSS). G&E SEM micrographs from the mid-basal region of the cochlear coil following recovery in (G) 

DMSO (arrows indicate membrane distortion at the apical pole), or (H) 100 µM NFA (arrow indicated 

membrane blistering) after exposure to neomycin in presence of (i) HBHBSS or (ii) LIS-HBHBSS. Scale bar: 

5 µm.  

 

 

The effect of NFA on bleb internalisation during recovery from damage in HBHBSS (fig. 3.12 Gi 

and Hi) and LIS-HBHBSS (fig. 3.12 Gii and Hii), was investigated further by SEM.  Hair cells treated 

with 1 mM neomycin in HBHBSS or LIS-HBHBSS, and allowed to recover in RCM at 37°C for 30 

minutes, did not displayed any kinocilium-located or peripheral blebs (fig. 3.12 Gi and Gii); 

although some distortion to the apical surface of hair cells (fig. 3.12 G arrows) and instances of 

small blebs on stereocilia were observed. By contrast, following ‘recovery’ in the presence of 

100 µM NFA, blebs were retained at the apical pole of hair cells (fig. 3.12 Hi and Hii).  

 

Previously observed differences between blebbing as a result of damage in HBHBSS or LIS-

HBHBSS (with the latter characterised by larger kinocilium-located and fewer peripheral blebs 

fig. 3.3) are reflected in the morphology and distribution of blebs maintained following recovery 

in NFA (fig. 3.12 Hi and Hii). Blebs are also maintained on the stereocilia after recovery in NFA 

(fig. 3.12 H compared to G). Following NFA treatment during recovery all large blebs and some 

small blebs are perforated. There are also a number of instances of blistering at the plasma 

membrane following recovery (arrows fig. 3.12 G), which also appear perforated following NFA 

treatment (fig. 3.12 Hi arrow). Although a layer of membrane appears to be present below 

perforated blisters and blebs, it is not clear at this time if the hair cells themselves are in fact 

compromised as a result of NFA treatment during damage repair. It is however concluded that 

membrane internalisation is blocked by NFA.  
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3.2.5 Ultrastructural characterisation of damage repair  

3.2.5.1. Internalised membrane forms concentric layered whorls 

Following the characterisation of bleb internalisation dynamics, and effectors of this process, a 

more descriptive approach has been taken in an attempt to characterise bleb retrieval at an 

ultrastructural level using TEM. Here, in order to identify membrane that was previously at the 

apical surface of the cell during neomycin damage, cells were decorated with electron dense 

cationized ferritin on ice following the damage step, prior to recovery at 37°C. Figure 3.13 A 

shows a kinocilium-located bleb labelled with cationized ferritin, in addition to stereocilia with 

a number of small blebs. Cationized ferritin provides a thin electron dense layer on the apical 

surface of the cell, which, at high resolution, can be resolved as individual electron dense 

particles. This figure also highlights, as can be observed in figure 3.2 B and 3.15, the propensity 

for membrane blebbing (and internalisation) to occur around the periphery of the cuticular 

plate, rather than directly above it.  

 

Following 10 minutes recovery in RCM at 37°C, the presentation of bleb membrane undergoing 

internalisation is very heterogeneous (fig. 3.13 B-E). Nonetheless, the internalisation events 

observed display a number of common ultrastructural characteristics. Although there are 

instances of small clusters of cationized ferritin internalised within vesicles during recovery (fig. 

3.13 B and D arrowheads), the vast majority of bleb membrane in observed in larger structures, 

indicative of a large-scale macro-endocytosis. Cationized ferritin is often observed trapped in a 

layer between two membranes (fig. 3.13 B-E arrows), an arrangement that would occur as a 

result of membrane folding rather than large-scale vesicle budding (which would result in 

cationized ferritin aggregated in the centre of vacuolar structures). Intriguingly, internalised 

membrane folds often present in layers, encapsulating cytoplasm between concentric rings of 

cationized ferritin/membrane complexes. 

 

In order to determine if concentric membrane structures occur during bleb internalisation in the 

absence of cationized ferritin, TEM was also carried out following recovery in cochlear cultures 

that were not decorated with ferritin following damage (fig. 3.13 F). Concentric membrane 

whorls were observed, however less organised and more condensed than those found in 

cationized ferritin decorated cells.  
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Figure 3.13: TEM of membrane bleb retrieval 

A-E TEM micrographs from the mid region of P2+1 cochlear cultures were treated for 15 minutes with 1 

mM neomycin in HBHBSS prior to incubation with cationized ferritin in HBHBSS on ice for 30 minutes. A 

Imaged from a culture that was fixed immediately after cationized ferritin labelling step to show damage. 

B-E Images from culture that was transferred after ferritin labelling to pre-warmed RCM for 10 minutes 

recovery at 37°C. F Mid region of a P2+1 OtoaEGFP/EGFP cochlear culture following 15 minute of exposure to 

1 mM neomycin in LIS-HBHBSS at room temperature, 10 minutes on ice in LIS-HBHBSS in the absence of 

cationized ferritin, followed by 15 minutes of recovery in LSM at 37°C. G Schematic of protocols indicating 

when cultures were fixed and prepared for TEM. A, B, D, F outer hair cells, C and E inner hair cells. All 

images are from 80 nm thick sections with the exception of C, which was 120 nm. Arrowheads indicate 

cationized ferritin positive vesicles. Arrows indicate cationized ferritin trapped between membrane layers.   

 

 

3.2.5.2. Membrane whorls can form outside of hair cells  

Concentric membrane whorls have also been identified outside the cytoplasm of hair cells 

following recovery after post damage cationized ferritin labelling (fig. 3.14 A). Here, as shown 

previously, cationized ferritin is sandwiched between layers of membrane but, in this instance, 

in the absence of cytoplasm. The presence of cationized ferritin indicates this membrane was 

previously exposed to the extracellular space during labelling. As this structure is extracellular, 

and the hair cell plasma membrane below it is uncompromised and cationized ferritin labelled, 

it is not clear where this membrane originates, and may even originate from an adjacent support 

cell; nonetheless, it reveals that concentric membrane structures can form in the absence of 

cytosolic machinery.  

 

Concentric membrane whorls are also observed to form during the damage process, in the 

absence of cationized ferritin labelling or a recovery period (fig. 3.14 B and C). Structures as 

convoluted as that observed in figure 3.14 B, in the absence of recovery, are rare. However, the 

presence of non-cationized ferritin labelled membrane within cationized ferritin labelled blebs 

during recovery, which is presumably derived from the membrane that was en-route to the 

apical surface of the hair cell during blebbing, is common.  

 

Small membrane blebs are often observed to form on the hair cell stereocilia (fig. 3.14 C in 

addition to 3.3 DIC, 3.11 DIC, 3.12 SEM, 3.13 A TEM). The stereocilia bleb in figure 3.14 C forms 

a concentric membrane structure, as in figure 3.14 B, in the absence of a cationized ferritin 

labelling period or recovery. Although caution is required as membranes may collapse during 

fixation, as no large membrane blebs are observed on stereocilia by live imaging, it is unlikely 

that this structure formed as a result of bleb collapse. Although stereocilia blebbing is reversed 

during recovery, the mechanism by which this occurs is not investigated in this study. 

                      66



                      67



 
 

However, cationized ferritin positive whorls have not been detected on stereocilia following 

cationized ferritin decoration prior to recovery so it can be concluded that concentric membrane 

structures may form directly during the damage process as membrane accumulates at the 

stereocilia. Interestingly, whilst membrane whorls interlaced with cationized ferritin are not 

seen on stereocilia, stacks of cationized ferritin positive vesicles are observed (fig. 3.14 D). 

However, the formation of such structures and the mechanism of bleb repair on stereocilia 

requires further characterisation and investigation in order to adequately explain these 

observations.  

 

3.2.5.3. Concentric membrane structures are onion-like and form frequently  

Focussed Ion Beam – Scanning Electron Microscopy (FIB-SEM) was utilised to characterise the 

frequency of concentric membrane structure formation in hair cells during recovery. FIB-SEM is 

an electron microscopy technique that utilises serial rounds of sample milling and imaging. As 

with traditional TEM, samples for FIB-SEM are fixed, labelled with heavy metals, and embedded 

in hard resin. In traditional TEM thin sections (~80 nm) of embedded tissue are collected on grids 

and images are collected by recording electrons transmitted through the sample. In contrast, in 

FIB-SEM the embedded sample block-face itself is imaged by scanning electron microscopy, 

collecting electrons that have either been back-scattered from the sample or have been 

displaced from the sample surface. Subsequent to image collection the block face is milled by 

an ion beam, prior to further imaging, in an iterative process. There are a number of advantages 

and disadvantages of these different techniques making them suitable for different applications. 

 

The x/y resolution of TEM is much greater than that of FIB-SEM. However, FIB-SEM does offer 

greater resolution in z for 3D EM, as FIB-milling steps can be very fine, whereas resolution in z 

in TEM is determined by the collection of serial thin sections (in this study 20 nm FIB milling 

steps were utilised compared to 80 nm thin sections for classical TEM). FIB-SEM is therefore very 

valuable for the collection of 3D EM data, in which information can be gleaned about biological 

samples in 3D from the collection of multiple 2D images. The FIB-SEM process is destructive, and 

as such samples cannot be re-imaged, unlike in TEM. However, once underway FIB-SEM data 

collection is much less labour intensive, and, unlike serial-sectioning for TEM, is much less 

susceptible to error (such as section loss or distortion). FIB-SEM is therefore favourable for EM 

of large volumes such as whole cells.  
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Three full outer hair cells were imaged following damage with 1 mM neomycin for 15 minutes 

in HBHBSS, cationized ferritin labelling on ice for 10 minutes, and 15 minutes recovery in RCM 

at 37°C. Concentric membrane whorls were identified in all 5 hair cells imaged (fig. 3.15 arrows) 

and, as identified by TEM imaging, these formations are highly heterogeneous in morphology. 

Concentric structures were in some instances detected around the periphery of the hair cell (fig. 

3.15 filled arrows). However in most instances they were identified lateral to the hair bundle 

within the cytoplasm (fig. 3.15 empty arrows), correlating with bright areas of fluorescence 

observed in live confocal imaging (fig. 3.5). As described previously, numerous membrane 

formations, including concentric structures, were detected on stereocilia (fig. 3.15 arrowheads). 

 

Beyond the opportunity for ultrastructural analysis of multiple cells in the absence of the limited 

sampling inherent in TEM sectioning, FIB-SEM also enables insight into structures in three 

dimensions. When travelling through individual concentric structures in z it is apparent that they 

are spherical/ellipsoid in shape, not cylindrical (onion-like rather than Swiss roll-like) (fig. 3.16 

and Movie 3). Medial and lateral faces appear as oblique sections (fig. 3.16 B/C and O), and inner 

membrane rings are reduced in size and closed while contained within outer membrane rings 

(fig. 3.16 K-O).   

 

Although cultures prepared for FIB-SEM imaging were labelled with cationized ferritin prior to 

recovery, and the electron dense nature of the label does allow for some indication of its 

presence based upon contrast alone, cationized ferritin could not be readily resolved. Higher 

resolution TEM imaging from 80 nm serial sections (lower z resolution) of a concentric 

membrane structure following 10 minutes recovery (from fig. 3.14 A) confirms the cationized 

ferritin coating of oblique sections of outer membrane layers, which would be expected for 

ellipsoid concentric layers (fig. 3.17). Finally, this onion-like membrane formation is also 

confirmed by orthogonal re-slicing of FIB-SEM images of concentric membrane structures 

(fig.3.18 and Movie 3), as concentric membrane rings are present through the centre of the 

structure in both dimensions (fig.3.18 B and E).        

 

3.2.5.4. Blebs are retrieved by sequential envelopment of membrane    

In order to determine how concentric membrane structures form as a result of bleb 

internalisation, serial TEM tomography of blebs during retrieval was carried out. TEM 

tomography is another volume EM technique, again with distinct advantages and limitations 

rendering it more suitable for certain applications. For TEM tomography tissue is sectioned, as  
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for classical TEM, however in this case thicker (in this study ~200 nm sections were collected for 

tomography opposed to ~ 80 nm for classical TEM). For each section a tilt series is collected in 

which the sample is tilted in small increments and a series of TEM images are collected (in this 

study +60° to -60° in 2° increments). Subsequently, tilt series images are ‘back projected’ 

computationally to create a tomogram with isometric voxels in x, y, and z. TEM tomography 

enables exquisite resolution in 3D. However, it is not suitable for low magnification applications, 

is extremely labour intensive, and therefore not suitable for large volumes. In order to 

reconstruct volumes greater than a single section depth (here ~200 nm), in this study serial TEM 

tomography is utilised, in which multiple single tomograms from serial sections are joined 

together to give one volume.  

 

As previously, cochlear cultures were damaged for 15 minutes with 1 mM neomycin in HBHBSS 

prior to cationized ferritin labelling on ice for 30 minutes, and the cultures were then allowed to 

recover for 10 minutes in RCM at 37°C. Although restricted in field of view compared to FIB-

SEM, tomography provides high TEM resolution volume EM (raw data has isometric voxels of 

1.4 nm) and therefore enables cationized ferritin layers to be resolved. Serial TEM tomograms 

of bleb internalisation spanning ~800 nm of membrane were collected, reconstructed, and 

joined (fig. 3.19 and Movie 4). Although this joined tomogram does not contain the entirety of 

the bleb undergoing internalisation, there are a number of features useful for furthering our 

understanding how concentric membrane structures may form during internalisation.  These 

include areas of bleb that are not yet internalised (fig. 3.19 A asterisk), concentric cationized 

ferritin/membrane layers that have already formed (fig. 3.19 A arrowhead), and 

ferritin/membrane layers undergoing formation (fig. 3.19 A arrow).  

 

Segmentation was carried out based on cationized ferritin delineated boundaries (fig. 3.20 A-H). 

Each coloured area is separated from adjacent areas by cationized ferritin), and rendered into a 

3D volume (fig. 3.20 I-K and Movie 5). This structure provides some insight into how multi-

layered concentric structures may form during internalisation (walking through the structure in 

fig. 3.20 I-K): The boundaries between volume ii and iii form one layer of trapped cationized 

ferritin. A second layer is formed between volume iii and i – the main volume of the cell. Volume 

i is in the process of enveloping volume iii at 3 points (fig. 3.20 J and K arrows). A third layer of 

membrane bound cationized ferritin is being formed at the interface between volume i and v 

(fig. 3.20 J arrowhead), enveloping the tip of the volume ii/iii/i formation. Finally at least one 

additional layer of membrane bound cationized ferritin will presumably form at the interface  
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Movie 4: Serial TEM tomogram of a bleb during internalization 
Serial TEM tomogram made up of 4 tomograms collected from 200 nm sections. Down-sampled isometric 
voxels result in travel in z of ~2.7 nm per frame. Sections were collected from a mid-coil outer hair cell 
following damage with 1 mM neomycin for 15 minutes in HBHBSS, 30 minutes incubation on ice with 
cationized ferritin in HBHBSS and 10 minutes recovery in pre-warmed RCM at 37°C. Small electron dense 
dots throughout the tomogram are cationized ferritin, larger intermittent electron dense dots are fiducial 
gold. 
 
Figure 3.20: Three-dimensional reconstruction of bleb internalisation 

A-H Selected slices ~135 nm apart from a serial TEM tomogram with segmentation based upon cationized 

ferritin delineated boundaries. I-J Reconstructed serial TEM tomogram ~800 nm deep. Numerals i-v label 

a number of cationized ferritin bound volumes to enable discussion. J Arrows and arrowhead highlight 

instances of bleb envelopment. Tomogram collected from a mid-coil outer hair cell that was exposed to 1 

mM neomycin for 15 minutes in HBHBSS, incubated for 30 minutes on ice with cationized ferritin in 

HBHBSS, and allowed to recover for 10 minutes in pre-warmed RCM at 37°C prior to fixation.  

 
Movie 5: 3D reconstruction of a bleb during internalization 
3D rendering of a bleb during internalization, segmented from a ~ 800 nm serial TEM tomogram collected 
from a mid-coil outer hair cell following damage with 1 mM neomycin for 15 minutes in HBHBSS, 30 
minutes incubation on ice with cationized ferritin in HBHBSS and 10 minutes recovery in pre-warmed RCM 
at 37°C. The boundaries of volumes, displayed in different colours, were delineated by cationized ferritin 
layers. 

 

 

between volume iv and i, as well as between iv and v, as the membrane from volume iv is also 

eventually internalised.  

 

Although the cationized ferritin delineated volumes rendered in this tomogram are presented 

as distinct, identification of if this is actually the case is limited by the depth of tissue captured. 

Volumes already internalised (ii and iii) may be discontinuous and not physically associated with 

one another or the plasma membrane, although it has not yet been resolved whether the 

membranes that delineate volumes such as these interact or not. However, it is likely that more 

external volumes, for example iv, are in fact continuous with the plasma membrane or other 

blebs at this stage of internalization. Indeed, volume v is continuous with volume i, and joined 

in two places (fig. 3.21 A and C arrows). Although this was initially segmented separately to 

enable rendering and to demonstrate sequential envelopment of membrane (fig. 3.21 Bi, Di, and 

F), this is in fact one volume made up of one highly convoluted membrane layer (fig. 3.21 Bii, Dii 

and G). It is likely, given that it remains at the apical surface of the cell, that volume iv (fig. 3.20) 

is also part of the same volume. It is concluded from this analysis therefore that concentric 

membrane structure are formed during internalization by the sequential envelopment of 

convoluted membrane derived from collapsing blebs.  
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3.3. Discussion 

In this chapter, the overarching aim was to determine the mechanisms by which sensory hair 

cells recover from neomycin-induced damage, this was achieved primarily by two methods, in-

depth characterisation of bleb internalisation, and perturbation of the repair process.  

 

Building on previous studies23, the role of effecters of canonical endocytic mechanisms were 

assayed by the application of inhibitors during recovery. As the inhibitors of actin dynamics 

jasplakinolide and latrunculin A did not affect bleb internalisation, unlike in most documented 

macro-endocytic processes, remodelling of the actin cytoskeleton is not required for bleb 

internalisation. It was demonstrated by treatment with the PKA inhibitor H89 that the 

internalisation of membrane and redistribution of PS can occur independently. The significance 

of volume regulation to damage and repair was also investigated; the size of neomycin induced 

blebs was demonstrated to increase in hypotonic solutions, and similarly, the rate of bleb 

internalisation was decreased when osmotic pressure was reduced during recovery. The volume 

regulating Cl- channel inhibitor NFA completely blocked the internalisation of blebs, implicating 

volume regulation in damage repair.  

 

The dynamics of bleb retrieval were characterised by live time lapse imaging. DIC imaging of the 

apical surface revealed rapid internalisation of large kinocilium blebs during the first 15 minutes 

of recovery. Confocal imaging showed that, subsequent to a bulk endocytic event, the 

membrane of the bleb is broken up and dispersed within hair cells. The ultrastructure of bleb 

membrane retrieval was extensively characterised by multiple modalities of electron 

microscopy. Internalised membrane was shown to form heterogeneous large multi-laminated 

structures consisting of multiple concentric membrane folds. FIB-SEM demonstrated that these 

structures form frequently and are onion like in topology. Finally, serial TEM tomography of 

internalising bleb membrane suggests that blebs are internalised by sequential envelopment of 

highly convoluted bleb membrane during bleb collapse.  

 

 

3.3.1. The dynamics and ultrastructure of bleb retrieval  

Exposure to a high concentration of neomycin induces large membrane blebs on the apical 

surface of sensory hair cells in organotypic cochlear cultures. Live time-lapse imaging shows that 

the internalisation of these blebs following neomycin washout is a rapid two-phase process 

                      79



 
 

characterised by large scale endocytic bleb retrieval in the first ~20 minutes, followed by the 

subsequent dispersal of internalised membrane within the supranuclear cytoplasm.  

 

Ultrastructural analysis of hair cells fixed during the bleb retrieval process reveals the presence 

of large structures composed of multiple concentric layers of folded membrane that form onion-

like structures. These structures are distinct from those that form by the ultrastructurally well 

characterised processes of clathrin mediated endocytosis, caveolae endocytosis and the 

CLIC/GEEC pathway. This supports previous data produced by Nicola Allen23 showing that 

pharmacological inhibitors of these processes do not inhibit bleb retrieval, and that clathrin 

heavy chain and calveolin-1 do not co-localise with internalised membrane. This does not 

exclude the possibility that clathrin-mediated endocytosis is taking place; as small cationized 

ferritin positive vesicles are seen within hair cells following repair from damage and ferritin 

labelling, and clathrin-mediated endocytosis is observed to occur at the apical pole of the hair 

cell20,102. These canonical endocytic mechanism alone, however, do not account for the large-

scale bulk endocytic mechanism that occurs during damage repair.  

 

The large membrane structures that are formed during recovery are highly heteromorphic, 

suggestive of a mechanism that is not tightly controlled by cellular components. Common to 

many structures are layers of concentric membrane folds that are separated by cationized 

ferritin. The presence of cationized ferritin between layers of membrane shows that this 

membrane was previously exposed to the extracellular space and has subsequently been 

internalised to form these structures. However, lipid whorls have also been demonstrated to 

form in blebs during damage alone, both in this study and previously19. It is not clear weather 

this is as a result of endocytosis occurring during the damage period, or simply the accumulation 

of new membrane during damage. In order to understand how concentric membrane structures 

can form during membrane internalisation specifically therefore, the use and detection of 

cationized ferritin is essential.  

 

Precisely how multi-layered concentric onion-like structures form remains unclear, however a 

number of assertions can be made about this process based on the ultrastructural data 

collected. Cationized ferritin and extracellular fluid would be contained within vesicles consisting 

of a single layer of membrane as a result of canonical endocytic budding and pinching (fig. 3.22 

A). Bleb internalisation, however, is characterised by membrane layers sandwiching cationized 

ferritin in spheroid structures containing cytoplasm. These structures are indicative that bleb 

membrane folds on itself, trapping cationized ferritin, prior to internalisation (fig. 3.22 B). How  
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these structures might form within one another is less clear. One possibility is their sequential 

formation from multiple membrane folds, one spheroid structure being internalised during the 

genesis of another (fig. 3.22 C). Indeed, the arrangement of cationized bound volumes observed 

by TEM tomography of bleb retrieval (fig. 3.20) is in agreement with this model. It is therefore 

suggested from the current data that concentric membrane structures form by the sequential 

envelopment of highly convoluted bleb membrane.  

 

There is a tendency to visualise such processes in two dimensions (fig. 3.22) however it is 

important to remember this is not the case. Volume-EM shows such structures are spheroid 

rather than cylindrical, and onion-like rather than Swiss roll-like.  To create such structures 

membrane fission and fusion must occur. However, how membrane fission occurs, and the 

extent to which layers remain interconnected within these structures is currently unclear. The 

identification of multiple points of continuity between cytoplasmic volumes bound by folded 

membrane (fig. 3.21) suggest, however, that this is not a conceptually straightforward process. 

 

 

3.3.2. Damage repair is an example of MEND  

3.3.2.1. Membrane internalisation is actin independent 

Treatment of cochlear cultures with inhibitors of actin dynamics jasplakinolide and latrunculin 

A did not prevent bleb internalisation. There was also no evidence from TEM of actin 

rearrangement, for example in the formation of filopodia or cup-like structures  as observed 

during phagocytosis38,103; or within blebs themselves as found in canonical myosin 2 dependent 

bleb retraction41. It is therefore unlikely that bleb internalisation is dependent on the action of 

the actin cytoskeleton. 

 

Internalised bleb membrane was, however, previously reported to be restricted to the apical 

pole of myosin VI deficient Sv hair cells22, implicating transport via the actin cytoskeleton in the  

dispersal of internalised membrane from the apical pole of the cell. The restriction of annexin V 

positive membrane at the apical pole of the cell was occasionally observed during recovery in 

the presence of latrunculin A but not with jasplakinolide. Latrunculin A binds to monomeric G-

actin, and thereby prevents polymerisation. The sequestration of G-actin not only prevents F 

actin polymerisation but also indirectly induces depolymerisation as a result of monomer 

turnover in actin filaments104, thereby preventing myosin VI mediated transport. Jasplakinolide 
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on the other hand stabilises F-actin, and therefore, although an inhibitor of dynamic actin 

rearrangement, would not have the same effect of internalised membrane dispersal.  

 

Neither the internalisation, nor the subsequent dispersal, of bleb membrane was affected by 

the expression of a dominant negative variant of Rab5a GTPase. This indicates bleb membrane 

is not internalised or trafficked in hair cells in a Rab5a dependent manner, unlike the constitutive 

endocytosis observed in polarised epithelia in the absence of cell blebbing, demonstrated here 

and by others in MDCK cells99. Further studies are required to track the changing molecular 

identity and fate of bleb membrane following internalisation.  

 

Protein kinase A (PKA) has been reported as a regulator of actin cytoskeleton dynamics55. 

Congruent with the conclusion that bleb retrieval does not depend on actin dynamics, the PKA 

inhibitor H89 also does not block bleb retrieval. However, PS was retained in the outer leaflet of 

the plasma membrane at the apical pole of hair cells following repair in the presence of H89. 

H89 is a non-specific inhibitor of PKA105, and neomycin induced PS externalisation was not 

maintained during repair in the presence of an alternative PKA inhibitor KT5720 (data not 

shown). It is therefore concluded that the block of recovery from PS externalisation is as a result 

of an off target effect of H89 and not a PKA dependent process. H89 inhibits PKA as a competitive 

agonist of ATP at the PKA catalytic subunit. The generalised nature of this action is considered 

responsible for off target effects of H89106. P4-ATPases are the flippases considered primarily 

responsible for the transport of PS from the outer exo-facial leaflet of the plasma membrane to 

the inner cytosolic leaflet, and thereby establishing membrane asymmetry107. A parsimonious, 

yet potentially crude, hypothesis therefore for the action of H89, maintaining PS in the outer 

leaflet during recovery, is the direct inhibition of P4-ATPases by H89. Non-the less, inhibition of 

PS recovery by H89 does demonstrate that, just as blebbing and PS externalisation can occur 

independently during hair cell damage22, these two pathologies can also recover independently.  

 

3.3.2.2. Neomycin induced blebbing and internalisation is not an example of membrane lesion 

repair  

There are marked similarities between neomycin-induced damage repair in hair cells and the 

mechanism of membrane-lesion internalisation detailed above in section 3.1.4.1. (reviewed by 

Corrotte et al. (2014)58). In both processes, cells undergo exocytosis in response to damage, 

followed by large-scale endocytosis. Similarly, both endocytic mechanisms are seemingly driven 
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by lipidic forces (discussed further below). However, there are a number of distinctions between 

the two processes in both the exocytosis and endocytosis phases.  

 

First, although exocytosis in membrane-lesion repair is driven by Ca2+ influx57,  neomycin induced 

blebbing in hair cells not only takes place in the absence of extracellular Ca2+, but is also greatly 

exacerbated22. Second, in response to membrane lesions induced by physical lesions or pore-

forming toxins, lysosomes typically fuse with the plasma membrane leading to LAMP1 

expression at the cell surface59. The pore forming toxin SLO appears not, however, to induce 

bleb formation or detectable cell-surface expression of LAMP1 in the sensory hair cells of 

cochlear cultures (preliminary data, not shown). Finally, there is evidence membrane lesions in 

most cells are endocytosed, following ordered ceramide domain formation, by caveolar 

internalisation63. However, as demonstrated here by ultrastructureal analysis, and previously by 

pharmacological inhibitors and co-localisation studies23, caveolar internalisation does not 

account for the large scale endocytosis of neomycin induced blebs during bleb retrieval.  

 

3.3.2.3. Bleb retrieval by MEND  

A number of observations suggest bleb internalisation during damage-repair in hair cells is an 

example of MEND68. These include: resistance to inhibitors of actin dynamics and the canonical 

endocytic pathways; the formation of large concentric membrane whorls of internalised plasma 

membrane, unlike those in previously described endocytic mechanisms; and the observation 

that such whorls can form outside the cell soma on stereocilia during damage, suggestive of a 

lipid driven mechanism, rather than one dependent on endocytic machinery. The EM data 

presented here therefore is seemingly the first reported ultrastructural analysis of MEND. 

 

In previously reported instances of MEND, membrane retrieval has been triggered by one or a 

combination of Ca2+ influx68, PIP2 synthesis68, palmitoylation72, or sphingomyelinase-induced 

formation of ceramide domains68. These processes are believed to drive MEND by inducing the 

formation of ordered lipid domains69, thereby increasing the propensity for membrane 

curvature and fission via lipidic forces69. The role or requirement of extracellular Ca2+ during 

neomycin-induced damage repair has not yet been investigated, nor have inhibitors or 

activators of the other processes identified to instigate MEND previously, and these may form 

tempting future targets.  
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One interpretation of the current literature is, however, that the mechanisms of MEND 

activation serve primarily to form atypical lipid domains that potentiate lipid driven endocytosis. 

Freeze fracture analysis has revealed that membrane in neomycin-induced blebs forms irregular 

wavy fracture steps and is non-homogeneous, containing islands of membrane which are not 

typical of the plasma membrane. This bleb membrane is  not labelled by filipin indicating a low 

cholesterol content, is largely devoid of intramembrane particles, and is glycocalyx-poor20. 

Whitlock and Hartzell (2017)83 have recently proposed that phospholipid scrambling alters the 

biophysical properties of membrane such that membrane curvature is altered and in turn 

membrane fusion and fission events will be favoured. Interactions between polymorphic lipids 

induce ‘lateral pressure’ in biological membranes108.   PS and phosphoinositides (such as PIP2) 

favour non-bilayer structures, the mixing of these lipids with bilayer-promoting lipids such as 

phosphatidylcholine (in the exo-facial leaflet of the plasma membrane) induces strain as a result 

of an imbalance of lateral pressure in the membrane, leading to membrane bending109.  Taken 

together therefore, it is proposed here that the atypical nature of membrane added to the 

plasma membrane during blebbing, the line tension induced by lipid domain formation74, and 

the externalisation of PS in neomycin damage, may be sufficient to drive MEND.   

 

The ultrastructural characterisation of bleb internalisation was carried out primarily in the 

presence of cationized ferritin. The application of a cationic compound to the membrane in the 

analysis of a process that is thought to be driven by lipidic forces may of course influence the 

process. The data produced for recovery in the absence of cationized ferritin decoration is 

preliminary and requires further replication and analysis. However, cationized ferritin 

decoration is required to confirm that membrane structures have in fact formed as a result of 

bleb endocytosis. A confirmatory method by which this might be achieved in the absence of 

cationized ferritin could be the use of gold, or ideally, radio-labelled, annexin V. Nonetheless, 

the formation of concentric whorls of membrane during damage, that are morphologically 

similar to those observed interleaved with cationized ferritin, demonstrate that the presence of 

cationized ferritin is not required for the formation of concentric membrane whorls. 

Aminoglycosides are themselves lipophilic110 and poly-cationic (considered further in sections 

4.1.4. and 4.3.3.). Therefore, neomycin too is likely to interact with bleb membrane during 

internalisation, and may too, as a result, influence MEND. 

 

 

                      85



 
 

3.3.3. Damage repair is dependent on volume regulating chloride channels   

The size of large kinocilium located blebs is increased in LIS medium during both damage and 

repair. In hypo-osmotic solutions, there is a drive for water to enter cells; however, bleb 

formation does not occur in hypotonic medium in the absence of neomycin treatment (data not 

shown). Cell swelling in the form of blebbing is therefore facilitated by neomycin damage. 

Although there is an increase in the size of kinocilium located blebs during damage in LIS medium 

compared to in isotonic medium, there is also a reduction in the number of blebs found on the 

apical surface. This suggests membrane production and trafficking as a result of neomycin 

exposure is comparable in LIS and isotonic mediums, however the distribution of membrane and 

bleb morphology is dependent on osmotic pressure. Specifically, increased turgor, induced by 

hypo-osmotic conditions, results in much of the membrane forming larger blebs.  

 

3.3.3.1. Inhibition of Cl- channels blocks damage repair  

The presence of niflumic acid following neomycin washout blocks bleb membrane retrieval 

during the recovery period. NFA is a potent, yet non-selective, Cl- channel inhibitor, thereby 

demonstrating a role for Cl- channel mediated volume regulation in damage repair. 

 

Recovery in the presence of NFA resulted in the apparent perforation and lysis of membrane 

blebs maintained at the apical pole of hair cells that were damaged by neomycin in both isotonic 

and LIS medium. It is not currently clear if hair cells subsequently remain viable, or if bleb 

perforation eventually results in hair cell lysis.  In order to determine the viability of hair cells 

following ‘recovery’ in NFA staining with Trypan Blue should be carried out. Independent of this 

however, the block of bleb internalisation by NFA is clear.  

 

 Of the Cl- channels thought to play a role in regulatory volume decrease NFA has been 

demonstrated to inhibit both Best1 and TMEM16 family dependent Ca2+ activated Cl- currents111 

in addition to VRACs112. NFA is not however an inhibitor of K+/Cl− cotransporters113. 4-(2-butyl-

6,7-dichlor-2-cyclopen-tyl-indan-1-on-5-yl)-oxybutyric acid (DCPIB) is a specific inhibitor of 

VRACs (and not TMEM16) at a concentration of 10 µM114. Preliminary data shows an inhibition 

of bleb retrieval in damage repair by 100 µM DCPIB, yet not by 10 µM DCPIB (Guy Richardson 

personal communication). Which outwardly rectifying Cl- channel current is required for bleb 

retrieval therefore is yet to be determined.   
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Analysis of the mouse hair cell transcriptome, collected by RNA Seq in 3 independent studies, 

reveals the expression of TMEM16a and all VRAC subunits (LRRC8A-E) at P0100, P1115 and P1+1 

(hair cells in cochlear cultures)116. TMEM16b and Best1-3 appear not to be expressed. However, 

Wang et al. (2015)117 find no expression of TMEM16a in hair cells at P7, or detectable GFP in hair 

cells of TMEM16a:GFP mice. Whether or not TMEM16a is indeed expressed in the hair cells of 

P2+1 cochlear cultures, in which the effects of NFA on damage repair has been demonstrated, 

is therefore currently not clear. However, Benedetto et al. (2016)118 propose that TMEM16a and 

VRACs are in fact activated in parallel, as loss of LRRC8A expression attenuates CaCC currents 

not just VRACs; and TMEM16a and VRAC can be coimmunoprecipitated118. Therefore, both 

VRACs and TMEM16a, if expressed, may play a role in bleb retrieval.  

 

3.3.3.2. The effect of volume regulation on MEND 

The outwardly rectifying Cl- current, activated in RVD, decreases cell volume by increasing the 

osmotic driving force for water to leave the cell, this also therefore has the effect of decreasing 

cell turgor. Inhibition of this process blocks bleb membrane endocytosis. Bleb retrieval is also 

attenuated when cells are transferred to hypo-osmotic medium during recovery. The reverse of 

this was observed previously by Richardson and Russell (1991)19 when blebs that formed during 

damage were fixed in with solutions with different osmolalities. High osmolality fixatives, 

induced the formation of tightly coiled membrane whorls inside blebs that were not observed 

with isotonic fixatives. Together these findings suggest reduced cell turgor is required for, and 

facilitates, bleb retrieval. It is therefore proposed that the activation of outwardly rectifying Cl- 

currents in bleb retrieval reduce cell turgor, allowing for bleb membrane collapse and 

convolution, thereby facilitating MEND of membrane blebs.    
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4. Genesis of Membranous 
Cytoplasmic Bodies by Fluorescently 
Conjugated Gentamicin 
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4.1. Introduction  

4.1.1. Aminoglycoside entry into sensory hair cells 

There is clear evidence for the endocytic uptake of aminoglycosides by sensory hair cells24,119. 

Indeed, it would be odd to suggest that hair cells, which demonstrate active endocytosis at the 

apical pole102, would not endocytose compounds likely to interact with the plasma membrane. 

However, the inhibition of endocytosis does not block aminoglycoside uptake or prevent hair 

cell death17.  

 

There is a strong electrical gradient driving the uptake of poly-cationic aminoglycosides, with a 

potential across the apical membrane of the hair cell in vivo from +80 mV potential in the 

endolymph to a potential of -45 and -70 mV in inner and outer hair cells respectively11. Thus, 

aminoglycosides will likely permeate many non-selective cation channels, if present in the apical 

membrane, with the prerequisite physical properties required for permeability to 

aminoglycosides15. In hair cells such channels include the mechanoelectrical transducer (MET) 

channel and a number of the transient receptor potential (TRP) channels15.  

 

Modulators of the TRP vanilloid receptor 1 (TRPV1) channel have been demonstrated to mediate 

Texas Red-gentamicin (GTTR) entry into kidney cells120. Similarly, the TRPV4 channel has also 

been demonstrated to be permeant to GTTR aminoglycosides when over expressed in kidney 

proximal tubule cell lines121. Finally, TRPA1 (TRP channel subfamily A, member 1) agonists 

cinnamaldehyde and 4-HNE both increase the uptake of GTTR by outer hair cells122. 

Aminoglycosides have also been demonstrated to block calcium activated potassium channels123 

and nicotinic acetylcholine receptors124. 

 

The primary route of aminoglycoside entry into sensory hair cells however is believed to be via 

the MET channel. While the pore forming components of the MET channel were only recently 

identified as transmembrane channel like (TMC) 1 and 23, the electrophysiological properties of 

the channel were already well characterised. Aminoglycosides have been demonstrated in vitro 

to block125 and to rapidly permeate through the MET channel18. Additionally, mutations in other 

components of the MET channel complex, for example protocadherin-15 and cadherin 23, the 

components that form the tip links responsible for MET channel gating, reduce aminoglycoside 

uptake and increase hair cell survival126.  
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4.1.1.1. The Myo7aSh6J mutant, aminoglycosides, and the MET channel  

Of particular interest for this study is the fact that mutations in Myosin7a also reduce 

aminoglycoside uptake by sensory hair cells102,127. Myosin7a is considered responsible for the 

linkage of membrane bound elements of the upper tip link density with the actin cytoskeleton 

of stereocilia 127. Mutations in the gene encoding MYO7a in humans are responsible for both 

deafness and blindness in Usher Syndrome type 1B128. 

 

The shaker 6 Myosin7a mutation is a missense mutation at the highly conserved Arg145 residue 

close to the ATP binding site of the myosin head129, and is associated with reduced, yet 

detectable, levels of protein130. Hair bundles of outer hair cells in the Myo7aSh6J/Sh6J mouse are 

severely disorganised102 and require displacement beyond their physiological operating range in 

order to establish MET currents127; as such the open probability of MET channels in Myo7aSh6J/Sh6J 

hair cells is extremely low. Myo7aSh6J/Sh6J hair cells display impaired FM-143 uptake, and, unlike 

in heterozygote Myo7a+/Sh6J hair cells,  [3H]gentamicin does not accumulate in Myo7aSh6J/Sh6J hair 

cells when incubated for 2 hours at a concentration of 100µM131. As a result, although 

endocytosis in these cells is considered to be functional, the Myo7aSh6J mutation is protective 

against gentamicin ototoxicity 102.  

 

 

4.1.2. Aminoglycoside induced hair cell death  

Hair cell death in response to aminoglycoside exposure occurs first in basal outer hair cells, then 

extends apically and to inner hair cells. The higher susceptibility of basal hair cells has been 

attributed both to the higher open probability and single channel conductance of MET 

channels132, as well as lower levels of antioxidants133 in hair cells at the basal end of the cochlea.  

 

Aminoglycoside induced hair cell death is multifaceted and non-uniform,8 and physiological 

features of both necrosis and apoptosis have been demonstrated side by side in response to 

kanamycin treatment134.  Necrosis, considered uncontrolled cell death, is characterised by the 

swelling of intracellular organelles and break down of cell membranes leading to cell lysis135. In 

apoptosis, on the other hand, cell membranes become convoluted but do not disintegrate, 

chromatin and the cytoplasm condense, and the cell forms blebs that are phagocytosed. In order 

to maintain the integrity of the epithelium and prevent the mixing of endolymph and perilymph, 

supporting cells adjacent to dyeing hair cells, extrude hair-cell apices and phagocytose hair-cell 

body debris136,137. 
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4.1.2.1. Molecular mechanisms of aminoglycoside cytotoxicity 

Aminoglycosides interact with a number of biological molecules, and in turn processes, in the 

cell; as such the molecular cytotoxicity of aminoglycosides induced hair-cell death is multi-

layered and complex. Key processes, detailed in brief below, are the production of reactive 

oxygen species (ROS), direct and indirect effects on mitochondria - triggering apoptosis, 

activation of JNK pathways, and interactions and aberration of lysosomes15,138.  

 

A rapid increase in ROS is observed in hair cells as a result of aminoglycoside treatment139. Upon 

entry to hair cells ROS are generated by the binding of aminoglycosides to iron with arachidonic 

acid as an electron donor139. ROS are also released during a number of cellular processes, 

including the activity of mitochondria, yet ROS can also cause mitochondrial aberration, which 

leads to cell death140.  Aminoglycosides can induce calcium flow between the endoplasmic 

reticulum and mitochondria which has also been demonstrated to generate ROS141, and ROS 

activate Bax, which translocates to mitochondrial membranes, leading to mitochondrial 

transition pore formation and the release of cytochrome-C138,142. As such there is a feed forward 

loop between ROS generation by numerous sources and mitochondrial damage. The release of 

cytochrome-C by mitochondria leads to apoptosis via activation of caspase 9 and 3 signalling143, 

however apoptosis can also be induced in a caspase independent manner by EndoG and AIF 

release from the mitochondria134.  

 

Aminoglycosides exert bactericidal effect by inducing misreading during translation as a result 

of interaction with the bacterial ribosome144,145. It has therefore been proposed that in 

eukaryotic cells aminoglycoside toxicity may also be a result of interactions with the 12S 

mitochondrial ribosomal subunit. Indeed, mutations in ribosomal RNAs can sensitise patients to 

aminoglycoside exposure146. However, in immunolabelling studies in hair cells following 

aminoglycoside treatment aminoglycosides are not reported to localise to mitochondria 

specifically 147. The induction of ribotoxic stress in eukaryotic cells has also been suggested to be 

the result of aminoglycoside binding to cytosolic rRNA148. 

 

Aminoglycosides bind to cLIMP-63 in the ER lumen, inducing oligomerisation of cLIMP-63 and 

the activation of 14-3-3 proteins, which in turn leads to JNK activation149. C-Jun N terminal kinase 

(JNK) activation leads to c-Jun translocation into the nucleus and apoptotic gene transcription. 

Knock down of either CLIMP-63 or 14-3-3 reduces aminoglycoside induced cell death150.  
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4.1.2.2. Lysosomal aberration in aminoglycoside cytotoxicity 

Of particular note for this study are the interactions between aminoglycosides and the lysosome.  

In a series of immunogold studies Hoshino, Shero and Salvi have demonstrated the localisation 

of systemically administered kanamycin to large vacuolar structures, identified as lysosomes by 

acid phosphatase labelling in the hair cells of the chick basilar papilla119,147,151. Kanamycin 

containing lysosomes increase in size and number with repeated kanamycin dose, demonstrated 

both by acid phosphatase, and Lysotracker labelling151.  

 

The transport of aminoglycosides to lysosomes was initially considered to be uniquely endocytic, 

as immunogold labelling of kanamycin was not observed within the cytoplasm of hair cells119, 

presumably, based on more recent fluorescent-conjugated aminoglycoside studies17,24, this was 

as a result of immunogold insensitivity. In vitro kanamycin was also demonstrated to co-localise 

with cationized ferritin following 3 hours of co-incubation119, and gentamicin has been shown in 

cell lines to accumulate in lysosomes of proximal tubular cells following endocytosis152. More 

recently however, aminoglycosides have been demonstrated to enter the lysosome having been 

sequestered from the cytoplasm of hair cells rather than directly by endocytosis24. 

 

Cytoplasmic labelling of kanamycin by immunogold was observed at greater levels at later time 

points, and in a gradient from  the proximal to the distal end of the basilar papilla, leading to the 

conclusion that lysosomal lysis and release of aminoglycosides occurs prior to cell death147. The 

release of aminoglycosides and cathepsins from the lysosome following rupture is hypothesised 

to induce cell death by necrosis134,147. Prior to lysosomal rupture, however, impeding the delivery 

of aminoglycosides to lysosomes was demonstrated to potentiate cell death, suggesting a 

potential protective role for lysosomal sequestration of aminoglycosides24.  

 

 

4.1.3. Visualisation of trafficking by fluorescently conjugated aminoglycosides 

Fluorescently conjugated aminoglycosides, such as Texas Red- Gentamicin (GTTR) and Texas 

Red- Neomycin (TRNeo) have been used extensively to study the trafficking of 

aminoglycosides17,24,25,97,122. Fluorescent moieties, such as Texas Red, are often large and as such 

there is a concern that the action of the original aminoglycosides will be altered by this 

conjugation; hence a detailed characterisation of these compounds is required25. Systemic 

administration of GTTR in mice recapitulates the localisation of gentamicin determined by 

immunohistochemistry, and is also toxic to sensory hair cells153. Similarly, comparable profiles 
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of hair cell toxicity have been reported in the zebrafish lateral line system, between 

aminoglycosides and those conjugated to Texas Red, and structurally distinct, BODIPY 

fluorescent moieties24. Gentamicin has also been demonstrated to compete with GTTR 153. 

Taken together these findings support the use of fluorescently conjugated aminoglycosides in 

the study of aminoglycoside trafficking.  

 

Fluorescently conjugated aminoglycosides have been used to elucidate multiple stages of 

aminoglycoside toxicity. Prior to hair cell entry, GTTR has been demonstrated to actively 

transport across the stria vascularis, a major component of the blood-labyrinth-barrier154. GTTR 

has been utilized extensively to study the entry, or its prevention, of aminoglycosides into hair 

cells. Rapid and selective uptake of GTTR by sensory hair cells has been observed in both the 

zebrafish lateral line, and mouse explant cultures17,24. In mice, increasing the MET channel open 

probability by hypocalcaemia increases GTTR entry, whereas blockers of MET channels reduce 

uptake17,97. These findings indicated the importance of the MET channel for aminoglycoside 

entry into hair cells. Indeed, co-incubation of hair cells with fluorescently labelled 

aminoglycosides and MET channel blockers prevented hair cell death, whereas the endocytosis 

inhibitor concanavalin A did not17. Following activation of the channels, TRPV1, TRPV4, and 

TRPA1 were also demonstrated to be aminoglycoside permeable, again by GTTR loading120–122. 

 

The non-endocytic trafficking of fluorescently conjugated aminoglycosides to lysosomes within 

zebrafish lateral line hair cells was demonstrated recently by Hailey, Rubel and Raible (2017)24. 

Within 5 minutes of exposure, TRNeo was visible in the kinocilium and stereocilia of hair cells. 

Labelling in the cell body was not observed until after 9 minutes, at which point it was visualised 

simultaneously as both diffuse cytosolic labelling, as well as in bright puncta - identifiable as 

lysosomes by LysoTracker co-localisation. Lysosomal GTTR was determined to originate in part 

from the cytoplasm. This process could be inhibited by the PI3K inhibitor 3-MA, leading to the 

conclusion that GTTR is sequestered from the cytosol into lysosomes by an autophagic process24.  

 

 

4.1.4. Aminoglycoside induced phospholipidosis 

Accumulation of aminoglycosides in lysosomes has been reported in the proximal tubular cells 

of the kidney, and plays an important role in the nephrotoxicity of these compounds155. After 

short term or low dose gentamicin treatment (10 mg/kg) a lysosomal enlargement, as described 

in sensory hair cells, is induced in the proximal tubule cells of rats, coupled with lipid 
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accumulation 152,156. Similarly, cultured human skin fibroblasts incubated with 2 mM gentamicin 

present osmiophilic multi-lamina material in the lysosomes, coupled with a cellular phospholipid 

content increase of 1.5 times157.  

 

The accumulated myelin-like material in lysosomes, often referred to as myeloid bodies, or 

membranous cytoplasmic bodies (MCBs), is increased as a result of higher aminoglycoside doses 

or longer treatments. Proximal tubular cells can remove, and recover from, the formation of 

small myeloid-bodies, containing limited membranous structures156. However, more extensive 

lysosomal swelling and lipid deposition, leads to lysosomal rupture, accompanied by 

mitochondrial swelling and dilation of the endoplasmic reticulum, prior to cell death155,156. 

 

Aminoglycosides, like many amphiphilic cationic compounds, induce phospholipidosis as a result 

of inhibiting enzymes involved in lipid metabolism. Gentamicin treatment in rats induces a loss 

of activity of lysosomal sphingomylinases and phospholipase A, preventing the hydrolysis of 

phosphatidylcholine. Gentamicin is also demonstrated in vitro to bind phospholipid bilayers 

under conditions of acidic pH and the presence of phosphatidylinositol, mimicking lysosomal 

conditions152. Aminoglycosides also impair phosphoinositide interconversion between tri and di 

phosphoinositide forms158. 

 

The binding of positively charged aminoglycosides and negatively charged phospholipids is 

largely dependent on electrostatic interactions110,152. The propensity of aminoglycosides to bind 

to lipid bilayers, inhibit phosphoinositide interconversion as well as phospholipase action, and 

induce lysosomal phospholipidosis in proximal tubular cells, varies between aminoglycosides 

110,152,158. The binding of different aminoglycosides is reportedly related to the number of amino 

groups carried by the compound110. 

 

Membranous cytoplasmic bodies are also characteristic of many lysosomal storage disorders in 

which the term was first coined. For example in GM2 gangliosidosis, including Tay-Sachs and 

Sandoff diseases, glycohydrolase β-N-acetylhexosaminidase deficiency leads to the formation of 

concentric multi-lamina structures in neuronal lysosomes159. Fabry disease, in which hearing loss 

is common, is characterised by α-galactosidase A deficiency which results in glycolipid 

accumulation, identifiable in both the kidney and the stria vascularis, yet not in hair cells160. 

Multi-laminar concentric membrane whorls are described in a diverse range of biological 

contexts; from those described previously in this study, forming in hair cells during bleb 

recovery, to those involved in lysosomal aberration as a result of genetic or chemical inhibition 
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of function. Finally, MCB like structures, in this case referred to as multilamella bodies, have also 

been described in the amoebae Dictyostelium discoideum in which they originate from amoebal 

metabolism and are secreted161.  

 

 

4.1.5. Research aims  

The overarching aim of this study is to investigate the effects of long-duration, low-dose 

aminoglycoside treatment on hair-cell ultrastructure in organotypic cochlear cultures. The 

specific focus of which was the bright punctate structures observed following hair cell treatment 

with fluorescently conjugated aminoglycoside gentamicin-Texas Red (GTTR). Here, multi-

laminar membranous cytoplasmic bodies (MCBs), characteristic of lysosomal storage disorders, 

are identified in sensory hair cells by high resolution TEM, and MCBs are confirmed as the bright 

punctate structures observed in hair cells following GTTR treatment by correlative light and 

electron microscopy (CLEM).  

 

Subsequent aims were to identify how MCBs form, and the significance of these structures in 

aminoglycoside toxicity. Here, the genesis of MCBs is shown to be as a result of the development 

of pre-existing vacuolar structure in hair cells, increasing in membrane content over time. The 

source of this membrane appears not to be the plasma membrane, as determined by the 

localisation of cationized ferritin in relation to MCBs following pulse labelling of the plasma 

membrane.  

 

The significance of MCB formation in aminoglycoside toxicity in hair cells is investigated by 

analysis of GTTR loading and cell ultrastructure in Myo7aSh6J/Sh6J
 hair cells, with compromised 

MET channel function; and comparison of ultrastructure in hair cells treated with different 

aminoglycosides at concentrations of similar toxicity. Myo7aSh6J/Sh6J cells are protected against 

GTTR toxicity, however are here demonstrated to still form large MCBs comparable with those 

in Myo7a+/Sh6J and wild-type cells. Gentamicin, when used at concentration causing a similar level 

of toxicity to GTTR, did not induce MCB formation, and other aminoglycosides: neomycin, Texas 

Red-conjugated neomycin, and kanamycin were demonstrated to have varying propensities to 

induce some form of ultrastructural defects in lysosomes. Taken together these findings 

question the significance of MCB formation to aminoglycoside toxicity in hair cells.  
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4.2 Results 

4.2.1. The formation of membranous cytoplasmic bodies 

4.2.1.1. Incubation with GTTR leads to the formation of membranous cytoplasmic bodies 

Cochlear cultures were incubated at 37° C for 24 hours in low serum medium (LSM) with 2 µM 

GTTR. Following washing, when imaged live, GTTR was observed within the cytoplasm of both 

inner and outer hair cells (Fig. 4.1 C). As described previously in the hair cells of the zebrafish 

lateral line system24, GTTR was also found in bright puncta (Fig. 4.1 C arrow). When observed by 

DIC microscopy (Fig. 4.1 A higher focal plane, B lower focal plane), inner and outer hair cells of 

cultures incubated with GTTR contain large granular structures, that appear light or dark. Focal 

plane of imaging determines the appearance of granular structures and visibility of fluorescent 

puncta, with the brightest fluorescence correlating with bright granules in DIC images 

(comparing structures in OHC row 2 of fig. 4.1 B and C). Fluorescent puncta are located between 

the nucleus and cuticular plate of hair cells. Dark granules visible at lower focal planes are 

determined to be a shadowing effect of the brighter granules in DIC imaging, and not discrete 

structures (comparing OHC row 1 of fig. 4.1 A and B).    

 

Transmission electron microscopy of hair cells following incubation with 2 µM GTTR for 24 hours 

reveals the formation of large multi-lamina membranous structures (fig. 4.1 D and E). These lipid 

inclusions are reminiscent to those described previously in lysosomal storage disorders as 

membranous cytoplasmic or circular bodies (MCBs)(fig. 4.1 D arrows), in which multiple 

membranous whorls with one or more central focal points are observed; or zebra bodies, in 

which the focal region of multi-lamina membranes is less obvious (fig. 4.1 E asterisk). In some 

instances, these structures are contained within a delineating membrane boundary (fig. 4.1 Bii 

filled arrowhead), in others this boundary is not obviously present (fig. 4.1 E empty arrowhead). 

For simplicity, here, all of these structures will be referred to as MCBs. 

 

The MCBs observed in GTTR-treated hair cells contain large amounts of electron dense 

membrane. There are regions of clear lamination within the MCBS and more dense regions in 

which lamination of the membrane cannot be resolved. Similar structures are visible in hair cells 

that are presumed to be dying or dead (fig. 4.1 F) in which a large number of large vacuolar 

structures can be observed, the cytoplasm is devoid of its usual dense and grainy contents, and 

the mitochondria are often dilated. However, it is important to note that MCBs are clearly visible 

in cells with otherwise healthy ultrastructure (Comparing GTTR treated cells 4.1 D and E to cells 

not treated with GTTR 4.1 G and H).  
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Hair cells of cochlear cultures that were incubated for 24 hours in LSM with no GTTR do not 

contain MCBs. A number of large vacuolar organelles are present in controls (identified in fig. 

4.4 G), presumably lysosomal or late endosomal in identity, some devoid of electron dense 

material, others with cytoplasm-like contents. Multi-vesicular bodies (MVBs) are also often 

identifiable in cells treated and not treated with GTTR, and are distinct from MCBs as membrane 

is maintained in small discrete vesicles rather than multi-lamina membrane whorls. There are 

some instances in which layers of membrane are observable in vacuolar structures within cells 

not treated with GTTR (fig. 4.1 H arrow), however, the amount and lamination of membrane is 

much less than that observed in MCBs. GTTR loading and MCB formation are not observed in 

the support cells of the organ of Corti. 

 

4.2.1.2. GTTR co-localises with membranous cytoplasmic bodies  

In order to determine if bright GTTR puncta identified by light microscopy were the MCBs 

observed at an ultrastructural level by TEM, correlative light and electron microscopy (CLEM) 

was carried out on cochlear cultures incubated with 2 µM GTTR for 24 hours. Following 

incubation with GTTR, tissue was fixed and embedded such that, following ultramicrotomy, 

GTTR fluorescence could still be observed, and cytoplasmic ultrastructure was preserved at a 

level suitable for TEM.  

 

Consecutive orthogonal sections of 80 nm for TEM (fig. 4.2 Ai and Bi), followed by 500 nm for 

light microscopy (fig. 4.2 Aii and Bii) were collected and imaged, allowing for correlation 

between structures that are found in both sections (fig. 4.2 A and B iii and iv). As in unfixed 

tissue, GTTR had disperse cytoplasmic localisation in hair cells and was not present in adjacent 

support cells. This feature was therefore utilised to align and overlay light and electron 

micrographs.  

 

In order to visualise fluorescence intensity once overlaid with TEM micrographs, fluorescence 

values were converted to a thermal look up table (fig. 4.2 A and B iv. LUT intensities indicated 

below B).  MCB structures identifiable in electron micrographs correlated with bright fluorescent 

puncta in light micrographs, in both figure 4.2 A and B (outer and inner hair cells respectively). 

 

Given the relative thicknesses of these sections, it is likely that some fluorescent structures that 

are present in sections taken for light microscopy may not be present in thinner sections 

collected for TEM. This accounts for the bright fluorescent puncta visible in figure 4.2 B with no  

                      98



                      99



 
 

obvious ultrastructural correlate. However, the reverse is less likely, as such any structure larger 

than 80 nm in depth observable in TEM sections is likely to be contained also in the adjacent 

light microscopy section.  

 

In addition to the co-localisation of MCBs and bright GTTR puncta, GTTR is also found to localise 

to the nucleus and specifically the nucleolus of the hair cell at higher levels than that observed 

in the cytoplasm (fig. 4.2 B). It is also worth note that although there is no cytoplasmic loading 

of GTTR in support cells, there are instances of single bright puncta in support cells.   

 

4.2.1.3. MCBs form by a gradual increase in membranous material over time 

In order to determine how MCBs form during incubation, cochlear cultures were incubated with 

2 µM GTTR for 1, 4, 8, or 24 hours prior to fixation for electron microscopy (fig. 4.3). In controls, 

incubated for 24 hours in the absence of GTTR, a number of large vacuolar structures can be 

observed as described above: (fig. 4.3 A, also highlighted in 4.4 Ci after 1 hour GTTR incubation) 

(i) those with a similar electron density as cytoplasm (asterisk) or largely devoid of contents, (ii) 

those identifiable as MVBs, and finally (iii) those with small electron dense regions or layered 

membrane. The latter are considered as putative MCB precursors, referred to henceforth as 

presumptive MCBs.  

 

After 1 hour incubation with GTTR the same range of vacuolar structures can be observed, 

however there is an increase in the occurrence of (iii) structures with dense membrane rings 

(fig.4.3 B arrow). By 4 hours the number of electron dense membrane rings observed in these 

structures increases, with multiple MCB nucleating regions present (fig. 4.3 C arrow). At the 8 

hour time point (fig. 4.3 D arrow) lipid densities are beginning to mature into multi-lamina 

membrane whorls, characteristic of the MCBs observed after 24 hour GTTR treatment.   

   

The number and content of MCBs were quantified in sections from 6-8 cells at each time point 

(fig. 4.4). Large vacuolar structures, determined as membrane bound structures (excluding 

mitochondria), with a diameter greater than 500 nm (illustrated by yellow circle fig. 4.4 Ci), were 

quantified, and split into those that are not identifiable as MVBs but do contain membranous 

content or electron dense regions (fig, 4.4. Ci arrow, presumptive immature MCB), and those 

that are MVBs or devoid of membranous content (fig, 4.4 Ci arrowhead and asterisk 

respectively). In order to account for variation in cell profiles collected during ultra-thin 

sectioning, numbers of structures per profile were normalized by cytoplasmic volume in each  
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Figure 4.3: Ultrastructural changes during GTTR incubation 

TEM micrographs of hair cells in the mid-basal region of cochlear cultures incubated for 24 hour in LSM 

with no GTTR (A) or treated with 2 µM GTTR in LSM for (B) 1 hour, (C) 4 hours, (D) 8 hours. Left and right 

panels are micrographs collected from different cells at low and high magnification respectively. Asterisk 

indicates vacuolar structure devoid of membranous content, arrowhead indicates MVB, and arrows 

indicate presumptive MCBs. Scale bars: left panels (i) 2.5 µm, right panels (ii) 1 µm. 

 

 

profile (fig. 4.4 Cii blue area) to provide a value per 10 µm2 of cytoplasm (size illustrated by green 

square fig. 4.4 Cii).  

 

The overall number of large vacuolar structures did not change as a result of incubation with 

GTTR (fig. 4.4 A no significant difference between 24 hour GTTR and control, linear regression 

across time points slope = 0.003, p 0.97 not significantly different from zero). However, the 

number of presumptive MCBs increased over time (linear regression slope = 0.03 p 0.015 – 

significantly different from zero, with a significant difference between 24 hour GTTR and 

control), while the number of MVBs and membrane free vacuolar structures decreased (linear 

regression slope = -0.03 p 0.003 – significantly different from zero, with significant difference 

between 24 hour GTTR and no GTTR control). 

 

In addition to the number of presumptive MCBs increasing over time, a more striking 

observation from micrographs is the increased size and membranous content of MCBs. This was 

quantified by the amount of electron dense material within MCBs, and was also found to 

increase over time (fig. 4.4 B linear regression slope = 0.01 p<0.0001 – significantly different 

from zero). This was determined per presumptive MCB identified at each time point, as the area 

of micrographs within MCBs that had intensity levels lower than a threshold value (illustrated in 

red in fig. 4.4 Ciii). A threshold of mean cytoplasmic grey value for each micrograph minus one 

standard deviation was determined to give an accurate readout of MCB membrane content, 

unbiased by the variation in the brightness of micrographs collected. 

 

Together these findings confirm that MCB formation occurs by a gradual increase in 

membranous material in pre-existing structures over time, and not as a result of a mass 

internalisation event as observed during damage repair following brief neomycin treatment. 

Indeed, at no time point was membrane blebbing observed as a result of incubation with 2 µM 

GTTR (fig. 4.3 apical surfaces), unlike during exposure to 1 mM neomycin.   
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4.2.1.4. MCB membrane does not originate from the apical surface of the cell 

Although membrane has been demonstrated to accumulate gradually in MCBs over time, rather 

than as a result of a mass internalisation event, and there is no evidence of obvious membrane 

blebbing, that does not preclude the plasma membrane as a possible source of MCB content. In 

order to asses this possibility, the apical pole of the plasma membrane of hair cells was 

decorated with cationized ferritin prior to incubation with 2 µM GTTR.  

 

Cationized ferritin was identified in large vacuolar structures in a crystalline arrangement in 

cultures incubated with GTTR, and in controls that were not incubated in GTTR after cationized 

ferritin decoration (fig. 4.5 A and B respectively). GTTR only controls, with no pre incubation with 

cationized ferritin (fig. 4.5 C) occasionally contained electron dense aggregates of similar 

diameters to those observed in cationized ferritin treated cultures. They did not, however, 

assemble in crystalline arrangements, nor were they visible at the same frequency observed in 

cultures that underwent cationized ferritin treatments.  

 

When cationized ferritin application preceded GTTR incubation, MCBs formed as in cationized 

ferritin free controls. MCBs were observed both without (fig. 4.5 Ai) and with cationized ferritin 

(fig. 4.5 Aiii). Although cationized ferritin aggregates and MCB lipid whorls were often observed 

within the same delineating membrane, there was no instance in which cationized ferritin was 

dispersed between multi-lamina layers of membrane within MCBs, as observed in the case of 

membrane internalization during neomycin-induced damage-repair. As cationized ferritin rich 

compartments are observed adjacent to, (fig. 4.5 Ai) and seemingly fusing with, (fig. 4.5 Aii) 

MCBs, it is likely that MCBs and internalised cationized ferritin share a common cellular 

endpoint. It is concluded, however, that the apical plasma membrane is not the source of 

membrane in MCBs.   

 

 

4.2.2. Membranous cytoplasmic bodies in aminoglycoside ototoxicity  

4.2.2.1. Membranous cytoplasmic bodies and GTTR toxicity in Myo7aSh6J/Sh6J hair cells 

4.2.2.1.1. GTTR is not toxic to Myo7aSh6J/Sh6J hair cells 

As has been demonstrated previously with gentamicin162, GTTR is not toxic to Myo7aSh6J/Sh6J hair 

cells, unlike in cultures prepared from Myo7a+/Sh6J littermates (fig. 4.6). Outer hair cells in the 

mid basal region of Myo7a+/Sh6J cochleae typically die in response to 2 µM GTTR within 24 - 36 

hours (fig. 4.7). However, at the longest duration tested, 96 hours incubation with 2 µM GTTR,  
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there is no evidence of outer hair cell loss in Myo7aSh6J/Sh6J cochlear cultures (fig. 4.6). Notably, 

these hair cells contain GTTR both within the cytoplasm and in bright punctate structures, as 

described in wild-type CD1 cells previously (fig. 4.6 Myo7aSh6J/Sh6J and 4.1 A wild type-CD1).   

 

4.2.2.1.2. Membranous cytoplasmic bodies form in Myo7a+/Sh6 and Myo7aSh6J/Sh6J hair cells 

Large, mature, MCBs, indistinct from those identified in CD-1 wild type hair cells (fig. 4.1), form 

in both Myo7aSh6J/Sh6J and Myo7a+/Sh6 hair cells as a result of incubation with 2 µM GTTR (fig. 4.7).  

 

Most hair cells in the middle region of Myo7a+/Sh6 cultures incubated with 2 µM GTTR begin to 

die by 24 hours and can be identified by the abnormal dilation of mitochondria (fig. 4.7 Ai), an 

organelle believed to be an early effector of aminoglycoside ototoxicity. At later time points (fig. 

4.7 Ci) disruption/coalescing of organelles and lipid accumulation can be observed, in addition 

to breaks between hair cells and supporting cells in the epithelium, and the ingestion of hair-cell 

material by support cells. Therefore, as stated previously, MCBs cannot be reliably identified 

during cell death.  However, there are instances in which Myo7a+/Sh6 hair cells contain large 

MCBs, yet have no disruption to mitochondrial or cytoplasmic morphology, characteristic of cell 

death, and are therefore considered to be healthy (fig. 4.7 Bi).  

 

Myo7aSh6J/Sh6J hair cells have collapsed hair bundles and an altered cuticular plate, in addition to 

altered cell shape development in culture, in the absence of GTTR incubation. Aside from these 

archetypal features, at all time points of GTTR incubation studied Myo7aSh6J/Sh6J hair cells remain 

‘healthy’. However, these cells do contain a number large MCBs (fig.4.7. Aii Bii Cii).    

 

4.2.2.1.3. GTTR loads in to the cytoplasm of Myo7aSh6J/Sh6J hair cells prior to the formation of 

punctate structures 

In order to asses GTTR entry and MCB formation in Myo7a+/Sh6J and Myo7aSh6J/Sh6J hair cells, 

cultures were incubated for varying periods with 2 µM GTTR and imaged live, prior to fixation 

for electron microscopy. As has been previously observed in cochlear cultures prepared from 

wild-type CD1 mice17, GTTR loads rapidly into Myo7a+/Sh6J hair cells, with disperse fluorescence 

visible within the cytoplasm and hair bundle after 10 minutes (fig. 4.8 A left). By 1 hour of GTTR 

incubation bright punctate structures form in Myo7a+/Sh6J hair cells. Fluorescence intensity of 

cytoplasmic loading and punctate structures continues to increase at 4 and 8 hour time points 

(fig. 4.8 A and C blue, note exposure time of 200 msec for micrographs and quantification of 10 

min time point but 20 msec for all other time points).  
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Figure 4.8: GTTR loads into Myo7a+/Sh6J and Myo7aSh6J/Sh6J hair cells 

Cochlear cultures prepared from Myo7a+/Sh6J and Myo7aSh6J/Sh6J mice were incubated with 2 µM GTTR at 

P3+1 (10 min, 1 hour and 8 hour time points) or P2+1 (8 hour time point) then imaged live after either 10 

min, 1, 4 or 8 hours. Exposures of 200 msec were used for the 10 minute time point and 20 msec for all 

other time points, with plane of focus between the cuticular plate and the nucleus. Littermates were used 

for equivalent time points, A Myo7a+/Sh6J, B Myo7aSh6J/Sh6J. ii enlarged regions from i. 1-8 hour micrographs 

are displayed with equal background fluorescence. C Quantification of fluorescence intensity. 50 px (5.8 

µm) diameter samples of fluorescence intensity in outer hair cells with background intensity value 

deducted. Individual values of 10 cells per condition shown. Samples taken from subcuticular region, 

irrespective of presence of punctate structures. Error bars: standard deviation. Statistics: 10 min time 

point – unpaired t-test. 1-8 hour time points – two-way ANOVA with Sidak’s multiple comparison tests. 

**** p < 0.0001, ** p < 0.01 > 0.001. 

 

 

Myo7aSh6J/Sh6J hair cells do not load with GTTR after 10 minutes incubation (fig. 4.8 B left). 

However, by 1 hour a number of hair cells are observed to contain GTTR. As is observed in 

Myo7a+/Sh6J littermates, GTTR is first visible in hair cells dispersed within the cell body. By 4 hours 

bright punctate structures have formed within Myo7aSh6J/Sh6J hair cells, which again increase in 

fluorescence intensity by 8 hours GTTR incubation. Both loading and puncta formation are 

delayed in Myo7aSh6J/Sh6J hair cells, with no obvious puncta formation, certainly not comparable 

to Myo7a+/Sh6J littermates, at 1 hour (fig. 4.8 B compared to A).  

 

At the individual time points observed, fluorescence in Myo7a+/Sh6J littermates is greater than 

that in Myo7aSh6J/Sh6J littermates (fig. 4.8 C). However, fluorescence at 8 hours in Myo7aSh6J/Sh6J is 

greater than that observed after 4 hours in Myo7a+/Sh6J hair cells. It must be noted however that 

8 and 4 hour time points were carried out on mice from different litters, in order to make formal 

comparisons of this nature between these time points further experiments are required.  

 

4.2.2.1.4. MCB formation is comparable in Myo7a+/Sh6 and Myo7aSh6J/Sh6J hair cells 

Following treatment with 2 µM GTTR for fixed time periods of 10 minutes, 1, 4, or 8 hours, 

cochlear cultures prepared from Myo7aSh6J/Sh6J and Myo7a+/Sh6 littermates were processed for 

electron microscopy. The number of vacuolar structures larger than 500 nm in diameter with 

membranous content in non-MVB arrangements was quantified per 10 µm2, as described 

previously (fig. 4.9 A). MCBs were not quantified in cells showing signs of cell death for the 

reasons previously stated. No difference was observed in the number of presumptive MCBs in 

Myo7a+/Sh6 and Myo7aSh6J/Sh6J hair cells at early time points, 10 min – 8 hours, preceding cell 

death in Myo7a+/Sh6 cultures. However, caution must be exercised with the interpretation of this 

analysis as the number of cells studied is low (< 5 per condition) and variation in MCB number is 

high.   
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Large membranous vacuolar structures are clearly visible in hair cells at all time points (fig. 4.9 

B-D), even after as little as 10 minutes incubation with GTTR. However, in the absence of a no 

GTTR control the possibility that these structures are more prevalent in Myo7aSh6J/Sh6J and 

Myo7a+/Sh6 hair cells than in wild-type CD1 hair cells cannot be ruled out. There are no obvious 

morphological differences between presumptive MCBs in Myo7aSh6J/Sh6J and Myo7a+/Sh6 hair cells 

at 1 and 4 hour time points (fig. 4.9 C & D comparing i to ii). However, at these early stages of 

MCB formation, presumptive MCBs in both in Myo7aSh6J/Sh6J and Myo7a+/Sh6 hair cells contain 

membrane arrangements more similar to disorganised, coalescing MVBs than mature MCBs, in 

contrast to membrane arrangements observed in CD-1 wild type hair cells at these time points 

(fig. 4.9 C & D compared to 4.3 B & C).  

 

4.2.2.2. Membranous cytoplasmic body formation by aminoglycosides  

4.2.2.2.1. Gentamicin and Texas Red alone do not induce MCB formation 

In order to test the propensity of gentamicin not conjugated to Texas Red to cause MCB 

formation in sensory hair cells, comparable concentrations of the compounds were determined 

based upon toxicity. Lethal dose (LD) 50 concentrations for gentamicin and GTTR were 

determined in the mid-basal region of the coil by constructing dose response curves of cell 

survival following 48 hour incubation of CD1-wild type cochlear cultures in LSM with varying 

gentamicin and GTTR concentrations (fig. 4.10 A). GTTR was found to be slightly more toxic than 

gentamicin, with LD50 values of 0.9 µM and 2.0 µM respectively.  

 

Historically in the Richardson lab, a 48 hour cochlear culture toxicity assay uses a gentamicin 

concentration of 5 µM. Based upon the relationship between this and the LD50 of gentamicin 

and GTTR, the assay concentration of 2 µM GTTR that has been utilised throughout this study. 

As such, to determine if gentamicin incubation leads to MCB formation prior to cell death, 

cochlear cultures incubated with 5 µM gentamicin were fixed and prepared for electron 

microscopy at 24, 36 and 48 hour time points. 

 

At no time point preceding cell death were MCBs like those detected as a result of GTTR 

incubation found in gentamicin treated hair cells (fig. 4.10 B&C). Outer hair cells were dead in 

the mid region of the coil by 36 hours, however at 24 hours (fig. 4.10. B) multi-laminar structures 

were not visible. There were a number of instances of large vacuolar structures with electron 

dense regions, however similar structures have been observed in hair cells in the absence of  
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aminoglycoside treatment (fig. 4.10. Bii arrow compared to fig. 4.1 C). Smaller organelles 

containing isolated lipid rings were observed after 36 hours in surviving inner hair cells (fig. 4.10. 

C arrow), referred to henceforth as lipid inclusions.  

 

Texas Red alone (i.e., just the fluorophore) was also tested for its propensity to induce MCB 

formation. As Texas Red is not toxic to hair cells, a concentration of 2 µM was used to match 

that of GTTR, for 36 hours. Texas Red was found not to induce MCBs (fig. 4.10. D). A small 

electron dense organelle was identified (fig. 4.10. D arrow), however the granular nature of its 

content and peri-cuticular location is suggestive of late-endosomal coalescence following 

endocytic uptake.  

 

In order to assess if the number of lipid inclusions in hair cells treated with gentamicin and Texas 

Red were comparable to MCBs induced by GTTR, in spite of their morphological distinction, lipid 

inclusions were quantified in micrographs at the 24-hour time point in hair cells not exhibiting 

signs of cell death, as described previously (fig. 4.10 Ei). Here, lipid inclusions were defined as 

organelles of any size (dispensing of the previous >500 nm diameter criterion for MCB-like 

structures) with electron dense lipid content (excluding MVBs and mitochondria). Although 

there was a great deal of variation in the number of lipid inclusions induced by GTTR, significantly 

fewer were induced as a result of treatment with gentamicin and Texas Red (fig. 4.10. Ei). More 

strikingly however, a comparison of the size of these lipid inclusions (fig. 4.10. Eii) shows a clear 

difference in the organelle morphology induced by GTTR compared to gentamicin and Texas 

Red. Indeed, the majority of those found following gentamicin and Texas Red incubation were 

determined to have areas smaller than the 500 nm diameter cut off criterion used previously to 

define presumptive MCBs (fig. 4.10. Eii dotted line).  

 

4.2.2.2.2. Texas Red – neomycin induces non-MCB like lipid inclusions  

As described above for gentamicin, in order to determine appropriate concentrations of 

kanamycin (see section 4.2.2.2.3. below) and neomycin required to assay for the propensity of 

these aminoglycosides to induce MCB formation, dose response curves were established to 

determine the relative toxicity of these compounds (fig. 4.11 A). The ultrastructural effects of 

long term (24 hour) incubation with neomycin were investigated by incubation in 100 µM 

neomycin. This concentration was selected based on the occurrence of MCBs as a result of 

treatment with 2 µM GTTR (roughly double GTTR’s outer hair cell LD50 in the mid-basal region 

of 0.9 µM), and an LD50 for neomycin of 47.6 µM.  As in response to incubation in gentamicin,  
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a number of small lipid inclusions were observed in hair cells as a result of neomycin incubation 

(fig. 4.11 B arrow), however there was no evidence of MCBs like those observed as a result of 

GTTR. 

 

Texas Red conjugated neomycin (TRNeo) was also tested for its propensity to cause MCB 

formation. A concentration of 40 µM TRNeo, crudely based on the relationship between 

gentamicin and GTTR toxicity, was incubated with hair cells for 24 hours prior to preparation for 

electron microscopy. A number of lipid inclusions were observed (fig. 4.11 C), greater in size and 

number than those seen as a result of neomycin treatment. Although not similar to mature 

MCBs observed at this time point as a result of GTTR treatment, some lipid inclusions as a result 

of TRNeo incubation are similar to lipid structures found during MCB formation at earlier time 

points of GTTR incubation (fig. 4.3. C).  

 

Lipid inclusions induced by neomycin and TRneo were not significantly fewer in number than 

those induced by GTTR (fig. 4.11 Di). Although the size of lipid inclusions was significantly smaller 

than MCBs formed as a result of GTTR, there were a large number of lipid inclusions induced by 

TRNeo that were above the threshold size required for consideration as presumptive MCBs 

during MCB formation (fig. 4.11 Dii data points above the dotted line).  

 

Small lipid inclusions and MCB like structures were also often present in supporting cells of the 

organ of Corti such as pillar (fig. 4.11 E after 24 hour 100 µM neomycin) and Deiters’ cells as a 

result of treatment with aminoglycosides. These were identified in response to all 

aminoglycosides and fluorescently conjugated aminoglycosides tested (data not shown). 

Correlative light and electron microscopy following GTTR treatment reveals isolated puncta of 

GTTR fluorescence in support cells adjacent to hair cells (fig. 4.2 A & B), suggesting that lipid 

inclusions in these cells may contain aminoglycosides.   

 

4.2.2.2.3 Kanamycin induces the formation of small MCBs.   

Based upon an LD50 of 30 µM for outer hair cells in the mid-basal region of the coil following 48 

hour incubation with kanamycin (fig. 4.11 A), the propensity of kanamycin to induce the 

formation of MCBs prior to cell death was tested for 24, 36 and 48 hour treatment with 60 µM 

kanamycin. By 48 hours all outer hair cells in profiles from the mid region of the coil were dead. 

After 24 hour incubation, a number of small lipid inclusions were observed (fig. 4.12 Ai) as with 

other aminoglycosides. However, there were also instances of small MCB structures after both  
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24 and 36 hour kanamycin incubation (fig. 4.12 Aii & Bi). Unlike in response to GTTR incubation, 

instances of MCB formation were rare, and there was no evidence of an increase in MCBs after 

36 hours kanamycin incubation compared to 24 hours. Morphologically, a number of the lipid 

inclusions induced by kanamycin treatment are MCB-like, with multi-laminar membrane whorls, 

unlike those observed after treatment with gentamicin and neomycin; however, as with 

neomycin (fig. 4.11 D), there is no significant difference between the number of inclusions 

observed as a result of kanamycin treatment compared to GTTR (fig. 4.12 Ci) and, overall, those 

induced by kanamycin are significantly smaller than those induced by GTTR (fig. 4.12 Cii).    

 

Also observed within profiles of cells from cultures treated with kanamycin for 36 hours was an 

example of an autophagosome enveloping cytoplasm and a mitochondrion for degradation (fig. 

4.12 Bii). Although autophagosomes are frequently found within hair cells,  micrographs of 

autophagosomes in cells producing lipid inclusions or MCBs (fig. 4.12 Bii 36 hours kanamycin, 

fig. 4.5 C bottom 24 hours GTTR respectively) highlight the morphological differences between 

MCBs and autophagosomes. The organised double layer of membrane separated by a non-

electron dense lumen, characteristic of autophagosomes, is distinct from the electron-dense 

disorganised membrane whorls of MCBs, or tight dense lipid rings often observed within lipid 

inclusions. Furthermore, while presumptive MCBs are demonstrated to increase in membranous 

content over time (fig. 4.3), autophagy is characterised by the envelopment of large volumes of 

cytoplasm. The morphological distinction of these events suggests MCB formation and 

autophagy are therefore not likely to be one and the same processes.    
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4.3. Discussion 

In this chapter, membranous cytoplasmic bodies (MCBs), characteristic of lysosomal storage 

disorders, were identified in sensory hair cells in response to a low-dose long-duration 

treatment with fluorescently conjugated aminoglycoside GTTR. MCBs were confirmed by 

correlative light and electron microscopy as being the bright punctate structures observed in 

hair cells following GTTR treatment. The genesis of MCBs is shown to be as a result of changes 

in pre-existing vacuolar structures in hair cells leading to an increase in membrane content over 

time. While the source of this membrane remains unclear, it appears not to originate from the 

plasma membrane, as determined by the localisation of cationized ferritin in relation to MCBs 

following pulse labelling.  

 

The significance of MCB formation in aminoglycoside toxicity in hair cells was investigated by 

analysis of GTTR loading and cell ultrastructure in Myo7aSh6J/Sh6J
 hair cells. Although Myo7aSh6J/Sh6J 

cells are protected against GTTR toxicity, they still form large MCBs comparable with those in 

Myo7a+/Sh6J and wild-type cells. Interestingly, although Myo7aSh6J/Sh6J cells have compromised 

MET channel function, they also seem to accumulate GTTR in the cytoplasm prior to the 

appearance of punctate structures, as in Myo7a+/Sh6J cells.  

 

Finally, a comparison of ultrastructure was conducted in hair cells treated with different 

aminoglycosides. Gentamicin at a concentration causing a similar level of toxicity as GTTR, did 

not induce MCB formation, and other aminoglycosides: neomycin, Texas Red-conjugated 

neomycin, and kanamycin were demonstrated to have varying propensities to induce some form 

of ultrastructural defects in lysosomes. Together these findings challenge the significance of 

MCB formation to aminoglycoside toxicity in hair cells. They do however, raise important 

considerations for future research that utilises fluorescently conjugated aminoglycosides in 

sensory hair cells.   

 

 

4.3.1. GTTR causes the formation of membranous cytoplasmic bodies  

4.3.1.1. MCBs in sensory hair cells 

In response to treatment with GTTR, hair cells form large membranous cytoplasmic bodies 

(MCBs). Also referred to as myeloid inclusions or myeloid bodies in the literature, these 

structures are characterised by multiple layers of osmophilic membrane, sometimes contained 

within a clear delineating membrane. Correlative light and electron microscopy of hair cells 
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shows that GTTR localises in these structures and that they represent, at least at later time 

points, the bright puncta observed in GTTR-treated hair cells by light microscopy.  

 

The MCBs identified here in sensory hair cells are similar to those observed in lysosomal storage 

disorders159,160 and recent data (Richard Goodyear, personal communication), has shown that 

GTTR puncta co-localise with lysosome associated membrane protein (LAMP1) in cochlear 

cultures by 24 hours. The formation of MCBs in lysosomes has been demonstrated in proximal 

tubular cells after gentamicin treatment158, and fluorescent GTTR puncta have been shown to 

co-localise with LysoTracker in the zebrafish lateral line24 and cochlear hair cells17. Although MCB 

formation has not been observed in hair cells of the chick basilar papilla after kanamycin 

exposure119, immunogold labelling of kanamycin has been observed in enlarged lysosomes, one 

image of which revealed signs of lipid build up. Collectively these data indicate that, at late time 

points, MCBs form as a result of lysosomal dysfunction caused by GTTR. 

 

Lipid inclusions, both like those observed as a result of treatment with neomycin, and those that 

are MCB-like, are often observed within support cells of the cochlear, adjacent to hair cells. For 

example, in pillar and Dieter’s cells where they can be identified as GTTR positive structures by 

CLEM. Although outside the remit of this study, some inferences can be made about the origin 

of such inclusions. Support cells of the chick utricle have previously been demonstrated to 

phagocytose hair cell material163. Rates of endocytosis at the apical poles of these supporting 

cells is thought to be low, and the localisation of MCB-like structures adjacent to the interface 

between hair cells and support cells, rather than at the apical pole of the cells, suggests this 

material has been phagocytosed following its extrusion by hair cells.  

 

4.3.1.2. The formation of MCBs 

The distribution of GTTR in hair cells is initially diffuse and cytosolic, with bright punctate 

structures forming subsequently. In Myo7a+/Sh6J hair cells, which behave in the same manner as 

wild-type CD1 hair cells, punctate GTTR aggregations are observed after 1 hour. However, at 

these early time points GTTR does not co-localise with LAMP1 (Richard Goodyear, personal 

communication). GTTR positive punctate structures are therefore not initially lysosomal. The 

same is also reported in zebrafish lateral line hair cells by Hailey et al.24, who concluded that 

GTTR is sequestered by an autophagic mechanism. However, although autophagosomes with a 

characteristic ultrastructure are readily observable in sensory hair cells by TEM, they are 
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morphologically distinct from mature MCBs in which GTTR is localised, or MCBs forming at 

earlier time points. 

 

Membrane in MCBs builds up over time, and is not as a result of a large endocytic event, such 

as that observed during repair from neomycin-induced blebbing. It is not clear, however, if 

immature MCBs are GTTR positive. It was not possible to identify GTTR localisation by the CLEM 

methodology utilised for the later time point as at earlier time points GTTR fluorescent levels 

are lower and do not withstand the osmium treatment required for the ultrastructural 

preservation of such membranous structures. Instead, immunogold labelling of GTTR could be 

utilised in the future.  

 

The source of the whorls of closely-apposed membrane that form MCBs is not clear. Although 

these membrane whorls and the crystalline assemblies of cationized ferritin derived from apical 

plasma membrane are often found within a compartment bound by a single delineating 

membrane, they do not co-localise with each other within this compartment and may both 

simply be in transit to (or at) the same lysosomal destination. This does not exclude the 

possibility that GTTR enters the lysosomal pathway via apical endocytosis alongside cationised 

ferritin. However, MCBs are also observed in compartments that do not contain cationised 

ferritin, and therefore form prior to the addition of material from the plasma membrane. As 

membranous whorls are assumed to form as a result of aminoglycosides preventing membrane 

break down152, thereby implicating the presence of GTTR with MCBs in the absence of cationized 

ferritin, lysosomal GTTR must not be uniquely endocytic in origin. Instead, it is concluded that 

GTTR enters lysosomes via the cytosol, as demonstrated previously by Hailey et al. 201724 in the 

zebrafish.  

 

A remaining question is however: what is the molecular identity of immature MCB structures? 

It is likely that these are pre-existing endosomal structures as the number of large vacuolar 

structures that are empty, and MVBs, decreases as the number of presumptive MCBs increases. 

If they are positive for GTTR, they do not yet colocalise with LAMP1 or LysoTracker, and in which 

case it is not clear why membrane accumulates in these structures prior to lysosomal delivery, 

unless GTTR either induces lipid production, or prevents membrane metabolism prior to 

lysosomal delivery. If, however, immature MCBs are not GTTR positive, it is similarly unclear why 

membrane should accumulate in these structures in this manner. Clearly the molecular identity 

of compartments in which immature MCBs form is beyond the scope of this study. However, 

their identification by immunohistochemistry, for both light and electron microscopy, in 
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addition to the location of GTTR during MCB formation, would facilitate a greater understanding 

of how MCBs form and how GTTR is sequestered from the cytosol into lysosomes.    

 

 

4.3.2. Cytoplasmic GTTR and MCB formation are not sufficient to induce hair-cell death  

As in Myo7a+/Sh6J hair cells, GTTR loads into the cytoplasm of Myo7aSh6J/Sh6J hair cells prior to the 

formation of punctate structures. However, in spite of being filled with GTTR in both locations, 

Myo7aSh6J/Sh6J hair cells are not susceptible to GTTR induced cell death by the latest time point 

tested (96 hours incubation). This raises two questions, how is GTTR entering Myo7aSh6J/Sh6J hair 

cells, and why is it not toxic? 

 

The diffuse cytoplasmic distribution of GTTR in Myo7aSh6J/Sh6J hair cells seen after 4 hours of 

exposure is the same as that observed in Myo7a+/Sh6J and wild type cells, suggestive of loading 

directly into the cytoplasm via a channel rather than by endocytosis. While these cells have been 

demonstrated to undergo classical endocytosis at the apical pole164, and although clathrin 

coated vesicles would not be resolved by light microscopy, the number and uniform cellular 

distribution of GTTR positive vesicles that would be required to achieve the diffuse, whole cell, 

fluorescence labelling observed in these cells, does not correlate with the distribution of 

endocytosed cationized ferritin observed in this study and others119,164. 

 

The release of endocytosed material directly into the cytoplasm would be highly unusual, 

instead the contents of such vesicles would be delivered to endosomes, forming punctate 

structures. Punctate structures are observed in Myo7aSh6J/Sh6J hair cells, however not at the same 

time point as in Myo7a+/Sh6J hair cells, and only after cytoplasmic loading of GTTR. This provides 

further support for both for the non-endocytic formation of punctate structures, as well as entry 

of GTTR in Myo7aSh6J/Sh6J hair cells via a channel; as if GTTR entry to Myo7aSh6J/Sh6J hair cells and 

punctate structures was due to endocytosis alone, punctate structures would form prior to 

cytoplasmic fluorescence in Myo7aSh6J/Sh6J cells and at the same time as punctate structure 

formation in Myo7a+/Sh6J hair cells.  

 

GTTR may be loading into Myo7aSh6J/Sh6J hair cells via TRP channels, as has previously been 

demonstrated, however only as a result of channel activation121,122,165. Alternatively, although 

mechantransduction in Myo7aSh6J/Sh6J hair cells is considered non-functional as MET channels 

were previously believed to be opened only during stimulation that was thought to be non-
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phisiological127, GTTR may be entering through the residual MET channels in these mutants. 

Studying the loading of GTTR in TMC1/TMC2 double knock out hair cells would certainly go some 

way to identifying the role of the MET channel in GTTR entry in Myo7aSh6J/Sh6J hair cells. 

 

4.3.2.1. Functional mechanotransduction is required for aminoglycoside ototoxicity  

Functional mechanotransduction was previously identified as a requirement for GTTR-induced 

hair-cell toxicity by Alharazneh et al. (2011)17, as MET channel blockers prevented 

aminoglycoside entry into hair cells. Here, in contrast, as GTTR is demonstrated to enter yet not 

kill Myo7aSh6J/Sh6J hair cells, it is concluded that the necessity of functional mechanotransduction 

for aminoglycoside toxicity is not simply a function of its role in aminoglycoside entry into hair 

cells. Three hypothesises are proposed for the survival of Myo7aSh6J/Sh6J hair cells in spite of GTTR 

loading: i) the entry of GTTR is reduced to a level that does not reach a threshold required for 

toxicity, ii) the reduced rate of GTTR entry renders the cell less susceptible to aminoglycoside 

toxicity, iii) a reduced rate/level of metabolism of these cells renders them less susceptible to 

aminoglycoside toxicity. 

 

GTTR loading is delayed and levels of GTTR are reduced in Myo7aSh6J/Sh6J hair cells compared to 

in Myo7a+/Sh6Jhair cells.  However, although direct comparisons cannot at present be made from 

the data collected here, based upon current fluorescence level comparisons it would be 

surprising if GTTR fluorescence levels in Myo7aSh6J/Sh6J hair cells at 48 hours did not reach those 

in Myo7a+/Sh6J hair cells at 24 hours. As Myo7a+/Sh6J hair cells die after 36-48 hours GTTR 

incubation (a further 12-24 hours after the 24 hour time point), whereas Myo7aSh6J/Sh6J hair cells 

survive at least 96 hours of GTTR incubation (a further 48 hours after the 48 hour time point), 

this would suggest that absolute GTTR level in hair cells is not critical for its toxicity.  

 

The hypothesis that rate of entry, rather than amount, is important for GTTR toxicity in hair cells 

was first suggested by Alharazneh et al. (2011)17 who found the slower acting MET channel 

blocker amiloride was a less potent protectant than other blockers. An initial period of 

aminoglycoside loading was observed in the presence of amiloride even though final GTTR levels 

were comparable to those of other protective MET channel blockers. The rapid flow of 

aminoglycosides into the cell through the open MET channel may overwhelm the cells ability to 

resist stress, which may not be the case if entry rate of aminoglycosides is reduced.   
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Finally, although such explanations need not be mutually exclusive, the requirement of 

functional mechanotransduction for GTTR ototoxicity may be indirect and not as a result of 

reduced GTTR entry rate or amount. A key effector of aminoglycoside induced cell death is the 

production of ROS, and the mitochondria both facilitate and are a downstream target of such 

cellular disruption. It is likely that in the absence of functional mechanotransduction hair cells 

are less metabolically active. Indeed, sensory hair cells contain a vast network of mitochondria, 

and are therefore highly metabolically active during normal function. It is therefore 

hypothesized that the decreased metabolic load of hair cells with non-functional 

mechanotransduction may impair GTTR induced cell death in Myo7aSh6J/Sh6J hair cells.  

 

 

4.3.3. Different aminoglycosides vary in their propensity to induce MCB formation  

The production of MCBs in sensory hair cells, observed here in vitro, was most pronounced in 

response to GTTR. When tested at a concentration with comparable toxicity, neither gentamicin, 

nor Texas Red, induced MCB formation. Neomycin demonstrated some propensity for 

generating lipid inclusions, and as with gentamicin this was increased by conjugation to Texas 

Red. However, the structure of lipid inclusions observed were not similar to that of MCBs. 

Kanamycin however, did generate some instances of multi-laminar membrane production, as in 

MCBs, albeit on a much smaller scale than that observed as a result of GTTR treatment.  

 

The production of MCBs in the proximal tubular cells of the kidney is reportedly as a result of 

lysosomal phospholipidosis induced by the lysosomotropic nature of aminoglycosides and their 

ability to inhibit phospholipid breakdown152. Inhibition of membrane break down is attributed 

to the steric block of phospholipase and sphingomyelinase following electrostatic binding of the 

aminoglycosides to membranes. The greatly increased size of GTTR and TRNeo compared to 

gentamicin and neomycin respectively could therefore account for an increase in 

phospholipidosis observed as a result of treatment with these fluorescently conjugated 

aminoglycosides.  

 

Brasseur et al. (1984)110 attribute the differential binding of aminoglycosides to the lipid bilayer 

to electrostatic interactions goverened largely by the number of amine groups carried by the 

compounds. This order of neomycin > gentamicin > kanamycin does not correlate with the 

propensity of aminoglycosides to induce lipid inclusions in hair cells. However, the penetration 

of compounds into lipid bilayers as a result of hydrophobic interactions are also highlighted by 
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Brasseur et al. (1984)110. For example gentamicin insertion into the bilayer was considered deep 

enough to allow inositol phospholipid head group movement over the aminoglycoside, which 

may in turn effect its propensity to impede the lysosomal breakdown of membrane with and 

without Texas Red conjugation. As such the relationship between aminoglycoside and 

phospholipidosis induced by inhibition of metabolism in the lysosome is likely to be complex.  

 

A physical block of membrane break down in the lysosome does not however address why 

membrane build up is observed as a result of GTTR treatment in vacuolar structures potentially 

prior to the establishment of lysosomal identity, and the opportunity for aminoglycosides to 

inhibit membrane break down. Membranous cytoplasmic bodies form in both Myo7a+/Sh6J and 

Myo7aSh6J/Sh6J hair cells. The formation of MCBs does not appear to be delayed in Myo7aSh6J/Sh6J 

hair cells compared to Myo7a+/Sh6J hair cells, even though GTTR loading and punctate-structure 

formation are delayed. This could suggest that GTTR entry is not required for the stimulation of 

aminoglycoside induced phoshpholipidosis, and in turn that phospholipidosis does not simply 

result from a physical block of membrane metabolism by aminoglycoside binding. Alternatively, 

phospholipidosis could be induced by trace amounts of GTTR not detected by imaging methods 

utilised here. However, it must first be noted that ultrastructural analysis of Myo7a+/Sh6J and 

Myo7aSh6J/Sh6J hair cells at early time points of GTTR exposure is not currently sufficient to gain 

clear insight into the mechanisms of MCB formation at this time. In order to better understand 

how and why MCB formation arises, the molecular identity of presumptive MCBs, in addition to 

localisation of GTTR relative to these structures, at early time points should be determined.  

 

 

4.3.4. The significance of MCBs in aminoglycoside-induced ototoxicity  

As MCBs form in response to GTTR treatment in both Myo7a+/Sh6J and Myo7aSh6J/Sh6J hair cells but 

only the former are killed, and as aminoglycosides at similar cytotoxic concentrations display 

vastly differing propensities for generating MCBs, these structures appear to have little if any 

significance for hair-cell death resulting from aminoglycoside exposure.  

 

Lysosomal swelling in the absence of membrane deposition has been previously described in 

hair cells treated with kanamycin147. A similar response to aminoglycosides was not observed in 

the current study, but the techniques utilized did not allow for accurate lysosomal identification. 

As such, lysosomal involvement in aminoglycoside-induced hair-cell death cannot be completely 

disregarded, although the ultrastructural aberrations of lysosomes caused by GTTR appear to be 
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of little consequence. Similarly, in light of the increased cell death observed when lysosomal 

delivery of aminoglycosides is delayed, Hailey et al (2017)24 concluded that early time points of 

the hair-cell death cascade are not triggered by lysosomal interaction.  

 

Lysosomal rupture following MCB formation is reportedly a key pathway in aminoglycoside-

induced cell death in proximal tubular cells155. The results presented here cannot address this 

potential eventuality in sensory hair cells. MCBs in Myo7aSh6J/Sh6J hair cells may indeed rupture 

at time points later than 96 hours and induce cell death. It is possible that this mechanism of cell 

death is more prevalent in cells that do not undergo as much direct cytoplasmic loading of 

aminoglycosides as sensory hair cells, and as such are less susceptible to the triggering of other 

cell death pathways. This is an important consideration as there is currently a large research 

effort into protecting sensory hair cells from aminoglycoside induced cell death, with a number 

of points of intervention being explored.  

 

The findings of this study raise an issue with the use of fluorescently conjugated aminoglycosides 

as a direct proxy for the unconjugated forms. Although the toxicity of gentamicin was not 

dramatically altered by conjugation to Texas Red, and although the ultrastructural alteration of 

lysosomes does not appear to be of great significance in sensory hair cells, it would be foolhardy 

to use such compounds without some concern over altered kinetics or interactions with cellular 

components. As such, although unarguably an invaluable tool, a dual approach following 

investigation with fluorescently conjugated aminoglycosides is recommended, in which 

confirmation is sought by alternative methodology such as immuno or radio labelling.   
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5. Conclusion 
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Presented here are investigations into two distinct aspects of aminoglycoside otototoxicity in 

sensory hair cells (key findings are summarised in fig. 5.1). Both of these studies concern the 

atypical recruitment and redistribution of membrane that occurs in sensory hair cells as a result 

of aminoglycoside treatment, and highlight the important consideration of aminoglycoside 

interaction with biological membranes in ototoxicity.  

 

The overarching aim for the first results chapter (chapter 3) “Endocytic retrieval of neomycin-

induced membrane blebs”, was to determine the mechanism by which membrane blebs, 

induced by a high dose of neomycin, are internalised by sensory hair cells during recovery. 

Specific aims included characterising the dynamics of recovery and the ultrastructural features 

of bleb endocytosis. Recovery was determined to be a rapid two-stage process consisting of a 

bulk endocytic event followed by the subsequent dispersal of internalised membrane. 

Characterisation by electron microscopy indicates this bulk endocytic process involves the 

formation of large multi-laminated structures, consisting of multiple concentric membrane 

folds. Further aims were to determine the role of canonical effecters of endocytosis in bleb 

internalisation, and to investigate the link between volume regulation and recovery. It was 

concluded from these investigations that bleb endocytosis is likely to be a lipid-driven process, 

dependent on the function of volume-regulating anion channels, and may provide an example 

of massive endocytosis (MEND) in mechanosensory hair cells. 

 

The second area of focus, “Genesis of membranous cytoplasmic bodies by fluorescently 

conjugated gentamicin” (chapter 4) concerns the ultrastructural effects and trafficking of GTTR 

in sensory hair cells. The primary aim of this study was to investigate the effects of long-duration, 

low-dose aminoglycoside treatment on hair-cell ultrastructure, focusing specifically on the 

bright punctate structures observed following treatment with GTTR. Multi-laminar, lipid-rich, 

membranous cytoplasmic bodies (MCBs), characteristic of lysosomal storage disorders, were 

identified in hair cells as a result of GTTR exposure, and demonstrated to co-localise with bright 

GTTR puncta. Subsequent aims were to identify how MCBs might form, and the significance of 

these structures in aminoglycoside toxicity. The genesis of MCBs was shown to result from 

changes in pre-existing vacuolar structures in hair cells, leading to a substantial increase in 

membrane content over time. Although Myo7aSh6J/Sh6J cells are resistant to  GTTR toxicity, large 

MCBs still form in response to GTTR and are comparable with those seen in GTTR treated 

Myo7a+/Sh6J and wild-type hair cells. Gentamicin did not induce MCB formation, and other 

aminoglycosides including neomycin, Texas Red-conjugated neomycin, and kanamycin were 

demonstrated to have varying propensities for inducing some form of ultrastructural  
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abnormalities in lysosomes. Taken together these findings question the significance of MCB 

formation to aminoglycoside toxicity in hair cells, and highlight a potential shortcoming of GTTR 

as proxy for the action of aminoglycosides.   

 

 

5.1. Key experimental limitations 

These studies utilise organotypic cochlear cultures. While this is an excellent model system, 

essential to facilitate the experimental investigations that have been undertaken, it is not a 

perfect proxy for the cochlea in vivo. Hair cells in P2 cochlear cultures are immature and there 

is no physical separation of extra-cellular medium between the basolateral and apical surfaces 

of the cell, with both bathed in perilymph-like solution.  

 

One key advantage of cochlear cultures is their accessibility for manipulation and the application 

of compounds such aminoglycosides. However, this provides the opportunity to use compounds 

at concentrations that are not physiologically relevant. Whether treating sensory hair cells with 

a high concentration of neomycin, as carried out during damage repair, is physiologically 

relevant is not clear. An endolymph gentamicin concentration of ~2 µM has been reported in 

rats 15 days after 2 days of infusion with gentamicin166, considerably lower than the 1 mM of 

neomycin used in this study. However, bleb formation on hair cells in the utricle has been 

identified as a result of trans-tympanic injection of gentamicin (ChunJie Tian, personal 

communication). It would therefore be interesting to determine if a similar feature can be 

identified in acutely dissected vestibular, or cochlear, hair cells following systemic injections of 

aminoglycosides. Hair cell blebs and PS externalisation can also be elicited by the application of 

an L-type calcium channel activator (Guy Richardson, personal communication), therefore the 

damage and repair processes explored here are likely relevant to a range of hair cell insults and 

not unique to a high aminoglycoside dose. Despite the high concentration required to elicit bleb 

formation, the damage-repair process investigated here is still a fascinating piece of cell biology. 

 

With regards to the parameters of the damage repair assay, as discussed previously, damage 

was carried out at ambient temperature, and was found to be consistent with damage carried 

out at 37° C. Ideally neomycin treatment would be carried out at 37° C, however this was not 

practically viable with the experimental procedures undertaken. Damage was also often carried 

out in low ionic strength medium in order to increase the reproducibility of damage morphology. 

While this is again less physiologically relevant, it was essential in order to examine the process 

of damage repair experimentally. 
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During live time-lapse imaging of damage repair, cultures were maintained at 37° C. This 

procedure, however, was not without limitation. As recovery was not carried out under 

perfusion or in an environmental chamber the osmolality of recovery medium during these 

experiments increased over time as a result of evaporation. In the absence of an environmental 

chamber during live time-lapse imaging normal culture conditions of 5% CO2 could also not be 

maintained. In order to mitigate against this recovery was carried out in Hepes-buffered 

medium.  

 

Investigations involving the use of GTTR were also carried out in cochlear cultures. As 

concentrations of GTTR (and other aminoglycosides tested in these assay) were low and present 

over a longer time period, more closely reflecting in vivo conditions, it is considered likely that 

this system does reflect hair cell responses to aminoglycosides in vivo. Indeed, immunogold 

labelling of kanamycin has been observed in enlarged lysosomes which show signs of lipid build 

up in the chick basilar papilla following systemic kanamycin injection119, and bright GTTR 

punctate structures have also been reported to form in vivo in zebrafish lateral line hair cells24. 

It is worth note that the present study did not use GTTR as a proxy for gentamicin, and that one 

of the key findings is there are potential limitations in the use of this compound that need to be 

recognised.  

 

 

5.2. Future directions in neomycin-induced bleb retrieval 

It is concluded here that membrane retrieval is accomplished by MEND. However, precisely how 

membrane enters the cell during this process to produce multi-layered concentric membrane 

structures remains unclear. The assertions regarding this made thus far are based on analysis of 

only a few endocytic events. Further TEM tomography during bleb retrieval would enable the 

identification of features common to this process, and in turn help elucidate how these 

structures form. Thus far examples of MEND are identified primarily by their distinction from 

other characterised endocytic mechanisms68. Therefore “proving” that bleb retrieval is an 

example of MEND has to rely primarily on negative data demonstrating that other endocytic 

mechanisms are not responsible. Varying parameters that were demonstrated to be required 

for MEND induction in previously reported cases of MEND68,72, for example by recovering 

cochlear cultures in the absence of Ca2+, is one possibility. This may not, however, be informative 

if the assertion, that these parameters serve primarily to induce the formation of distinct 

                      131



 
 

domains of atypical phospholipids in the plasma membrane (a phenomenon already generated 

during bleb formation), is correct.   

 

The non-specific Cl- channel inhibitor NFA has been demonstrated to block bleb retrieval, 

implicating a requirement for functional volume regulation in the ‘MEND’ of bleb membrane 

during recovery. The blebs observed on the apical surface of cultures that were exposed to NFA 

during the “recovery” period appeared to be highly perforated. It will be essential to determine 

if this was a direct effect of NFA treatment or as a result of Cl- channel inhibition. The former is, 

however, unlikely as DCPIB, an alternative Cl- channel inhibitor, also blocks bleb repair yet 

appears not to induce bleb lysis (Guy Richardson, personal communication). It would, 

nonetheless, be informative to know if the integrity of the hair cell plasma membrane and cell 

viability is also compromised as a result of NFA treatment, for example by Trypan Blue staining. 

 

The specificity of Cl- channel inhibitors is poor82 complicating the identification of which channels 

play a role in facilitating MEND. Although knock out of the VRAC subunit LRRC8A is reported to 

be embryonic lethal (according to the international mouse phenotyping consortium), siRNA 

inhibition of LRRC8A has been previously demonstrated167 and therefore presents an exciting 

opportunity to determine the role of VRACs in bleb retrieval.  

 
 

5.3. Future directions in MCB formation by GTTR  

An interesting finding from this study was that GTTR loaded into Myo7aSh6J/Sh6J hair cells but was 

not toxic. This raises the following questions: How does GTTR enter these cells? And why is it 

not toxic? GTTR may be entering Myo7aSh6J/Sh6J hair cells through the residual MET channels in 

these mutants, and it would be interesting therefore to determine if GTTR loads into hair cells 

in the TMC1/TMC2 double knock out mouse.  

 

It is plausible that the entry of GTTR is reduced in Myo7aSh6J/Sh6J hair cells to a level that does not 

reach a threshold required for toxicity, or, that the reduced rate of GTTR entry into these hair 

cells renders them less susceptible to aminoglycoside toxicity. Quantification of GTTR 

fluorescence, both in the cytoplasm and in punctate structures that is comparable over a wide 

range of time points in both Myo7aSh6J/Sh6J and Myo7a+/Sh6J hair cells, would help determine if 

equivalent levels of GTTR  either load into the cytoplasm, and/or are sequestered, in hair cells 

of these two genotypes over time. An alternative hypothesis is that GTTR is not toxic in 

Myo7aSh6J/Sh6J hair cells as a result of their potentially reduced metabolism. This could be 
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investigated by an analysis of the number, size, and activity of mitochondria in Myo7aSh6J/Sh6J and 

Myo7a+/Sh6J hair cells. 

 

As the MCBs that form in Myo7aSh6J/Sh6J and Myo7a+/Sh6J hair cells are comparable, the 

pathological significance of MCBs is not clear. Lysosomal rupture following MCB formation is 

reportedly a key pathway in aminoglycoside-induced cell death in proximal tubular cells155. In 

order to determine if rupture of MCBs also occurs in sensory hair cells, and if it plays a role in 

cell death, GTTR fluorescence levels and distribution could be investigated, with greater 

temporal resolution than has been undertaken in this study and at later time points just 

preceding hair cell death. 

 

How MCBs form during exposure to GTTR remains unclear. Membrane in MCBs builds up over 

time, and is does not result from a large endocytic event such as that observed during repair 

from neomycin-induced blebbing. It is not, however, currently clear whether immature MCBs 

are GTTR positive, and it is uncertain whether they are early or late endosomes, MVBs or 

lysosomes. This could be determined by immunogold labelling for GTTR and molecular markers 

of these organelles, in addition to GTTR/immuno-fluorescence co-localisation. Elucidating how 

MCBs form would also inform why MCBs form in response to GTTR incubation. It is yet to be 

determined if MCB formation is due to the inhibition of lysosomal breakdown of membrane, as 

suggested previously152; or, if aminoglycosides also induce the de-novo synthesis of more 

membrane, as neomycin-induced blebbing might also suggest. 
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