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ABSTRACT

The newt, Notophthalmus viridescens, an Urodele amphibian, is capable of 

regenerating many body parts and tissues. The newt presented a potential 

alternative to the avian and mammalian animal models in which to investigate the 

mechanisms of the hair cell regeneration in the auditory and vestibular organs. As 

part of the initial study, the morphology of the seven sensory epithelia were 

examined using several techniques. The main aim of this study was to assess 

recovery of hair cells and distinguish the means by which this recovery occurred. 

An in vitro system was established in which to characterize hair cell recovery 

following ablation with gentamiein. The level of apoptotic bodies in the epithelia 

following treatment demonstrated that hair cells were lost via programmed cell 

death. There was no evidence for repair of non-lethally damaged hair cells. Hair 

cell recovery was found to be robust but slow. Incubation with bromodeoxyuridine 

revealed a stimulation of proliferation amongst supporting cells, although new hair 

cells did not arise from these mitotic events.

Hesl, and Athl, known to be expressed during developmental patterning of

the sensory epithelia in the mammalian inner ear, were investigated in newt sensory 

epithelia. All three were shown to be present in the saccule. The presence of Athl 

and p27 '̂P  ̂was examined in undamaged tissue and during the recovery period 

following ablation of hair cells by immunohistochemistry. Labelling for p27 '̂^  ̂

remained unaltered throughout the recovery period, but no labelling with antibody 

to Athl was apparent in regenerated hair cells.

The effect of the limb blastemal (growth zone) environment, known to induce cell 

cycle re-entry of other newt cells, was also investigated by the implantation of 

undamaged saccules. Implanted saccules were found to survive for up to six days 

within the blastema.
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Chapter 1

Introduction



1.1 Hearing impairment and vestibular disorders

Nine million people are affected by hearing loss in the UK 

(www.defeatingdeafness.org.uk) and lin 1000 babies are bom profoundly deaf.

This has devastating consequences to their education and lives. Sensorineural 

hearing loss accounts for the majority of those affected by hearing loss in the UK 

and at least 6 million of these have an acquired loss, due to ototoxic damage, 

infection, acoustic trauma and/or through ageing. Hereditary loss can be classified 

as syndromic or non-syndromic and accounts for half of the congenital losses. 

Syndromic hearing loss is classified as one in which other clinical features are 

present in conjunction with the hearing impairment and accounts for approximately 

30% of genetic deafness (Bitner-Glindzicz, 2002).

In mammals, a permanent hearing deficit is the direct result of a loss of cochlear 

hair cells, the transducers of sound energy into electrical activity. Mammalian hair 

cells and their supporting cells emerge over a short period of time during 

development, following the specification of the sensory patches (Ruben, 1967; Sans 

and Chat, 1982). Once the final round of cell division has taken place hair cells in 

the sensory epithelium remain mitotically inactive and the production of new hair 

cells is thought to cease. This is not the case for other vertebrates where addition of 

hair cells in the ear continues postembryonically in bony fishes, amphibia and the 

vestibular system of birds (Corwin, 1985; Jorgensen and Mathiesen, 1988; Popper 

and Hoxter, 1984).
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The loss of mammalian vestibular hair cells results in balance disorders. Vestibular 

disorder, a common disability, has a profound effect on people's lifestyles and it is a 

significant factor in falls amongst the elderly. Both vestibular disorders and hearing 

impairment are important health issues which, in many instances, could be 

addressed with the regeneration of hair cells.

1.2 An overview of the auditory and vestibular systems

Research has commenced in many areas associated with hearing impairment, 

including genetics, physiology, psychoacoustics and hair cell regeneration. A 

detailed understanding of the anatomy and physiology of the normal inner ear is 

required as a context for research into the regeneration of inner ear sensory cells. A 

brief overview is given here.

1.2.1 Sensory epithelia

All inner ear sensory epithelia comprise sensory cells, hair cells, surrounded by 

supporting cells resting on a basement membrane and covered by an overlying 

extracellular matrix. The overlying extracellular matrix may support otoconia, 

calcium carbonate crystals, as does the otoconial membrane overlying the maculae. 

Hair cells and supporting cells are arranged so that each hair cell is separated from 

the adjacent hair cell by a supporting cell. Hair cells are so called because of their 

actin rich stereocilia that form a hair bundle on the apical surface. Hair bundles 

comprising organised rows of stereocilia of increasing height are orientated in a 

specific direction. The tallest stereocilia are of similar height to the kinocilium. This
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is a true cilium comprising microtubules and is present in all hair bundles of the 

vestibular system but only during development in the auditory system in mammals.

The 'paracrystalline array' of actin filaments (DeRosier et al., 1980) provides 

stiffness to the stereocilium and this allows them to act as levers when deflected 

(Flock, 1977). Adjacent stereocilia are linked together by ankle links, side links and 

tip links, so that forces acting upon stereocilia will ensure the bundle moves as a 

whole unit.

All hair cells act as mechanotransducers. Following stimuli, the shearing motion of 

the extracellular matrix overlying the hair bundles and subsequent deflection of the 

bundle stretches the tip links and opens transduction channels, allowing potassium 

ions to flow into the cell from the endolymph. An influx of potassium ions then 

leads to the resting electrical potential being altered i.e. depolarisation of the hair 

cell and release of a neurotransmitter that leads to an increase in the firing rate of 

the innervating afferent fibres. An excitatory signal proceeds through the peripheral 

nervous system to the brain. Hyperpolarisation takes place when stereocilia are 

moved in the opposite direction leading to a decrease in the firing rate of the 

afferent neurons.

Stereocilia and cuticular plates, the area of dense actin filaments at the apex of the 

hair cell, not only contain filamentous actin, providing rigidity to both, but also 

have several unconventional (non-muscle) myosin isotypes present. Myosin 6 and 

7a are found in all vertebrate species (Hasson et al., 1997). Mutations in the genes
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encoding for Myosin 6, 7a and 15 are responsible for deafness and vestibular 

problems in mammals (Steel and Kros, 2001). In particular, a mutation in Myosin 

7a results in Usher’s syndrome type IB (Weil et al., 1995). Myosin Ic is thought to 

participate in closure of the transduction channel following sustained excitatory 

stimuli as part of an adaptation motor (Holt et al., 2002).

Supporting cells

Supporting cells surrounding the hair cells give mechanical support to the 

epithelium. Their phalangeal processes pack the region between hair cells at the 

lumenal surface of the epithelium whilst their cell bodies adjoin each other and rest 

on the basement membrane. Supporting cells comprise a well developed 

cytoskeletal system in which filamentous bundles aligned parallel to the apical 

surface of the cell anchor it to the neighbouring hair cells at intercellular junctions. 

Several different cytokeratins including vimentin (in mammals) are present in 

supporting cells. Rigidity from vimentin provides structural support for hair cells.

Supporting cell communication

Supporting cells communicate via gap junctions (Forge et al., 1999), channels in 

the membrane of one cell (a connexon) that align directly with those of the adjacent 

cells to form uninterrupted pores. The sub-units of gap junctions belong to the 

connexin family and comprise six connexins in each connexon. The high number 

and expanse of gap junction plaques between supporting cells efficiently allows the 

supporting cells to act as a syncytium. Hair cells, however, have no gap junctions 

and are isolated physiologically, both from the surrounding supporting cells and
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other hair cells. As with myosins, mutations in the genes that encode for connexins 

(connexin 26, connexin 30 and 31) are responsible for hereditary sensorineural 

hearing loss, with Connexin 26 being the most common cause of non-syndromic 

hereditary deafness (Kelsell et al., 1998).

1.2.2 Mammalian inner ear structure

The inner ear comprises an interrelated network of fluid filled canals. This 

membranous labyrinth lies within channels of the temporal bone in humans and 

within the bulla in other mammals. The canals of the membranous labyrinth are 

filled with endolymph, an unusually high potassium-ion-rich (K"̂ ) extracellular 

fluid that is low in sodium (Na^) ions. Endolymph in the cochlea has a high positive 

potential known as the endocochlear potential with an electrical potential of approx 

+80mV. The stria vascularis in the cochlea maintains the endocochlear potential by 

active ion transport. The vestibular endolymph does not have the high electrical 

potential of the cochlea. Fluid outside the membranous labyrinth but within the 

bony channels is perilymph. This has a high sodium but low potassium ion 

composition. The confinement of the endolymph and perilymph to their separate 

compartments within the ear is imperative for the function of the inner ear and even 

when hair cells are lost the permeability barrier between the two fluids appears to 

be rigorously maintained.

The cochlea

The sensory epithelium of the cochlea is the organ of Corti. This sits on the basilar 

membrane with its underside positioned towards the scala tympani and upperside
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towards the scala media. The scala media contains endolymph whilst the scala 

tympani contains perilymph, with the ‘reticular lamina’ forming the border between 

endolymph and perilymph. The scala vestibuli, also containing perilymph, is 

separated from the scala media by Reissner's membrane.

As described earlier, a mosaic of hair cells and supporting cells form the sensory 

epithelia, with hair cells separated from each other by the surrounding supporting 

cells. The tight junctions between cells at the apical surface form the reticular 

lamina. In the organ of Corti there is only one row of inner hair cells but three 

discrete rows of outer hair cells, parted by Deiters’cells that rest on a basement 

membrane and extend with phalangeal processes to the apical surface. Pillar cells 

separate the row of inner hair cells and the first row of outer hair cells. In man, 

there are 15000 hair cells in total. Inner hair cells have afferent innervation, whilst 

outer hair cells are predominantly innervated by efferent neurons with bouton 

endings. Inner hair cells have no direct efferent innervation.

In the cochlea, when acoustic stimulus occurs, the basilar membrane and organ of 

Corti are pushed upwards and downwards by the stimulus. The stereocilia are 

moved away from and towards the modiolus, the central core of the cochlea, by the 

shearing motion of the tectorial membrane, the extracellular matrix overlying these 

bundles. Deflection of this bundle results in depolarisation or hyperpolarisation as 

described previously. High frequencies are represented towards the basal region of 

the cochlea with low frequencies towards the apex. Thus, there is cochleotopic 

(tonotopic) organisation which continues throughout the auditory pathway.
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The vestibular system

The sensory epithelia of the vestibular system within the inner ear comprise two 

maculae, those of the saccule and utricle, and three cristae of the ampullae located 

in the posterior, anterior and lateral semi-circular canals. Linear and angular 

acceleration of body motion can be detected in all three planes by the vestibular 

system when hair cells convert the mechanical stimulus to electrical stimulus and 

thereby act as a mechanotransducer. Gravity is also detected by the vestibular 

system to enable detection of head and body orientations. This vestibular 

information is incorporated with information from other systems to maintain visual 

fixation of a moving object and maintain balance. Two types of hair cells exist in 

the vestibular epithelia. Type I and Type II. Type I are flask shaped and are 

surrounded by a nerve calyx. These cells have no direct synapse with the efferent 

system. Type II cells are columnar in shape and are innervated by small nerve 

endings with vesiculated and non-vesiculated boutons. Hair bundles in the saccular 

and utricular maculae are orientated in the same direction as neighbouring bundles 

depending upon the position within the patch. However, within the sensory patch a 

band of epithelium exists whereby hair bundles are orientated at 180° to one 

another, forming a line of reversal. This is known as the striola.

1.2.3 Development of the inner ear

The inner ear develops from a thickening of the ectoderm known as the otic 

placode, overlapping rhombomeres 5 and 6 in the hindbrain. An invagination of the 

otic placode forms and pinches off to become an epithelial lined vesicle, the otocyst
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(Fig. 1.1c). It is from this that the inner ear is fashioned. Cells that delaminate from 

the otocyst give rise to neurons that innervate the sensory epithelia.

Figure 1.1 Illustration of the order of development of the inner ear in the 

chick.

S

Taken from Legan and Richardson (1997)

a) The otic placode lies adjacent to the neural tube (nt). b) Invagination of the otic 

placode takes place, c) The otocyst is formed, d) The Vlllth ganglion (ga) develops 

from placodal neuroblasts, e) The otocyst becomes innervated, f) Development of 

the membranous labyrinth begins, position of a semi-circular canal is indicated (sc), 

g) The complex form of the labyrinth is complete with endolymphatic duct (ed), 

semi-circular canals and cochlear duct (cd).
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Cell fate determinants

In chicks it has been shown that hair cells and supporting cells arise from a 

common precursor cell (Fekete et al., 1998). Hair and supporting cells are derived 

from a common lineage and upon exit of the cell cycle express the cyclin- 

dependent kinase inhibitor p27 ^'^\Chen and Segil, 1999). During development the 

fate of a cell to become a hair cell rather than supporting cell is governed by signals 

via Notch receptors and its ligands, Delta and Serrate (Lewis, 1998). The primary 

fate of a cell is to become a hair cell, but an increase in activation of Notch 

receptors leads to cells becoming supporting cells. All progenitor cells express 

Notch 1. The initial simple hypothesis based on lateral inhibition, has now been 

shown to be rather more complex (Eddison et al., 2000) and an intricate pathway 

exists whereby the binding of Delta 1 and Serrate2 to Notch 1 receptors stimulates 

the production of Serrate 1 (Jagged lin mouse). These in turn inhibit the expression 

of Delta 1 and Serrate2/ Jagged 2. Hes 1 and Res 5 are increased and the cell 

becomes a supporting cell (Eddison et al., 2000). A low activation of Notch results 

in the cell becoming a hair cell.

Several other factors also play a role in cell fate determination. Retinoic acid 

influences specific cell phenotype and plays a role in tissue patterning during 

development of limb and hindbrain (Altaba and Jessell, 1991; Tickle et al., 1982). It 

is present in the organ of Corti of embryonic and early postnatal mice and has been 

shown to differentiate post-mitotic cells into hair cells (Kelley et al., 1993).

Many transcription factors, including Mathl, Hes 1 and GATA 3 (Bermingham et 

al., 1999; Rivolta and Holley, 1998; Zheng et al., 2000) have also been shown to
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participate in differentiation of hair cells and supporting cells during development. 

Further details of the role of Mathl, Hesl and p27 are included in the 

introduction of Chapter 6.

1.3 Damage to sensory epithelia

The loss of hair cells leads to a permanent hearing deficit. Hair cells may be lost 

due to hereditary or environmental causes. Within the inner ear both the cochlear 

and vestibular sensory epithelia may be damaged by a number of ototoxic agents, 

noise or through ageing.

1.3.1 Ototoxic Agents

No agents are known to be only vestibulotoxic without also affecting the cochlea, 

however some agents may have a greater effect on the vestibular system such as 

gentamicin in mammals (Forge and Schacht, 2000). There are also a few agents that 

are thought to be exclusively cochleotoxic. Several ototoxic agents such as 

salicylate and quinine have temporary effects on hair cells. In addition, loop 

diuretics cause a temporary hearing impairment by affecting the stria vascularis. 

Permanent damage due to the death of hair cells may occur with the administration 

of aminoglycoside antibiotics e.g. amikacin, gentamicin, neomycin and kanamycin. 

Cz5-Platinum also produces a progressive loss of hair cells after chronic systemic 

treatment or a single application to the middle ear.

Aminoglycoside antibiotics and neoplastic ototoxic drugs initially affect the basal 

coil of the cochlea and their effects spread apically with increasing dose or duration
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of dose. The ensuing hearing loss correlates with the loss of hair cells progressing 

from high to low frequencies. In the mammalian vestibular system, loss of hair cells 

begins with Type I cells in the cristae and striolar region of the utricular macula and 

spreads towards the periphery (Lang and Liu, 1997).

Prolonged exposure to organic solvents; toluene, trichloroethylene and to trimethyl 

tin (TMT) also results in hair cell loss over a period of time. High exposures to 

organic solvents over a long period of time results in outer hair cell loss in the 

upper basal and middle coils of the cochlea, whilst TMT causes hair cell loss in the 

basal coils of the cochlea.

Ototoxic interactions occur with combinations of ototoxic agents such as 

aminoglycosides and diuretics or noise exposure and aminoglycosides leading to a 

potentiation of the damage. A significant loss is produced when no loss would have 

occurred if separately administered.

Differential sensitivity of hair cells to ototoxic agents occurs in both the auditory 

system and vestibular system of mammals and other species. Differential sensitivity 

to aminoglycosides is discussed in Chapter 4.

Aminoglycoside Antibiotics

These are broad spectrum antibiotics that are particularly effective against Gram 

negative bacteria (Schatz et al., 1944). Unfortunately, they have both nephrotoxic 

and ototoxic side-effects. Aminoglycosides kill hair cells in all vertebrate classes
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and also affect neuromast hair cells within the lateral line of amphibia and fish 

(Williams and Holder, 2000). In invertebrates, the mechanotransducing cells of sea 

anemones, nematocysts, are also affected by aminoglycosides (Watson et al., 1997). 

Differences in toxicity exist across species. In humans, neomycin is predominantly 

cochleotoxic and streptomycin, vestibulotoxic.

Aminoglycosides may also affect the stria vascularis resulting in atrophy of the 

striai marginal cells although this does not seem to affect the endocochlear 

potential.

One of the biochemical mechanisms of hair cell loss is due to the formation of free 

radicals by an aminoglycoside iron complex rather than by the aminoglycoside 

itself (Priuska and Schacht, 1995). Aminoglycosides chelate ferric iron to generate 

an aminoglycoside -Fe^^(ferric) complex that interacts with an electron donor 

resulting in the formation of aminoglycoside- Fê "̂  (ferrous) complex and the 

production free-radical species, including hydroxyl radicals, by a Fenton reaction. 

Arachidonic acid, a major fatty acid of polyphosphoinositide lipids, is thought to 

act as an electron donor. Aminoglycosides have a high affinity for these particular 

lipids and this could explain the free radical production and hence toxicity. Free 

radical damage leads to apoptosis, the end stage of programmed cell death, and 

hence the loss of the hair cell.

The differential resistance of basal and apical hair cells to aminoglycoside 

antibiotics is thought to be based on an intrinsic susceptibility to free radicals (Sha
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et al., 2001). This study investigated the ability of isolated outer hair cells and strips 

of organ of Corti to survive. 90% of outer hair cells from the apical region of the 

cochlea survived for up to 5 hours, however, only 30% of those taken from the 

basal region were found to be viable after this length of time. A relatively lower 

level of the antioxidant, glutathione, in the basal outer hair cells to apical outer hair 

cells corresponded with the difference in survival rate. Free radical scavengers were 

found to significantly increase the survival rate of basal outer hair cells suggesting 

that an intrinsic susceptibility to free radicals was present in outer hair cells. This 

provides a rationale for the base to apex loss of hair cell gradient observed with 

aminoglycosides if the biochemical mechanism of hair cell loss is due, as is 

thought, to the production of free radicals (Priuska and Schacht, 1995).

1.3.2 Ageing and Noise induced damage

Mammalian hair cells are required to last the length of the animal’s life, however 

histopathological changes occur due to ageing. The loss of outer hair cells 

commences basally in the cochlea and progresses apically as one ages. It is thought 

that free radical mediated damage is the major mechanism of hair cell loss during 

ageing (Usami et al., 1997).

High intensity noise exposures create a high frequency hearing loss around 4kHz in 

humans due to the outer hair cells at the base of the cochlea being the initial target, 

as is the case with aminoglycoside ototoxicity and chemotherapeutic agents. There 

is evidence of a common pathway in noise induced hearing loss and carboplatin
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ototoxicity (Kopke et al., 1999; Hu et al., 1999) and reactive oxygen species 

generation is thought to be involved in noise induced damage (Hu et al., 2000).

1.3.3 Hair Cell Death

Cell death can be separated into two distinct categories; apoptosis or necrosis. 

Necrosis is a pathological cell death in which swelling and the disruption of 

mitochondria occurs prior to rupture of the plasma membrane. Rupture of the 

plasma membrane results in the cytoplasmic contents leaking into surrounding 

tissue and an inflammatory response is induced. In contrast apoptosis is a normal 

controlled process that not only eliminates abnormal cells but occurs during normal 

development to remove unwanted cells and sculpt tissue (Dunker et al., 2002; Weil 

et al., 1997; Young, 1984). Unlike necrosis, no inflammatory response takes place 

and the surrounding tissue remains intact.

Cell death through ototoxicity, ageing and noise occurs by programmed cell death 

via apoptosis (Forge, 1985; Li et al., 1995; Neidermeyer et al., 1997; Usami et al.,

1997) and is a systematic series of cellular events (Raff, 1998). Cochlear and 

vestibular hair cells damaged by aminoglycoside antibiotics exhibit morphological 

features that are typical of apoptosis. Condensed and marginated chromatin and 

fragmented DNA have been seen in hair cells exposed to aminoglycosides typical 

of the morphology found in cells dying via programmed cell death and its end 

stage, apoptosis (Forge and Li, 2000).
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Apoptotic features have also been observed in cis-Diaminedichloroplatinum II 

(cisplatin) induced cochlea damage and noise induced damage (Alam et ah, 2000; 

Hu et al., 2000). A critical role for Bcl-2 family has been suggested in the 

regulation of apoptotic cell death, whereby Bcl-2 prevents oxidant induced cell 

death by inhibiting mitochondrial production of reactive oxygen species 

(Hockenberry et al., 1993). As a decrease in Bcl-2 protein expression has been 

shown in cisplatin-treated cochleae it is thought that cisplatin may initiate apoptotis 

via oxidative stress (Alam et al., 2000).

Prevention of Cell Death

Based on the idea that apoptosis is the predominant mechanism of hair cell death, 

the prevention of cell death from ototoxic and acoustic damage has been attempted 

by using various agents, Anti-apoptotic agents, neurotrophic factors and 

antioxidants were found to be most successful in preventing hair cell loss.

During some forms of programmed cell death new RNA and protein synthesis take 

place (Martin et al., 1988; Oppenheim et al., 1990). In aminoglycoside treated avian 

utricular cultures, it has been shown that inhibition of protein synthesis by 

treatment with cyclohexamide increases hair cell survival (Matsui et al., 2002), 

suggesting that the death of hair cells brought about by aminoglycoside involves 

protein synthesis.

Caspase inhibitors

Initiation of programmed cell death leads to a surge of intracellular events resulting 

in activation of caspases. Caspases, cysteine-dependent aspartate-specific proteases
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are involved in programmed cell death in many systems (Stennicke and Salveses,

2000) and are inactive proenzymes activated by prodomain cleavage. An upstream 

initiator of apoptosis, caspase- 8, is triggered by cell-surface receptors such as Fas 

and tumour necrosis factor a  (Strasser et al., 2000), whilst the release of 

cytochrome C from mitochondria and a protein complex , apaf-1 activates caspase- 

9 (Li et al., 1997). Once initiated these then activate effector caspases, e.g. caspase- 

3, which implement apoptosis by acting on cell survival proteins such as Bcl-2 

(Cheng et al., 1997).

General caspase inhibitors have been used in several experiments to provide 

protection against hair cell death following environmental damage and ageing. 

Pre-incubation with L- carnitine has also been shown to be a potential otoprotective 

agent able to prevent upregulated caspase 3 activity by noise or cisplatin (Coleman 

et al., 2001; Kalinec et al., 2002). Both z-Val-Ala-Asp(0me)-CH2p (zVad fmk) and 

Boc-Asp(Ome)-fluoromethyl ketone, general caspase inhibitors, prevented the 

majority of hair cell deaths by gentamicin in mammalian vestibular explants (Forge 

and Li, 2000). In avian utricles, BAF and zVAD increased hair cell survival by 

40-50% at ImM neomycin (Matsui et al., 2002), however ongoing spontaneous hair 

cell death and addition of cells may have confounded these results. Z-VAD-FMK 

has also been shown to protect loss of hair cells against cisplatin (Liu et al., 1998).

Neurotrophic factors

Specific neurotrophic factors are released by target cells to maintain neurons. 

Neurotrophic factors are also necessary for development and two found to be 

important for development of auditory neurons are brain derived neurotrophic
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factor (BDNF) and neurotrophin 3 (NT-3) (Fritzsch et al., 1998). These two 

together with other neurotrophic factors, such as glial cell-line derived neurotrophic 

factor (GDNF), protect mature auditory hair cells against damage (Keithley et al.,

1998).

Antioxidants

Recent testing of free radical scavengers and iron chelators to attenuate 

aminoglycoside ototoxicity has resulted in variable degrees of success (Song and 

Schacht, 1996). To date one of the most promising results have come from studies 

using salicylates (Huang et al., 2002). This study demonstrated that salicylate, a 

free radical scavenger, has a protective effect against aminoglycoside ototoxicity. 

Other antioxidants found to be protective against hair cell death are paraPhenylene 

diamine (Garetz et al., 1994), n-acetylcysteine (Weisskopf et al., 1999).

Antioxidants found to be protective against noise trauma and ototoxic drugs can 

also enhance hair cell survival in ageing (Seidman et al., 2002). Age related hearing 

loss is also reduced indirectly by improving circulation.

If clinical applications of the above agents were to be successful an argument could 

be made to the effect that regeneration research is superfluous. However, these are 

all preventative measures and hair cell death cannot always be predicted especially 

noise induced loss. Regeneration potentially offers an alternative for the millions of 

people who have already acquired a hearing loss and for those exposed to trauma 

without protection.
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1.4 Regeneration

1.4.1 Historical Regeneration Review

Loss of hair cells and the ensuing deafness has led to research into regeneration 

within the inner ear. Although regeneration has been of interest to scientists for 

centuries, regeneration of hair cells in the inner ear is a phenomenon that has only 

relatively recently come to light.

The concept of regeneration, the capacity to replace lost parts of the body, has been 

incorporated in the mythology of many ancient sects. The earliest evidence showing 

acceptance that lost appendages were not replaced comes from paleolithic art in 

French and Spanish caves, where negative silhouettes of hands with fingers missing 

have been discovered. More latterly, in Greek mythology one of the best known 

references to regeneration is the legend of Hydra (Alvarado, 2000). Hydra, a 

serpent-like creature, was said to have the ability to regenerate its many heads and 

it is after this creature that the coelenterate. Hydra, is named. It is questionable 

whether at the time of writing the Greeks were aware of Hydra's capacity to 

regenerate. Another legend recounts the tale of Prometheus, who, punished by Zeus 

for defying orders not to give fire to man, was condemned to suffer his liver regrow 

every time it was eaten by an eagle (Theogony, lines 521-5 in Dinsmore, 1991). 

Liver is now known to have regenerative capacity (Michalopoulos and DeFrances, 

1997).

In 1712, the French naturalist Rene-Antoine Ferchault de Reaumur described 

experiments on crayfish regrowing missing appendages. However, his dramatic
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findings went unrecognised and the instigation of modem regeneration 

investigations is accredited to Abraham Trembley. Trembley was of the view that 

one should base ones ideas on observations rather than theory and he was not 

constrained by the accepted view that regeneration of the whole animal from a 

piece of an animal was impossible. In 1740 he sectioned ’polyps', following the 

observations that not all had the same number of arms and legs, in order to ascertain 

if they were animals or plants. This led to the surprising discovery that a new polyp 

would regenerate from a severed piece of tissue. Subsequently the polyps were 

named. Hydra.

After Trembley's published work on Hydra regeneration, experiments proceeded at 

a rapid pace with Pallas reporting regeneration of Planaria in 1766.

Two years later, Lazzaro Spallanzani produced a report on his investigation into 

animal reproduction and within it outlined his regeneration research that not only 

corroborated previous studies but also included work on vertebrates. Regenerative 

abilities of earthworms, aquatic boatworms, slugs, snails, tadpoles, frogs and young 

toads were all mentioned as well as those of aquatic salamanders. These were 

shown to be capable of regenerating legs, tails, and jaws. Lazzaro Spallanzani’s 

findings were confirmed by Charles Bonnet, who published them in Journal de 

Physique in 1777. An illustration from this journal is shown in figure 1.2.
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Figure 1.2 Illustration of salamander regeneration published in 1777

Taken from Dinsmore, 2001

During the Eighteenth Century a dispute took place concerning preformation and 

epigenesis, the regeneration of a complete animal from a small part of one. 

Preformation was the notion that the regenerated part e.g. limb originated from an 

‘egg’ containing a miniature of the limb. This was thought to enlarge when required 

and resided at the base of the amputation site. Incredibly, the preformation stance 

received much support from microscopic examinations suggesting that preformed 

organisms were present within embryonic tissue. Other issues were also subject to
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heated debate, such as if an entire animal (for example hydra) could be grown from 

a part of an animal where did its 'soul' reside. In contrast Georges-Louis Leclerc, 

comte de Buffon was an advocate of epigenesis, and thought that organic molecules 

were acted upon to bring about various forms of life.

The geneticist Morgan in 1901 wrote a monograph (Dinsmore, 1991) on 

regeneration in which he addressed the question as to why the regenerative capacity 

was present in some animals but has been lost in most vertebrates. Morgan 

proposed that as regeneration involved several different phenomena, including what 

he termed 'morphallaxis', the remodelling of existing tissue without proliferation, it 

was difficult to propose a single theory. Morgan led the way for future regeneration 

research with the suggestion that gradients of material were important in 

regeneration. However, he almost totally overlooked the importance of a significant 

finding, that when the polarity of the tip of a regenerating salamander limb is 

reversed a new foot and not a new salamander body is produced. Years later this 

experiment was repeated and it was shown that limb regeneration advances distally. 

In one paper he wrote that a graded difference existed in the stem of Tubularia 

giving rise to order in the tissue, and that ‘The gradation is the polarity’ (Morgan, 

1906). However, it took until the 1970's for successful grafting experiments to shed 

more light on this subject (Webster, 1971; Wolpert, 1971).

Evolutionary differences in regeneration is an important issue and has been 

reviewed concisely by Brockes (Brockes et al., 2001). Regeneration is a widely 

distributed phenomenon in the metazoans and one or many species of each phylum
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has the ability to regenerate missing body parts, or in some instances the entire 

organism from part of their body (Alvarado, 2000). Interestingly, closely related 

species belonging to the same genus do not necessarily possess the same ability to 

regenerate. An example of this is the two species of nemertine ribbon worm. Linens 

rubber and Linens viridis which are often found in the same habitat. One has the 

capacity to regenerate but the other has no such observable ability. In instances 

such as this it is difficult to understand how this fits with the view that the ability to 

regenerate has been lost or retained due to some selective advantage. An alternative 

proposal is that regeneration is not a primary mechanism for replacing lost parts but 

a secondary phenomenon resulting from a vestige of asexual reproduction and 

metamorphosis. At present there is no evidence for either view.

The mechanism of regeneration implies that a certain amount of plasticity of tissue 

is required for it to occur and that this would predispose the animal to cancer. In 

Urodeles, one of the three orders of Amphibia comprising newts and salamanders, 

plasticity is suggested by the fact that during regeneration differentiated cells are 

able to re-enter the cell cycle and by the lack of senescence in those cells of the 

regenerating growth zone, the blastema (Brockes et al., 2001). Interestingly, 

Urodeles show resistance to carcinogens in regions where regeneration has been 

found to occur (Eguchi and Watanabe,1973).

Two theories have been suggested to account for the differences between Urodeles 

and other vertebrates:
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I. The sequence of events which leads to tumour formation in mammals brings 

about dedifferentiation and regeneration in Urodeles.

II. Warm-blooded vertebrates required a rapid form of wound healing i.e. scar 

formation and have therefore lost the ability to regenerate

Against this second suggestion is evidence that following amputation of a urodele 

limb or other part of the body rapid closure occurs when epithelial cells migrate to 

seal the wound, i.e. urodeles close wounds as readily as mammals, but subsequent 

events differ.

1.4.2 Regeneration Processes

Several larval and adult animals have the ability to regenerate extensive regions of 

their body in order to restore missing structures following transection or 

amputation. Bidirectional regeneration, whereby the posterior portion can 

regenerate a new anterior part and the anterior portion regenerates a new posterior, 

takes place in many species such as planarians, hydra, polychaetes and 

echinoderms. The planarian worm can be dissected into an astounding 257 pieces 

(Alvarado, 2000) and replace the missing structures. However these regenerated 

planaria never reach the same size as the original planarian once recovered.

The word regeneration is used to incorporate many different processes. 

‘Morphallactic’ regeneration is a term used to describe the cellular re-organisation 

following amputation in which the replacement of the missing part occurs without 

mitotic processes. ‘Epimorphic’ regeneration refers to regeneration that involves
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dedifferentiation of differentiated cells at the site of injury, cell cycle re-entry of 

those cells, proliferation and differentiation to form the regenerate. Repair is also 

referred to as regeneration, for example in axonal regrowth to re-connect parts 

separated following the lesioning of a nerve (Schlosshauer et ah, 2003; You et ah, 

2002).

For regeneration to take place a combination of tissue repair mechanisms and re

induction of developmental programming has to occur. There are two distinct 

stages during regeneration. The initial stage of regeneration is unlike development 

and involves wound closure, dedifferentiation and blastemal (mesenchymal growth 

zone) formation, with the process of dedifferentiation unique to regeneration 

(Brockes, 1997). The second part of regeneration recapitulates development when 

there is growth and patterning of tissues as differentiation of cells takes place. In 

animals less evolved, such as Hydra, regeneration directly goes to the post- 

blastemal stage found in higher organisms but in Planaria, neoblasts, an 

undifferentiated cell population, have to proliferate first to form a blastema from 

which cells then differentiate. In salamanders dedifferentiation, blastema formation 

and differentiation all follow wound healing. Therefore, as animals become 

evolutionary more complex so more steps are incorporated into the regeneration 

process (Alvarado, 2000).
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Figure 1.3

Additional stages of regeneration as the organism becomes increasingly 

evolutionary complex.

The Urodele amphibian as a model for regeneration

Although many metazoans are capable of regeneration of complex structures, 

urodele amphibians are unique amongst vertebrates in that, in adulthood, they are 

not only able to regenerate various body parts such as tail (Stone, 1933), jaw 

(Ghosh et al., 1994), eye lens (Eguchi, 1988), and cardiomyocytes (Oberpriller and 

Oberpriller, 1974) but can regenerate their limbs (Brockes, 1997). As such they are 

exceptional and said to be 'champions' of regeneration (Brockes et al., 2001).
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Removal of the newt lens (lentectomy) results in a new lens being regenerated. 

Following lentectomy, the remaining pigmented epithelial cells of the iris lose their 

pigment granules, re-enter the cell cycle, and convert into lens cells (Eguchi, 1988). 

Interestingly, it is only the cells that are located at the dorsal margin of 

the iris that re-enter the cell cycle, those of the ventral region are apparently 

refractive to signals. In regeneration of heart tissue, following lesioning of the newt 

ventricle, the heart will close the wound by contracting around the clot and adult 

cardiomyocytes in the vicinity surrounding the clot, re-enter the cell cycle and 

proliferate (Oberpriller and Oberpriller, 1974).

Limb regeneration

Regeneration of newt and axolotl limbs was initially reported as early as 1768 by 

Spallanzani.

Regeneration of limb occurs via several crucial stages (Brockes, 1997):

I. The wound surface is closed in 12 hours by epithelial cells which migrate 

from the edge of the wound to form a wound epidermis.

II. The differentiated state of cells within the vicinity of the wound is reversed. 

These cells then re-enter the cell cycle.

III. Cells that re-enter the cell cycle proliferate to produce a conical clump of 

cells to form a blastema at the site of amputation .

IV. As they exit the cell cycle they differentiate into the cartilage, connective 

tissue or muscle that will subsequently form the new limb.
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Processes involved in encoding cell positional identitiy have been determined in the 

context of newt limb regeneration. Retinoic acid, Hedgehog protein and fibroblast 

growth factor have all been suggested to play a role at the early dedifferention 

stage. Retinoic acid (RA) respecifies the proximal-distal axis during limb 

regeneration and can alter the identity of a tail blastema in tadpoles to give rise to 

limbs (Maden and Corcoran, 1996). The direct action that RA has on individual 

cells to respecify them during regeneration does not occur in development, when 

RA applied to the limb bud works indirectly by activating a signalling centre.

Two systems of regeneration studied in detail using the newt as a model, the limb 

and ocular lens, were used in combination for investigations carried out by Reyer 

(Reyer et al., 1972). In this remarkable piece of work, the dorsal iris epithelium was 

exposed to the blastemal environment of the regenerating limb by implantation. Iris 

implants regenerated lens vesicles or lenses with fibres in 40-75% of the 

experiments, whilst controls (irises implanted into dorsal fin) did not generate any 

lenses.

The plasticity of newt cells and lack of it in mammalian cells is exemplified by the 

attributes of myotubes, the multinucleate structures formed by the fusion of 

proliferating myoblasts. After stimulation with serum in culture, newt myotubes are 

able to enter the cell cycle and pass through S phase, the phase of the cell cycle 

during which DNA is synthesised prior to mitosis. This has not been observed for 

other vertebrate myotubes. It is thought that retinoblastoma protein (pRb) regulates 

the transition from Gi (Gap 1 phase after the end of cytokinesis) to S phase of the
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cell cycle and it is suggested that serum activates a pathway which results in the 

inactivation of pRb by phosphorylation (Brockes and Kumar, 2002). Thrombin 

cleaved components in serum generate a ligand that directly acts upon newt 

myotubes to regulate this S phase re-entry (Tanaka et ak, 1999).

Mouse myotubesThrombin

Newt myotubes Cell-cycle 
re-entry

Mononucleate
precursors 

Figure 1.4 Thrombin activity.

Thrombin cleaves components (Fa) from a substrate F which induce cell cycle re

entry of newt myotubes. Mouse myotubes are refaetory to this activity. Adapted 

from Brockes and Kumar, 2002.

Recently research has been carried out using extracts derived from newt limb 

blastemas (McGann et al., 2001). Its effect on cultured terminally differentiated 

mammalian myotubes has been investigated to determine cellular plasticity. Two 

days after the application of the blastemal protein extract, individual nuclei in 

mouse myotubes re-entered S phase of the cell cycle. Muscle differentiation 

markers MyoD, myogenin and troponin T were measured in these myotubes and
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found to be significantly reduced compared to controls. These investigations 

suggest that mammalian myotubes normally incapable of re-entering the cell cycle, 

unless genetically modified, are able to dedifferentiate when exposed to signals that 

induce dedifferentiation in newt cells. In addition, it has been shown that 

newt/mouse hybrid myotubes, generated from fusing myotubes of the mouse C2 

cell line with mononucleate newt A1 cells derived from mesenchyme, can re-enter 

the cell cycle after serum stimulation (Brockes and Kumar, 2002; Velloso et al.,

2001). From this it is suggested that although mouse myotubes are not normally 

able to respond to serum their nuclei retain this ability and maybe comparable to 

newt nuclei in respect of some components of the cell cycle re-entry pathway 

(Brockes and Kumar, 2002).

All of the above research in newts would indicate that these amphibia could be an 

ideal model for investigating some of the underlying mechanisms of regeneration 

within the ear.

Regeneration within the inner ear

Although it had been known that post-embryonic addition of hair cells in some 

vertebrates took place as body size increased throughout life (Corwin, 1983; Popper 

and Hoxter, 1984), a major discovery by Cotanche (Cotanche, 1987) was pivotal in 

instigating the numerous inner ear regeneration studies that have been carried out to 

date. In the auditory epithelium of birds (the basilar papilla) there is normally no 

further mitotic activity following post-mitotic arrest. An early indication that 

homeothermic vertebrates could regenerate the sensory cells of the inner ear came
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from examining the effects of acoustic trauma on the structure of stereocilia in the 

chick cochlea (Cotanche, 1987). Repeated observations in the chick (Corwin and 

Cotanche, 1988) and observations in the quail (Ryals and Rubel, 1988) confirmed 

the initial findings. As well as recovery from noise trauma, regeneration of hair 

cells occurs following ototoxic trauma in both the avian cochlea and the vestibular 

epithelium (Lippe et al., 1991; Weisleder and Rubel, 1993). The inner ear sensory 

epithelia of amphibia also retain the capacity to regenerate new hair cells when lost 

via aminoglycoside ototoxity (Baird et al., 1993b) as do those of fish (Lombarte et 

al., 1993). Regeneration in the inner ear of amphibia might have been predicted 

from the regeneration seen in the lateral line system of salamanders (Stone, 1933) 

and more recent evidence from laser ablation experiments in the axolotl salamander 

lateral line system has shown that regeneration of hair cells originates from 

supporting cells (Balak et al., 1990).

Supporting cells at the site of hair cell loss are also thought to be the source of new 

hair cells in other regenerating inner ear sensory epithelia, whether they arise via 

phenotypic conversion or are generated by mitosis of cells (Baird et al., 1993b; 

Balak et al., 1990; Forge et a l, 1998; Girod et a l, 1989; Li and Forge, 1997; Stone 

and Cotanche, 1994).

Once hair cells in the organ of Corti are lost they are not replaced but are 

substituted by non-specialised epithelium. In the mammalian vestibular system 

there is a limited capacity to replace lost hair cells with new ones (Forge et a l, 

1993; Forge et a l, 1998; Warchol et a l, 1993). The level of recovery and

48



mechanisms by which bird and mammalian vestibular sensory epithelia recover are 

discussed in detail in the introductions of Chapter 4 and Chapter 5, respectively. A 

key question in regeneration is whether, as is the situation in the retina, a stem cell 

population exists from which new hair cells may arise. As yet there is no evidence 

to suggest this is the case.

Attempts to stimulate hair cell regeneration

Hair cell recovery can be enhanced by growth factors. Transforming growth factor- 

a  (TGFa), insulin like growth factor type l(IGF-l) and IGF-2 have been claimed to 

enhance regeneration in the inner ear whilst fibroblast growth factor, IGF-1 and 

insulin also enhance recovery in the avian inner ear (Oesterle and Hume, 1999). 

Brief exposure of rat vestibular explants to forskolin by activating cAMP, induces 

proliferation (Montcouquiol and Corwin, 2001) and when combined with 

recombinant glial growth factor 2 the mitogenic effect was increased. However, 

continual exposure does not induce proliferation as is seen in avian ears (Shaywitz 

and Greenberg, 1999). Although the use of forskolin appears to have potential for 

recovery, this mitogen was shown to be effective in 2 day old rats and therefore 

some degree of plasticity may still exist at this age. Secondly, although proliferation 

was induced in these cultures this does not necessarily imply that new hair cells 

were produced.

Investigations into recovery in the newt inner ear would appear to be important not 

only from the earlier description of regeneration in other newt tissues but would
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hopefully add to the research already carried out in other vertebrate species. The 

following two sections present background information on the newt.

1.5 Classification and Life History of the newt

Amphibians are divided into three orders:

Caudata, newts and salamanders (Urodeles),

Anura, frogs and toads 

Gymnophiona, caecilians

The newt, Notophthalmus viridescens belongs to the family salamandridae within 

the Urodele order. This species of newt has a complex life history. Fertilised eggs 

hatch into aquatic larvae and at approximately 3 months old proceed to a terrestrial 

stage (Duellman and Trueb, 1986). During this period they are known as efts, have 

a bright red colouration and are extremely poisonous. This period on land may last 

for up to 2 years until the newt matures and returns to the pond in which it was bom 

to breed. Newts have a single circulatory system with only one atria and one 

ventricle. Their immune system is poorly developed. They have functional lungs as 

adults but external gills during the larval stage. They are difficult to breed in 

captivity and therefore in these investigations only the adult newt has been used.

1.6 Evolution and the newt ear

Fossil remnants of jawless fish that were around about 500 million years ago 

provide evidence of semi-circular canals and otolithic end-organs in the ear as well 

as a lateral line system. 130 million years later, amphibians arose from these fish. A
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standard view of auditory evolution is that this was followed by the evolution of 

reptiles without an aquatic life stage. A divergence then is thought to have occurred 

with auditory evolution of mammals arising from one class of reptiles and birds 

from another group of reptiles. The cochlea is found in all three of these groups and 

although research is centred on both the mammalian cochlea and avian cochlea they 

are derived independently. This view implies a common function and refinement as 

each group evolves. An alternative view proposed by Lombard (1980) is that 

amphibians and amniotes developed in auditory terms independently with no 

common morphology or function and refinement cannot be considered.

1.7 Anatomy of the inner ear of amphibia

Auditory research in amphibia has centered mainly on frogs, order Anura, due to 

the morphological characteristics for reception, amplification and transmission of 

sound to the inner ear that are similar to amniotes. Anurans possess an external 

tympanum (eardrum) which is joined to the oval window of the otic capsule by the 

columella (a hyomandibular remnant). The columella resides in an air filled middle 

ear cavity that is associated with the pharynx . Amphibia 'hear' both in water and 

air. However, urodeles differ from anurans in that very little vocal communication 

takes place. Frogs and toads detect both air home vibrations and ground vibration 

and bullfrogs are even said to 'exhibit acoustical sensors that are matched to its 

vocalizations' (Lewis, 1976). It is thought that mainly ground vibrations are 

detected by newts (Lewis and Narins,1998) with the lungs assisting in relay of 

vibrations to the inner ear (Hetherington, 2001).
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Salamanders and newts do not possess the external ear structures and air- filled 

middle ear that anurans and other tetrapods have for acoustic sensitivity.

As there is no middle ear the columella and operculum positioned at the oval 

window are surrounded by muscle, connective tissue, nerves and blood vessels 

(Lombard, 1977).

The inner ear of the newt comprises a membranous labyrinth encapsulated by the 

otic capsule. Within the inner ear of the newt, Notophthalmus viridescens, there are 

seven sensory patches: the saccular macula, the utricle macula, the lagena, the 

amphibian papilla and the three cristae located within the ampullae of the semi 

circular canals arranged orthogonally to one another (Fig. 3.2, Chapter 3). Other 

species of newt have a basilar papilla, a sensory region, located at the dorsal-medial 

wall of the lagena. Six out of the nine urodele families (Ambystomatidae, 

Dicamptodontidae, Salamandridae, Hynobiidae, Cryptobranchidae and 

Amphiunidae) possess a basilar papilla, however, it is absent in members of 

Sirenidae, Proteidiaes and Plethodontidae and some Salamandridae (notably 

Notophthalmus viridescens used for this study). Both the saccule, which is sensitive 

to substrate vibration, and the amphibian papilla, as well as basilar papilla in other 

species, act as auditory organs whilst the utricle, lagena and semicircular canals 

function as vestibular organs.

Ducts enveloped in squamous epithelium connect the different sensory patches of 

the otic labyrinth. Perilymph is present in the periotic labyrinth and as found in 

mammals, has a similar composition to extracellular fluids, having a high sodium
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and chloride ion concentration. The fluid filled endolymphatic system contains 

endolymph of similar composition to intracellular fluid, high concentration and 

low Na"̂  concentration. The endolymphatic duct is small in salamanders unlike 

those found in anurans whereby they are fused to form a ring around the brain.

Acoustic signals are channelled via the fluid of the periotic system from the oval 

window to the sensory patches. The endolymphatic system comprises the receptor 

organs of the inner ear. The saccule and utricle are covered with otoconial 

membrane containing otoconia. Otoconia are absent from the basilar and amphibian 

papillae, but the tectorial membrane overlays these sensory sites.

In anurans, the amphibian papilla comprises two sensory patches that are innervated 

separately by branches of the auditory nerve and both have two groups of 

oppositely polarized hair cells. In contrast, salamanders have only one sensory 

patch that also has opposing polarisation of hair cells.

The sensory epithelia and hair cells and other characteristics of the inner ear are 

described in Chapter 3, Morphology.

1.8 The lateral line system

The mechanoreceptive lateral line system comprises isolated groups of sensory 

cells (neuromasts) aligned along the tail and body of the newt and around the snout. 

Neuromasts are made up of hair cells surrounded by supporting cells overlaid with 

a gelatinous cupula and in amphibia are all superficial (Lewis and Narins, 1998).
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Both canal and superficial neuromasts are found in fish. Neuromasts have a 

frequency response of below 30Hz but are still sensitive and able to respond to very 

small displacements of water. Differential movement between its own body and 

surrounding water are detected by the lateral line system. Although historically the 

lateral line and ear of aquatic vertebrates have been linked there is a significant 

functional difference between them, with the inner ear exhibiting tuning (selective 

responsiveness) and directional sensitivity.
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1.9 Aim and objectives of the study

The aim of this study was primarily to assess regeneration in the inner ear of the 

newt. It has not previously been shown that regeneration takes place in the inner ear 

of this species but given that urodeles have a widespread capacity to regenerate 

other body parts and that other amphibia can regenerate hair cells, it was anticipated 

that damage to cultured sensory epithelia would result in recovery.

The establishment of this animal model would allow further investigation of the 

underlying mechanisms of regeneration.

A necessary first step was to examine the morphology of the sensory epilthelia 

using standard techniques including scanning electron microscopy and electron 

microscopy of thin sections. Subsequently, procedures for maintenance in culture of 

explants of saccular and utricular maculae were established to provide an 

experimental system to explore cell loss and recovery. In this in vitro system hair 

cell loss was induced and subsequent recovery evaluated. Quantification of 

recovery was also carried out.

The basis of the recovery phenomenon was investigated by examining mitotic 

events by incubation with the synthetic analogue of thymidine, bromodeoxyuridine. 

Supporting cell conversion was assessed, i.e. the notion that supporting cells can 

phenotypically convert to hair cells without an intervening mitotic event. The 

possibility that self-repair of hair cells might contribute to recovery was also 

examined. Finally, the hypothesis that the blastemal environment assists
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dedifferentiation and cell cycle re-entry will be tested by implanting undamaged 

sensory epithelium into a limb blastema and closely observing its progress.
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Chapter 2

Materials and Methods



2.1 Dissection of otic capsules

Adult newts, Notophthalmus viridescens, were purchased from Charles D. Sullivan 

and Co. (Tennessee) and maintained as described (Ferretti and Brookes, 1988). 

Animals were anaesthetised in 0.1% tricaine added to the tank water. They were 

then killed in accordance with Schedule 1 Home Office procedure. Heads were 

bisected following removal of the lower jaw and placed in amphibian Dulbecco’s 

PBS (phosphate buffered saline). Amphibian Dulbecco’s PBS comprised 75% 

Dulbecco’s PBS (Invitrogen, Paisley) and 25% sterile water (Sigma, Poole).

The white otoconia within the otic capsule assisted location of the bony otic 

capsule, sited close to the eye within the bisected head. Skin, muscle and 

connective tissue surrounding the otic capsule were carefully excised and the 

columella and operculum removed. The oval window of the otic capsule was 

carefully opened with a curette and otoconia gently blown away using a 27 G 

needle and 1 ml syringe. Otic capsules were placed in small glass vials ready for 

fixation.

2.2 Fixation

For phalloidin labelling of F-actin and immunohistochemistry, otic capsules were 

incubated for 1 hour 30 minutes in paraformaldehyde (PFA, Merck) on a rotary 

mixer. PFA cross-links proteins within the tissue, thereby stabilising the structure. 

Tissue was then rinsed in 0.1 M phosphate buffer solution (PBS), pH 7.4 and stored 

at 4°C until processed.
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For scanning electron microscopy (SEM) and transmission electron microscopy 

(TEM) fixation was carried out using 2.5% glutaraldehyde (Agar Scientific, Essex) 

in O.IM cacodylate with 3mM calcium chloride for 2.5 hours at room temperature.

2.3 Cryostat Sections

Paraformaldehyde fixed otic capsules were decalcified in a solution of 4.13% 

ethylenediamine tetraacetic acid disodium salt (EDTA, BDH Laboratory Supplies) 

in PBS for 5 days. The rigidity of otic capsules was checked to ensure 

décalcification had occurred. Otic capsules were rinsed in PBS and left overnight in 

30% sucrose in PBS solution at 4°C. Otic capsules were then placed in low-gelling 

temperature agarose (Sigma) in 18% sucrose in PBS with NaHg maintained at 37 

°C to prevent gelling and allowed to set in small plastic petri dishes. Prior to the 

complete setting of the agarose, otic capsules were orientated with the oval window 

facing upward. Petri dishes sealed with Parafilm ™ were maintained at 4°C until 

required. Specimens with a small amount of surrounding agarose were mounted on 

the cryostat chuck using Tissue Tek OCT compound (Sakura, Netherlands) and 

frozen rapidly in liquid nitrogen. Sections were cut on a Leica CM 1900 using a 

steel knife, at a thickness of 15pM at a temperature of -18°C. These were mounted 

on poly-L-lysine coated slides (BDH Laboratory Supplies) and stored at -20°C. 

Frozen sections of isolated sensory epithelia embedded in agarose were attempted 

but poor results were obtained until the decalcified intact otic capsule embedded 

method was used. This method had the disadvantage of not allowing orientation of

59



the individual sensory epithelia and therefore the utricle and two cristae were not 

cut in the desired plane.

2.4 Phalloidin and propidium iodide double labelling of 

wholemount tissue for light or confocal microscopy

Double-labelling with phalloidin-FITC conjugate or phalloidin-TRITC conjugate 

and propidium iodide enables visualisation of both filamentous actin and the nuclei 

of all cells. Propidium iodide labels nucleic acids and hence the nuclei.

Prior to fixation, otic capsules were incubated for 20 minutes in 75pg/ml subtilisin 

(Sigma) in amphibian Dulbecco’s PBS and agitated on a rotary mixer to remove 

otoconial membrane. Tissue was then washed x3 and fixed in 4% 

paraformaldehyde (PFA, BDH laboratory supplies). Otic capsules were then 

opened in amphibian Dulbecco’s PBS and the sensory patches removed and placed 

in a 72-microwell plate (Nunclon) in PBS in which the remainder of processing 

took place. Tissue was permeabilised for 20 minutes in 0.5% Triton (Sigma) in PBS 

solution, rinsed and placed in Ipg/ml propidium iodide, Ipg /ml phalloidin-FITC 

and lOOpg/ml DNAse-ffee ribonuclease A (all from Sigma) in PBS. Microwell 

plates were wrapped in foil and incubated at 37°C for 45 minutes.
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2.5 Immunohistochemistry

2.5.1 Protocol for antibodies 

Wholemounts

Following dissection, tissue was incubated in PBS and processed in 72 microwell 

plates (Nunclon) for all of the procedure. Tissue was carefully moved to the next 

well for each stage of the process using forceps. Sensory epithelia were incubated 

for 20 minutes in 0.05% Triton to permeabilise the tissue, rinsed in ‘wash’ (0.1% 

Triton in PBS) 4 times over 20 minutes and non-specific antigens blocked in a 

solution of 10% heat inactivated horse serum, 0.15% Triton in PBS for 40 minutes 

at room temperature. Primary and secondary antibodies were diluted in ‘block’ 

solution. Tissue was incubated in primary antibody overnight at 4°C or for a 

minimum of 3 hours at room temperature. The majority of antibodies were found to 

work well at a concentration of 1:100 unless otherwise stated. The tissue was rinsed 

thoroughly 4 times to remove the primary antibody and then placed in the 

appropriate secondary antibody conjugated to FITC or TRITC (DAKO, Denmark) 

at 1:100 dilution. The microwell plate was covered in foil to prevent light bleaching 

the fluorescence and left for 1 hour 30 minutes. Tissue was rinsed in PBS x4 and 

mounted onto coated 10 well slides using either Citifluor (Agar Scientific) or 

Vectashield (Vector laboratories,CA). A coverslip was gently lowered over the 

tissue and sealed with nail varnish. Specimens were examined using either 

fluorescence or confocal microscopy (Nikon Optiphot-2 or Leica TCS Laser 

Scanning microscope). FITC is excited at wavelength of 488 nm and TRITC at 560 

nm.
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For many antibodies double-labelling was carried out using two antibodies, usually 

a mouse monoclonal and rabbit polyclonal together. These were applied together as 

were the relevant secondary antibodies. In addition phalloidin-FITC or phalloidin- 

TRITC was added with the secondary (3pl/ml) to label F-actin. Alternatively, 

following the final wash tissue was incubated in 4 te-diamidino-2-phenylindole 

(DAPI, Merck) at 300 nM for 8  minutes and rinsed prior to mounting. DAPI is 

taken up by the nuclei and fluoresces under UV light at a wavelength of 380nm. 

Photos were taken initially using a 35mm Nikon camera and for later investigations 

using a Nikon Coolpix 990 camera. Images were stored on discs as jpeg files. 

Adjustments, such as the overlay of two channels and trimming of photos was 

carried out using Photoshop 6  (Adobe). In many instances tissue was also viewed 

using a Leica TCS confocal microscope and images saved to disc.

Sections

Processing of slide-mounted frozen sections followed the above protocol used for 

immunohistochemistry of wholemounts. All procedures were carried out within 

stainless steel slide trays. Dampened tissue paper placed underneath the slide 

holders in the trays increased the humidity to prevent the slides drying out during 

processing. A ‘PAP’ pen (Merck) was used to mark around the sections prior to 

processing. This formed a hydrophobic barrier to contain the solutions. After 

application of mountant to prevent fading of fluorescence, coverslips were placed 

with precision over the section and tissue examined as previously described.

62



Although many antibodies were not known to cross-react with species other than 

mice, rats and chick, positive immunoreactivity was seen with many antibodies due 

to the conserved nature of the antigens.

2.6 Scanning electron microscopy (SEM)

Attempts were made to remove otoconial membrane by incubation in protease, for 

20 minutes (subtilisin XXIV, Sigma) prior to fixation. Following fixation in 2.5% 

glutaraldehyde in O.IM Cacodylate, otic capsules were post-fixed in osmium 

tetroxide (0 s0 4 ) and the membranous labyrinth dissected out of the capsule at this 

stage. Sensory epithelia were trimmed and placed in plastic vials. All further 

processing was carried out in these vials. A repeated thiocarbohydrazide-osmium 

procedure was used (Forge et al., 1992). Specimens were taken through an ethanol 

series (30-100%) and then critical point dried. Specimens were carefully mounted 

on roughened stubs and sputter coated with gold before examination with a JEOL 

5800 scanning electron microscope.

2.7 Transmission electron microscopy (TEM)

In part, a similar protocol as the above SEM protocol was followed for thin 

sections. Glutaraldehyde-fixed samples were post-fixed in osmium tetroxide (0 s0 4 ) 

and samples were taken through an ethanol series to 70% and ‘en bloc’ stained in a 

saturated solution of uranyl acetate in 70% ethanol before further dehydration to 

100 % ethanol. They were then embeded in plastic (100 Resin, Agar) in rubber 

moulds. Tissue was orientated within the mould prior to polymerisation at 60°C for 

2  days.
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Sections 1 \xM thick were cut using a Reichert Ultracut ultramicrotome and stained 

with methylene blue to examine the architecture before serial thin sections 0 .1 pm 

were cut and mounted on grids (200 hexagonal mesh). These were then stained with 

lead citrate and aqueous uranyl acetate and stored at room temperature ready for 

examination on a transmission electron microscope (JEOL 1200 EX).

Thin sections were cut and stained by Graham Nevill.

2.8 In vitro system

An in vitro system in which to investigate ablation of hair cells and recovery was 

set up.

All dissection for cultures was carried out in a laminar flow hood with sterile 

instruments. Newts were washed in 1% Virkon to remove bacteria on the outside of 

the body when anaethetised prior to killing. The bisected head was dropped into 

70% ethanol for 5 minutes to kill bacteria residing in the mouth and rinsed in 

amphibian Dulbecco’s PBS before dissection of the otic capsule from the head. The 

oval window was widened as previously described and otoconia gently blown 

away. Otic capsules were maintained in culture medium with ciprofloxacin a broad 

spectrum non-ototoxic antibiotic (lOOpg/ml) and anti- fungal preparation, 

Fungizone (250 ng/ml, Gibco). The culture medium comprised Minimal Eagles’ 

Medium without glutamine (Gibco) supplemented with 1% L-glutamine (Sigma), 

1% Hepes buffer solution (Sigma) and 10% heat inactivated donor herd horse
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serum (Sigma). Culture medium was aliquoted and stored at -20°C. Prior to use 

ciprofloxacin and fungizone and in some experiments BrdU or BrdU and 

aphidicolin were added.

Otic capsules were cultured in 24 well, multiwell sterile plates (Nunclon) in pairs. 

Culture medium was changed on alternate days using a new sterile pipette tip for 

each well. To ablate hair cells the culture medium was supplemented with 2mM 

gentamicin sulphate (Sigma). Otic capsules were rinsed in amphibian Dulbecco’s 

PBS following gentamicin incubation for 48 hours to prevent the gentamicin 

supplemented culture medium being retained within the capsule and possibly 

delaying recovery. They were also washed prior to incubation in protease and 

fixative.

2.8.1 Culturing with BrdU

Following 2 day exposure to gentamicin, otic capsules were rinsed in four changes 

of Dulbecco's PBS with 25% sterile water added over a period of 10 minutes and 

then maintained in culture medium containing ciprofloxacin, fungizone and 

30pg/ml bromodeoxyuridine (BrdU). A stock solution of BrdU at 3mg/ml was 

prepared, aliquoted and stored at -20°C . The BrdU was dissolved in 500pi DMSO 

and then diluted to 30pg/ml with culture medium. 50% of the culture medium 

within the wells was changed every other day. At the end of the 21 day incubation 

period cultures were again rinsed in Dulbecco's PBS and fixed in 4% 

paraformaldehyde at room temperature for at least 1.5 hours.
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2.8.2 Methods of double-labelling for BrdU and hair cell markers

Two alternative methods were used to double-label tissue with a hair cell marker 

and antibody to BrdU.

Anti calretinin antibody and antibody to BrdU

Tissue was processed as above for double-labelling but an additional incubation in 

2M HCL (Sigma) for 30 minutes was carried out prior to permeabilising the tissue. 

Tissue was rinsed 4 times over 30 minutes in O.IM PBS pH 7.4 to make certain no 

HCl remained. This step was essential to ensure that antibody to BrdU had access 

to the BrdU incorporated during S phase of the cell cycle. HCl unravels the DNA, 

exposing the BrdU. In experiments whereby tissue was double- labelled with 

monoclonal antibody to BrdU and polyclonal anti-calretinin antibody (1:20, 1:50 

respectively in block, Chemicon), following removal of excess primary antibody by 

rinsing with 'wash' over 30 minutes, tissue was transferred to secondary antibody 

comprising 1:100 swine anti-rabbit antibody conjugated to FITC and 1:100 sheep 

anti-mouse antibody conjugated to TRITC in blocking solution for 1.5 hours.

HCS-1 mouse monoclonal antibody and antibody to BrdU

The most effective hair cell marker was found to be HCS-I antibody (kindly 

donated by Jeff Corwin, University of Virginia, Charlottesville, Virginia). This 

IgG2a antibody was raised in mice against chick utricles and was used in 

conjunction with a monoclonal antibody to BrdU conjugated to FITC (DAKO, 

Denmark) as follows. Initial labelling with HCS-I antibody according to the 

standard protocol was carried out and after the final rinse in PBS some tissue
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samples were checked for the hair cell marker with a fluorescence microscope. 

Tissue was then post-fixed in 4% paraformaldehyde for 20 minutes and the BrdU 

procedure carried out as the protocol for other antibodies but with an additional 

incubation for 30 minutes in HCl prior to permeabilising the tissue.

HCS-1 antibody and rat monoclonal antibody to BrdU

Double-labelling with HCS-1 antibody and rat monoclonal antibody to BrdU was 

carried out using the standard immunohistochemical protocol for HCS-1 and then 

the protocol for BrdU immunohistochemistry. Initial treatment involved 

permeabilisation, blocking and incubation in HCS-1 at a concentration of 1:200 in 

block at room temperature for 3 hours and incubation in mouse IgG secondary 

FITC . Tissue was then fixed in 4% paraformaldehyde for 20 minutes and washed 

thoroughly. Due to the length of time of processing tissue was left in a humid 

chamber overnight in PBS at 4°C and then processed the following day as per the 

above protocol for BrdU immunohistochemistry. A TRITC conjugated secondary 

antibody raised against rat was used at 1 : 1 0 0  in block and the tissue mounted as 

above. Explants were viewed using a Leica confocal and hair cells in saccules from 

this group were assessed for double labelling.

Aphidicolin incubation and processing

Culture medium was supplemented with both 25/xM aphidicolin, dissolved in 

DMSO and 30pg /ml BrdU directly following washes in Dulbecco's PBS after 

removal from incubation in gentamicin. Aphidicolin-blocked gentamicin-treated
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cultures were fixed with 4% paraformaldehyde and stained with phalloidin and 

propidium iodide as described earlier.

Otic capsules incubated for 19 days post gentamicin treatment in culture medium 

with aphidicolin and BrdU were fixed in 2.5% glutaraldehyde and processed for 

thin sectioning. Sections for light microscopy, 1 pm thick were cut through the 

entire sensory patch and thin sections cut at intervals so that for every sensory patch 

thin sections were collected at a minimum of three different levels through the 

patch. At least one thin section in every set was collected on a formvar coated 

single slot grid to allow the entire width and depth of the section to be seen. The 

sections were counterstained with uranyl acetate and lead citrate before 

examination in a JEOL 1200 EXIT IpM thick sections were stained with methylene 

blue.

2.9 FMl-43

FM I-43 dye (Molecular Probes) is taken up by hair cells and is water soluble. It is 

non-fluorescent in aqueous solution but fluoresces when incorporated within the 

lipid environment of the membrane. A stock solution of 3mM was made up (Img of 

FMl-43 in 0.542ml water) and refrigerated. This was diluted with serum free 

culture medium to give a final concentration of 30 pM. Tissue was incubated for 

approximately 5 minutes and rinsed 3x in culture medium. Sensory epithelia were 

then attached to collagen coated glass-bottomed petri dishes and covered in culture 

medium or culture medium supplemented with gentamicin sulphate (2mM).
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Uptake of FMl-43 in individual cultures was observed using a Nikon Diaphot2 

inverted fluorescence microscope and recorded on colour reversal slide film at 

intervals of 24 hours. Care was taken not to dislodge epithelia. Additional medium 

was added after 48 hours to ensure the tissue survived.

2.10 Lectin Binding

Biotinylated conjugates of Griffonia (Bandeiraea) simplicifolia Isoform B4, peanut 

agglutinin and wheatgerm agglutinin (Vector Laboratories, CA) were diluted to 

20jLig/ml from stock solutions with O.IM PBS supplemented with 0.15% Triton 

X I00. Following dissection in Dulbecco’s PBS tissue was incubated in protease, 75 

pg/ml subtilisin XXIV (Sigma) for 20 minutes to remove as much otoconial 

membrane as possible. Tissue was then fixed in 4% paraformaldehyde and 

permeabilised with 0.05% Triton X I00, rinsed 4 times in 20 minutes in PBS before 

incubation overnight in lectins at 4°C. The lectin was washed from the tissue and 

sensory epithelia incubated in streptavidin conjugated to FITC (DAKO) for 2 

hours, 1:100 diluted in PBS with 0.15% Triton. Samples were rinsed again, 

mounted with Vectashield (Vector Laboratories) on multispot microscope slides 

and viewed under a fluorescent (Nikon Optiphot-2) or confocal microscope (Leica 

TCS). In some samples phalloidin-TRITC or propidium iodide (both at a dilution of 

Ipg/ml) were included and added with the streptavidin-FITC. lOOpg/ml DNAse- 

free ribonuclease A was added with the propidium iodide.
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2.11 Implantation

The initial amputation to produce a blastemal growth zone was carried out in UCL 

Biochemistry Department by Dr. Anoop Kumar as follows. Forelimbs of 

anaesthetised newts (0.1% Tricaine) were amputated by cutting proximal to the 

elbow and soft tissue was pushed up the humerus to expose the bone. The bone and 

soft tissue were trimmed to ensure an even surface for regrowth. Newts were 

transferred to 0.5% sulfamerazine solution (Sigma) and regular observation carried 

out. They were then returned to a normal water environment.

Preparation of saccules for implantation was carried out one day before use. 

Following their dissection they were incubated for 10 minutes in orange cell tracker 

dye, chloromethylbenzoylaminotetramethyl-rhodamine, CMTMR (Molecular 

Probes) at a concentration of 20 /xM diluted from a stock solution of CMTMR 

(lOmM) with serum free culture medium. Tissue was then rinsed over 10 minutes 

in culture medium. Cell tracker dye is taken up by all cells within the saccule and 

remains fluorescent for at least 7 days. It was used to assist in location of the 

implant within the blastema.

Three days after amputation newts were re- anaesthetised and the blastema of the 

left forelimb carefully opened with curved microscissors, for three quarters of the 

limb’s circumference, just within the boundary of the new growth. The skin was 

flapped back and bone exposed. The bone was reduced if protruding and the 

undamaged saccule implanted. Implants remained within the blastemas for 3 or 6  

days prior to harvesting. Blastemas were fixed in 4% paraformaldehyde in PBS for
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1 hour 30 minutes, washed in PBS and incubated in 10% sucrose overnight at 4°C 

before embedding in OCT compound in rectangular plastic moulds (Taab) prior to 

being frozen and stored at -20°C until required. Blastemas were embedded 

longitudinally in the OCT so that transverse sections would be cut. Specimens were 

removed from the moulds and mounted on chucks and sectioned using a Leica 

CM 1900 at -18°C. Cryosections of 15pm thickness were cut in ribbons of 3 where 

possible and mounted on poly-L-lysine coated slides. These were then either 

immunohistochemically processed immediately or stored at -20°C until processed. 

The first and final 10 sections were discarded so that only sections containing the 

blastemal growth zone were immunohistochemically processed. 

Immunohistochemistry using the hair cell marker HCS-1 at a concentration of 1:200 

was carried out according to the protocol for cryosections of inner ear tissue to 

identify hair cells within the implant. Nuclei were stained with DAPI. One group of 

newts implanted with saccules were pulsed once with BrdU (0.25mg/g body 

weight) 18 hours prior to the harvesting of the blastemas. Blastemas were processed 

with antibody to BrdU and HCS-1.
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2.12 Molecular Biology

2.12.1 RT-PCR

RT-PCR (reverse transcriptase polymerase chain reaction) allows trace amounts of 

RNA to be analysed by first transcribing the RNA into DNA with reverse 

transcriptase. The polymerase chain reaction then allows amplification of the DNA 

from a region of the genome when part of the nucleotide sequence is known. The 

oligonucleotide primers are designed as forward and reverse sequences i.e. a 

sequence complementary to each strand of the DNA helix and at opposite ends to 

the section to be amplified.

Membranous labyrinths were dissected on ice for extraction of RNA. Liver, lung, 

heart and eye were also taken for use as controls. Tissue was used directly 

following dissection or frozen in liquid nitrogen until required.

The Rneasy Mini Protocol (Qiagen) was used for isolation of total RNA from 

tissue. Briefly, each sample (up to 30 mg tissue) in 350pl RLT buffer with 0.1% p- 

Mercaptoethanol (Sigma) added was homogenised for 20 seconds. This was then 

centrifuged at 12000g for 3 minutes and the supernatant carefully removed leaving 

a pellet to which 70% ethanol was added.

Optical densities at 260nm / 280nm wavelengths were measured to assess the purity 

of RNA extracted from each sample.

A mastermix, comprising nuclease-free water (Gibco), primers (Oswel, 

Southampton) MgS0 4  (25mM), storage buffer A for Taq (5units/ml- 1 unit defined
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as the amount of enzyme required to catalyse the incorporation of lOnMol of dNTP 

into an acid insoluble form in 30 minutes at 74 °C ), dNTP (25pmol each dNTP), 

megalovirus AMV (reverse transcriptase), Taq polymerase (all from Promega) was 

pipetted into a sterile centrifuge tube. Storage buffer A comprised 5mM Tris-HCl 

pH 8.0, lOOmM NaCl, 0.1 mM EDTA, ImM DTT, 50% glycerol,1% Triton X-100.

Nuclease-free water replaced the RNA as a negative control and Actin primer as a 

positive control. Initially different concentrations of MgS0 4  (1, 1.5 and 2pL) were 

added and the water adjusted to assess the optimum concentration. One pi of upper 

and Ipl of lower primer were added to 5pi RNA.

Sequences of primers prepared commercially (Oswel Scientific, Southampton) 

were constructed from NCBI data on HESl in newt, C  pyrrhogaster.

U1 5 ' -TTATTAACCCTCACTAAAGGGAAGAGAAACCTGGCACA

GTCTCG -3'

Sequence for T3 RNA polymerases in red

LI 5 ' -TTGTAATACGACTCACTATAGGGCGAAAGCCTGCTCGG

TACTTTCC-3'

Sequence for T7 RNA polymerases in red 

Amplified product^ 371 bp

Hesl forward primer sequence was 45 base pairs in length and Hes 1 reverse primer 

sequence was 46 base pairs in length.
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Sequences of primer constructed (Oswel) on a-actin in newt, C. pyrrhogaster.

U1 5 ' TTATTAACCCTCACTAAAGGGAAG GAGCGCAAGTACTCT

GTCTGG-3'

LI 5 ' -TTGTAATACGACTCACTATAGGGCGAA GGCCCGTGTCT

TCTTATCC-3'

Amplified product = 295 bp

Sequences for both Hes 1 and a-actin primers were designed with T3 and T7 RNA 

polymerases for future use in in situ hybridisation. Mouse p- actin primers were 

available from previous molecular studies in this laboratory and were not 

specifically designed for this work.

Mouse P- actin primers

Forward CCAACCGTGAAAAGATGACC

Reverse CCTTCTGCATCCTGTCAGC 

Amplified product^ 606 bp

PCRs were run using a Techne Genius for 30 minutes at 42°C (1 cycle), then at 

94°C for 2 minutes ( 1 cycle) and followed by for 45 seconds at 94°C to denature 

the sample, 58°C to anneal primers and 72°C for synthesis of new strands (40 

cycles). A final cycle at 72°C for 7 minutes was carried and the tissue held at 4°C.

74



PCR samples with ethidium bromide and DNA molecular weight marker XIV, 100 

base pair ladder (Boehringer Mannheim) were run on a 1.5% agarose gel, at lOOV 

for 30minutes. The gel was examined using UYP Biodocit system ™ and images 

recorded digitally.

2.12.2 Western Blot

Proteins can be separated according to size by polyacrylamide gel electrophoresis. 

Smaller molecules will migrate more speedily through the gel whilst those of a 

larger size will be retarded. Proteins are treated with sodium dodecyl sulphate 

(SDS), a negatively charged detergent. This binds to hydrophobic regions of the 

protein molecules and breaks down the secondary and tertiary structure. Movement 

of molecules to the positive electrode, when voltage is applied, is due to the 

proteins intrinsic charge being overwhelmed by the binding of negatively charged 

detergent molecules. The gel acts as a molecular sieve. Identification of a specific 

protein is achieved by exposing all the proteins to a specific antibody.

Tissue was homogenised in Laemmli sample buffer and a running gel prepared for 

use in a MV120 mini vertical gel system (Savant instruments. New York). The 

running gel was made up using 30% acrylamide, 1.5M Tris, 10 % SDS, TEMED 

and ammonium persulfate. A stacking gel (pH 6 .8 ) was applied above the miming 

gel (pH 8 .8 ) according to the published procedure (Harlow and Lane, 1999). The 

stacking gel causes the proteins to separate poorly, forming thin defined bands 

whilst the miming gel has narrow pores allowing the smaller proteins to move more 

rapidly. 20 pi samples, together with 1 in 10 dilution ECL (Amersham Pharmacia
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Biotech) protein molecular weight marker, were loaded into each lane of the 

stacking gel and the gel run at 150V for Ihour 30 minutes.

During western blotting the separated proteins were transferred to a sheet of 

nitrocellulose (Amersham Pharmacia Biotech) by blotting via electrophoresis at 

30V. The nitrocellulose membrane was incubated in block, 10% horse serum in tris 

buffered saline with Tween (TBS-T), for an hour before incubation with primary 

antibody. Primary antibodies; Hesl, Athl, and p27 '̂^  ̂ (Abeam) were diluted in 

block 1:500. After incubation overnight in primary antibody 5 washes in TBS-T 

were carried out over 30 minutes. Horseradish peroxidase (HRP) conjugated 

secondary was applied at 1:5000, in block. This was developed by 

chemiluminescence using a kit purchased from ECL Amersham Pharmacia Biotech. 

Detection was carried out by exposure of X-ray film to the membrane blot for 

approximately 4 minutes or less depending on the signal.
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Chapter 3

Morphology of the sensory epithelia in the 

inner ear of the newt



3.1 Introduction

A detailed analysis of the morphology of the inner ear of the newt, Notophthalmus 

viridescens, was carried out following fixation of tissue dissected from the otic 

capsule, using several different techniques. Details of dissection of the otic capsule 

and membranous labyrinth are given in Chapter 2. Light microscopy (Nikon 

Diaphot 2) and confocal microscopy (Leica TCS) were used to examine tissue 

labelled with phalloidin conjugated to a fluorochrome, fluoroscein isothiocyanate 

(FITC), or with specific cell markers. Phalloidin intensely labels filamentous actin. 

Cuticular plates of hair cells and stereocilia of the bundles are known to comprise 

densely packed filamentous actin and therefore label with phalloidin. Phalloidin 

also labels the actin of intercellular adherens junctions between supporting cells and 

hair cells. Wholemounts and cryosections were processed with a range of 

antibodies and lectins in order to define precisely the morphological properties of 

the sensory epithelium. The epithelial architecture from the lumenal surface to the 

basement membrane of the tissue and the spatial distribution of hair cells and 

supporting cells were examined using transmission electron microscopy (TEM) of 

epithelial thin sections. Scanning electron microscopy (SEM) was used to visualise 

the surface of the sensory end organs and a close inspection of the structure of hair 

bundles was carried out. Importantly the polarity and orientation of hair bundles 

could also be seen. Two different shaped otoconia were observed together with the 

position of the otoconial membrane overlying the saccule and utricle.
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3.1.1 Phalloidin labelling

Initial studies were carried out on paraformaldehyde fixed tissues labelled either 

with conjugated phalloidin alone or with conjugated phalloidin and propidium 

iodide. Propidium iodide is taken up into the nucleus of the cell, allowing the 

nucleus to be visualised. The condition of the nucleus is a good indicator of the 

cell's viability and cells dying by apoptosis may exhibit condensed or marginalized 

chromatin in their nuclei, fragmented nuclei or small dense nuclei.

3.1.2 Hair Cell Markers 

Antibodies to calcium binding proteins

Calcium binding proteins including calbindin-Dzgk, calretinin, and calmodulin are 

expressed discretely in the central nervous system and have previously been used as 

markers for specific neuronal types (Bainbridge et a l, 1992; Mize et a l, 1991) In 

frog, a greater intensity of labelling for the calcium binding proteins calbindin and 

parvalbumin has been observed in hair cells at the margins of the macula compared 

to those located centrally. These regions are known to be where new hair cells are 

added to the sensory patch. An up-regulation of calcium-binding proteins may 

occur during development (Steyger et a l, 1997). Downregulation of calretinin 

expression has been suggested to occur in hair cells of the mature mammalian 

utricle and inner but not outer hair cells of the adult mammalian cochlea (Dechesne 

et a l, 1994). Calretinin acts as a calcium buffer or transporter and can regulate 

calcium signalling at presynaptic sites over nanometer distances (Edmonds et a l,

2000). It belongs to the EF-hand family of calcium binding proteins. A single 

calretinin molecule has 6  EF- hand domains, 5 of which are functional calcium
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binding sites capable of fast calcium buffering. EF- hand domains comprise a core 

of four helices and an array of two opened hairpins. Antibody to calretinin labels 

differentiated hair cells in rat vestibular end organs as early as embryonic day 15 

(Zheng and Gao, 1997). This timepoint correlates with the stage of development 

directly following terminal mitosis of hair cell progenitors (Ruben, 1967). Zheng 

and Gao (1997) showed that anti- calretinin antibody labelled the hair cells in the 

saccule, utricle and crista and in their experiments using utricular sheet cultures, a 

few cells located at the outer edge of the sensory epithelium were positively 

labelled for antibody to calretinin but were not labelled with phalloidin suggesting 

that antibody to calretinin may be an early marker for hair cell generation.

Calmodulin acts as a calcium buffer and regulator of cellular metabolism (Means 

and Dedman, 1980). It has been shown to be hair cell specific in gerbil vestibular 

organs and antibody to calmodulin labelled the cytoplasm and stereocilia of both 

type I and type II hair cells in the utricle and crista with no differentiation between 

the striolar and extrastriolar regions of the utricle (Ogata and Slepecky, 1998).

Calbindin labels both cell bodies and bundles of hair cells in epithelial sections and 

mature hair bundles and cuticular plates in wholemount saccules of bullfrog. It is 

thought to be involved in mechanoelectric transduction and adaptation (Steyger et 

al., 1997). A recent study on developmental gradients of calbindin expression in the 

avian inner ear found positive calbindin expression in both hair cells and supporting 

cells of the chick's basilar papilla (Hiel et al., 2002). However, hair cells in the 

vestibular sensory epithelia were found to be calbindin-immunonegative. This
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result was in contrast to previous findings by Dechesne et al., (1988) in chick 

vestibular end organs and Sans et al. (1987) using mammalian vestibular epithelia. 

In these studies some hair cells of the vestibular sensory epithelia were found to be 

calbindin-immunopositive.

Hair cell specificity using all three antibodies to calcium binding proteins 

(calmodulin, Sigma; calretinin and calbindin, Chemicon) was assessed using the 

standard protocol for antibodies. Double labelling with a monoclonal calmodulin 

and polyclonal calbindin was carried out to examine if calbindin labelled all hair 

cells or only a subpopulation.

Tissue was also exposed to a commercially available polyclonal antibody to 

calmodulin. An optimum concentration of 1:100 was used for all calcium binding 

protein immunohistochemistry.

Hair cell specific antibody

HCS-1 (hair cell specific 1) is an IgG2a antibody that specifically labels cell bodies 

of hair cells. It was generated by the immunisation of mice with utricular epithelia 

from chicks (Finley et al., 1997). Species reactivity include inner ear tissues from 

rat, mouse, chick, frog, and shark (Gale et al., 2000). The labelling of 4 vertebrate 

classes with this antibody suggests that the domain of molecules that HCS-1 binds 

to is conserved and therefore functionally important in hair cells, although the 

identity of the antigen is not yet known. Tissue prepared for immunocytochemistry 

was fixed with 4% paraformaldehyde and then immunolabelled using a 1:200
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dilution of the monoclonal antibody HCS-1 according to the standard 

immunohistochemical procedure detailed in Chapter 2.

H27 and other antibodies (kind gifts from Dr. Richardson, University of Sussex) 

generated for use as hair cell markers in avian inner ear were assessed in sections of 

newt tissue. Immunoreactivity with commercially purchased Myosin VIIA was 

also assessed in wholemounts and sections of saccule and utricle.

TuJl, p- tubulin III

TuJl, an antibody directed against class III beta- tubulin labels neurons following 

differentiation and has been used to demonstrate growth of individual neuronal 

fibres (Moody et al., 1989). Immunoreactive cells detected in sensory ganglia 

during mitosis suggests that tubulin is expressed during division of neuronal 

progenitors (Memberg and Hall, 1995). It has also been shown to be an early hair 

cell marker during regeneration in chick cochlea (Stone et al., 1996a, Molea et 

al., 1999). But it has not been found to label hair cells in rat inner ear epithelia, 

although it labels inner ear ganglion neurons (Stone et al., 1996b).

To examine hair cell properties and also to find the most suitable hair cell marker 

for further investigations into the mechanism of newt regeneration, 

immunohistochemistry using antibody to TuJl, p- tubulin III, was carried out. 

Control sections of two day in vitro cristae were incubated with polyclonal antibody 

to TuJl (Cambridge Bioscience, UK) diluted 1:100 following the standard 

immunohistochemical procedure.
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Lectins

A group of proteins and glycoproteins of non-immune origin, known as lectins, 

agglutinate cells and can precipitate glycoconjugates (Goldestein et al., 1980). 

Glycoproteins and glycolipids cover hair cells of the inner ear and the integrity of 

the glycocalyx on the apical surface of the sensory epithelia is indicative of hair cell 

viability. Binding of concanavalin A, a bean extract, has been shown to proffer 

protection against damage to hair cells by aminoglycosides (Zheng and Gao, 1999). 

Binding of lectins to glycoproteins and glycolipids can been used to identify 

subpopulations of sensory cells. The binding patterns of wheatgerm agglutinin, 

peanut agglutinin and lectin from Griffonia simplicifolia (isoform B4, IB4) have 

previously been determined in other species. Wheat germ agglutinin (WGA) labels 

hair cells and supporting cells in the mammalian utricle and hair cells of the 

cochlea, however in bullfrog utricle, only extrastriolar hair cells and supporting 

cells label with WGA (Baird et al., 1993a). In the avian utricle, peanut agglutinin 

labels hair bundles of the extrastriolar region and lectin from Griffonia simplicifolia 

was found to label a subpopulation of hair bundles with small stereocilia (Warchol,

2001). As an increased number of bundles were labelled with Griffonia 

simplicifolia in the embryonic utricle and during regeneration Warchol (2001) 

suggests that this lectin preferentially labels the hair bundles of immature cells.

To investigate binding of lectins, permeabilised newt sensory epithelia were

incubated overnight at 4°C with biotinylated peanut agglutinin, wheat germ

agglutinin or Griffonia simplicifolia, isoform B4 (IB4) at a concentration of 

20|Lig/ml in wash solution (O.IM PBS and 0.15% Triton), washed over 20 minutes
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and incubated in FITC conjugated streptavidin secondary antibody at 1:100 dilution 

(in wash solution). Tissue was then washed and mounted as for the standard 

protocol.

3.1.3 Anti-neurofilament antibody

Innervation of extramacular hair cells was examined using the anti-neurofilament 

antibody 200 at a 1:100 dilution following the standard immunohistochemical 

method but with phalloidin-TRlTC added into the secondary antibody dilution to 

detect hair bundles.

3.1.4 Supporting Cell Markers

A marker for supporting cells was sought in order to determine their morphology 

and for further studies during recovery. Cytokeratin polypeptides are expressed 

during development of the inner ear but are not present in hair cells of the cochlea 

(Kuijpers et al., 1991). Keratins such as these micromechanically assist in the 

function of the organ of Corti by distributing the mechanical forces to adjacent cells 

(Mogensen et al., 1998). Immunohistochemistry using a monoclonal pan- 

cytokeratin antibody (clones C-11,PCK-26,CY-90,KS-1A3, Sigma) was carried out 

on undamaged wholemounts at 1:100 and 1:50 dilution.

A Fab fragment to cytokeratin, developed from a bacteriophage generated cDNA 

library against bullfrog, known to be expressed in the cytoplasm of supporting cells 

in the sensory and non-sensory epithelium, was assessed in the newt using saccular 

and utricular epithelia (a kind gift from Janet Cyr). Immunoreactivity to a chick
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supporting cell antigen was also assessed using the monoclonal antibody D37 

(developed and donated by Dr Guy Richardson, Sussex university). As well as 

being expressed in the sensory epithelia of the avian inner ear, this antigen is also 

expressed on the apical surface of retinal Muller cells, renal tubule cells and brush 

border cells of the intestine (Kruger et al., 1999).

3.1.5 Scanning and Transmission Electron Microscopy

The saccule, utricle, cristae, and amphibian papilla were examined using SEM. 

Attempts were made to open the lagena outpocket, but access to the surface of the 

sensory epithelium was difficult resulting in damage. Following incubation in 

subtilisin to remove the otoconial membrane otic capsules were fixed in 2.5% 

glutaraldehyde and processed as documented in chapter 2  by the 

thiocarbohydrazide-osmium repeat procedure. A Jeol 5800 scanning electron 

microscope was used to examine and capture digital images of samples.

For thin sectioning, fixed tissue was post-fixed in 1% OSO4  and processed 

according to the protocol described for TEM. Sections were cut orthogonally to the 

apical surface of the sensory epithelia where possible and examined and 

photographed with a JEOL 1200EXII transmission electron microscope.
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3.1.6 Aims and Objectives

The aims and objectives of these initial investigations were to gain an 

understanding of the structure in the inner ear sensory epithelium, examine the 

morphology of the hair cells and identify their ultrastructural characteristics and 

determine the hair cell spatial relationship with each other and with supporting 

cells.

Quantification of hair cells in the normal saccular macula was established by 

counting hair bundles labelled with phalloidin-FITC, as a measure of hair cells. 

Data for this has been included in Chapter 4 as a comparison for ablation and 

recovery.
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3.2 Results

Located within the otic capsule (Fig. 3.1 A) is the membranous labyrinth (Fig. 3.IB, 

3.2) containing 7 anatomically distinct sensory end organs. The auditory organs are 

the saccule and amphibian papilla and the utricle, lagena and cristae of the 3 semi

circular canals are classified as vestibular organs (Figs. 3.3-3.5). Following 

incubation with phalloidin conjugated to fluoroscein the maculae of these were 

readily distinguishable from non-sensory epithelium by the fluorescent hair 

bundles. A reticulated network of junctions was visible in both the sensory and non- 

sensory epithelium. In the saccular macula, phalloidin-FITC labelling of junctions 

between supporting cells and hair cells revealed that each hair cell was surrounded 

by 4 or 5 supporting cells.

The saccule comprises the saccular macula of between 300-400 (Fig. 3.3 A) hair 

cells surrounded by extra sensory epithelium with at least 50 extramacular hair cells 

located concentrically at its peripheral edge (Fig. 3.3B). In the majority of saccules 

randomly located single extramacular hair cells were found between the saccular 

macula and the band of extramacular hair cells at the edge (Fig. 3.6). Located to 

one side of the saccular macula distal to the utricle were the lagena, a spherical 

outpocket (Fig. 3.5B) and the amphibian papilla, a small recess (Fig.3.4). The 

lagena appeared to have 2 different cell types. One population comprised hair cells 

with large compact bundles and were densely packed centrally within the outpocket 

and a subpopulation of hair cells with small bundles were located in an outer band 

either side of the central band (Fig. 3.5B).
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The fan shaped utricle contained two distinct hair cell populations. The larger hair 

cells were located in the striola and smaller hair cells in the extrastriolar region of 

the macula. Two neural tracts diverged from the base of the utricle out to two of the 

cristae. The larger hair bundles of the striolar region formed a wide border around 

the two edges of the utricular macula. Although the striolar area was distinct in 

phalloidin stained preparations as in Fig. 3.5 A, the extent of its size was more 

readily seen with SEM (Fig. 3.12A).

3.2.1 Scanning electron microscopy of the sensory epithelia

Scanning electron microscopy of the saccule at low magnification, after removal of 

the overlying epithelium and otoconial membrane, revealed the positions of the 

openings of the amphibian papilla and the lagena relative to saccular macula (Fig. 

3.7A). Within the oval saccular macula, stereocilia were of graded height almost to 

the height of the kinocilium in the majority of hair bundles (Fig 3.8A and 3.9B).

The polarity of hair bundles on different hair cells relative to each other was not 

arbitrary. Orientation was correlated to that of the neighbouring bundle and position 

within the sensory patch. However, a line of reversal was seen and along this hair 

bundles were orientated at 180° to each other suggesting that a striolar region was 

present in the saccular macula (Fig. 3.7B).

Hair cells at the outermost edge of the saccular macula had small hair bundles but 

long kinocilia (Fig 3.7C). Their short stereocilia were also graded in height with the 

shortest stereocilia arranged furthest from the kinocilium. In the majority of these 

bundles the kinocilium was substantially broader at its base than the stereocilia but



tapered along its length to the tip. A few kinocilia were found to be bulbed (Fig. 

3.9B). Supporting cells with apical surfaces between hair cells had numerous 

microvilli on the lumenal surface.

Although the aim was to remove the otoconial membrane completely for SEM, in 

many instances this was unsuccessful and the membrane remained overlying the 

saccular macula but not the extramacular hair cells outside this region (Fig.3.9A). 

Extramacular hair cells were present at the edge of the majority of saccules (Fig 

3.10A) and comprised small hair bundles with short stereocilia but a long 

kinocilium (3.1GB and C). They were positioned within a ring 1-2 hair cells wide 

around the majority of the saccule perimeter. The apical surface of the non-sensory 

cells differed in size either side of this ring. Those to the extreme edge of the 

saccule were very wide compared to the cells between the saccular macula and 

extramacular hair cells.

The amphibian papilla, a small recess, contained hair cells with compact hair 

bundles (Fig. 3.11). These had stereocilia of graded length similar in appearance to 

those of the central region of the saccular macula. Some bundles with shorter 

stereocilia were located at the entrance to the amphibian papilla (Fig. 3.1 IB).

The utricle comprised a distinct striola region (Fig. 3.12) densely packed with hair 

bundles composed of stereocilia of graded height. The longest of these were 4.5 pm 

in length. These compared dramatically to the hair bundles of the extrastriolar 

sensory cells. Extrastriolar hair cells had small hair bundles and although immature
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in appearance were directly covered by the otoconial membrane (Fig. 3.13). 

Supporting cells in the extrastriolar region had a large surface area with many 

microvilli (Fig. 3.12C).

Hair bundles were differentially graded along the length of the cristae in the 

ampullae of the three semicircular canals. At the peripheral ends of the anterior and 

posterior cristae hair bundles were found to have extremely long stereocilia 

estimated to be over 50pm in length whilst the lateral crista had hair bundles graded 

from short to long along its distal axis and within the bundles the stereocilia were 

also graded in height. The most distal region also had bundles with some stereocilia 

50pm in length (Fig. 3.14).

3.2.2 Transmission electron microscopy

Hair cells and supporting cells formed a bilayer in the saccular macula, lagena and 

utricular macula (Figs. 3.15A, 3.18A and 3.20B). Only the supporting cells rested 

on the basement membrane and projections from these cells extended to the apical 

surface. The base of each hair cell rests upon a supporting cell body. The bundles of 

some hair cells were cut transversely revealing the cross links joining adjacent 

stereocilia and microtubules of kinocilia could also sometimes be seen (Fig. 3.20C). 

Cuticular plates of hair cells were delineated as a distinct stained region at the cell 

apex devoid of inclusions, however, stereociliary rootlets within them were visible 

occasionally. A major proportion of the hair cell body was taken up by the nucleus 

which although appearing to be oval, in many instances was multilobed. The nuclei
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of supporting cells were more irregular in shape and the surrounding cytoplasm 

appeared denser than that of hair cells.

Two populations of hair cells were apparent in the saccule, one cylindrical in shape 

with a centrally located nucleus, the other with a long neck and basally positioned 

nucleus. In contrast to these two populations, extramacular hair cells appeared to 

have small rounded cell bodies (Fig. 3.16). Material extruded from supporting cells 

contacted the otoconial membrane suggesting that there is continual turnover of the 

membrane (Fig. 3.17A).

Two hair cell types were also seen in the lagena. One with a round cell body and 

the other with a more flask-shaped body (Fig. 3.18). Neither of these two cell types 

rested on the basement membrane.

A mound of hair cells and supporting cells formed the cristae and in Fig. 3.19, a 

section taken from a crista, the supporting cells appeared to sit directly on a 

basement membrane although, non-sensory and sensory cells were not as easily 

distinguished from each other by TEM as those in the saccule.

Small round hair cells with a relatively large cuticular plate were located in the 

extrastriolar region of the utricular macula (Fig. 3.20A) whilst those of the striola 

were more cylindrical or flask-shaped (Fig. 3.2GB).
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3.2.3 Hair Cell Markers

Immunohistochemical experiments using antibodies to calcium binding proteins 

revealed discrete labelling patterns of hair cells. Hair cells and not supporting cells 

were found to be immunoreactive to the anti- calcium binding protein antibodies 

used. HCS-1 developed against chick utricular antigens was also found to be hair 

cell specific in newt.

Calmodulin

Monoclonal antibody to calmodulin appeared to label all hair cells in all the 

maculae and the cristae. The apical surfaces of the hair cells in the saccular macula 

were conspicuous and, as with antibodies to other calcium-binding proteins the 

cytoplasmic outline of the flask shaped cells at the boundary of the macula were 

clearly distinguished (Fig. 3.21 A). Antibody to calmodulin visibly labelled the 

cytoplasm of extramacular hair cells (Fig. 3.21B). Fig. 3.22 shows positive 

labelling for calmodulin in the extrastriolar region of the utricle and the lagena. 

Identification of hair cells with polyclonal antibody to calmodulin was difficult in 

wholemounts but hair cells were labelled clearly in cryosections (Fig. 3.30C).

Calretinin

Antibody to calretinin bound to antigenic epitopes in the cytoplasm of hair cells, the 

cuticular plate and hair bundle. Intense positive calretinin labelling was seen in the 

hair cells at the edge of the saccular macula (Fig. 3.23 A, 3.24 A) and a large number 

of extramacular hair cells were stained at the edge of the saccule (Fig. 3.23B,

3.24 A). Within the utricle, antibody to calretinin labelled hair cells of both the
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striolar and extrastriolar region. Calretinin-positive, tightly- packed flask shaped 

hair cells were visible in the striolar region, the most distal region from the saccule, 

with head and neck region of the cell orientated towards the extrastriolar region 

(Fig.3.24B). Labelled small spherical hair cells were sparsely distributed 

throughout the extrastriolar section of the epithelium (Fig. 3.24B). Antibody to 

calretinin labelled all the hair cells within the cristae (Fig. 3.24C) and 

all hair cells in the lagena (Fig.3.25).

Calbindin

All hair cells in the saccular macula were labelled for calbindin. Those at the edge 

were more prominently marked than the central regions of the macula, highlighting 

their flasklike shape (Fig.3.26A). Only a subpopulation of hair cells in the central 

region of the lagena were positively labelled and in the utricle only the striola hair 

cells were identifiable with antibody to calbindin (Fig. 3.26B, 3.27A). The 

amphibian papilla hair cells also labelled positively for calbindin (Fig. 3.27B).

Differences between calbindin and calmodulin positive labelling were observed in 

tissue double labelled with a mouse monoclonal to calmodulin and a polyclonal 

antibody to calbindin. Figure 3.28 shows extramacular hair cells immunopositive 

for calmodulin (Fig.3.28A), but no labelling was seen with antibody to calbindin 

(Fig.3.28B). Hair cells at the edge of the saccular macula were positive for anti

calmodulin antibody but these cells were also calbindin negative (Fig. 3.29C).
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Cryosections

Cryosections of tissue labelled for calbindin, mouse monoclonal antibody to 

calmodulin, polyclonal antibody to calmodulin and for calretinin are shown in 

Figure 3.30. All four antibodies specifically labelled hair cells within the epithelial 

sections. Hair bundles and the apical region of hair cells were brightly stained with 

all of the antibodies as shown clearly in the section labelled with polyclonal 

antibody to calmodulin (Fig. 3.30C).

HCS-1

Intense staining of cytoplasm in the hair cells in both wholemounts and sections 

was observed using HCS-l(Fig.3.31). Two populations of hair cells were labelled; 

hair cells with a long neck region and a basally positioned nucleus and those with a 

cylindrical body and more central nucleus (Fig.3.31A). Extramacula hair cells were 

also intensely labelled. All hair cells in the utricle (Fig. 3.32A), cristae (Fig.3.32B), 

amphibian papilla and lagena (not shown) were HCS-1 positive.

H27 antibody and antibody to Myosin VIIA

Labelling with H27 antibody and antibody to myosin VIIA was non-specific in 

wholemounts. Positive labelling was seen in sections of cristae processed with H27 

and myosin VIIA antibody (Fig. 3.33A and B). H27 staining was confined to the 

most apical and basal regions of the hair cells. Incubation with antibody to myosin 

VIIA resulted in punctate labelling of the cytoplasm in hair cells and nerve fibres of 

sections of cristae.
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Antibody toTuJl

Neural fibres and some extramacular hair cells were both immunoreactive to class 

III beta tubulin. In saccular maculae and cristae towards the base of hair cells, at the 

position of the synapse, labelling was seen in neurofilaments (crista. Fig. 3.34A). 

The cytoplasm of extramacular hair cells was also faintly labelled (Fig.3.34B).

3.2.4 Supporting cell markers

Positive labelling was not observed in the non-sensory cells of macula processed 

with antibody to pan-cytokeratin but some labelling was apparent in cells outside of 

this region (not shown). Negative results were also obtained using the single-chain 

antibody to bullfrog inner ear cytokeratin. Non-specific labelling was seen in 

sections using D37 antibody (Fig. 3.35).

3.2.5 Antibody to neurofilament

Immunohistochemical investigations with antibody to neurofilament 200 revealed a 

network of neurons extending out from the saccular macula to the saccule edge 

(Fig. 3.6). Branches of neurons encircled isolated single extramacular hair cells en 

route to the band of extramacular hair cells at the extremity of the saccule.

3.2.6 Lectins

Griffonia simplicifolia lectin labelled all hair bundles of the extrastriolar region in 

the utricle (Fig. 3.36). No labelling was seen in the saccule with this lectin. Peanut 

agglutinin labelled the hair bundles and cytoplasm of hair cells at the edge of the 

saccule and extramacular hair cells (Fig. 3.37A). It was unclear if the rest of the
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hair cells in the saccular macula would have labelled with this agglutinin as the 

otoconial membrane remained in place in all samples tested even though prior to 

fixation they had been subject to digestion with subtilisin. Peanut agglutinin also 

labelled the bundles and cytoplasm of hair cells in the striolar and extrastriolar 

regions of the utricle and all hair cells in the crista. Negative results were obtained 

using wheatgerm agglutinin in all sensory epithelia.
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Inner ear

À

Figure 3.1

A. Otic capsule with operculum removed to reveal 
oval window (arrow).

B. Membranous labyrinth dissected out from otic 
capsule. Saccular macula (arrow). Utricular macula 
(arrowhead)



Membranous labyrinth of inner ear

SM = Saccular macula 
L = Lagena 
U = Utricular macula 
C = Crista

0.5mm

Figure 3.2
Sketch of membranous labyrinth of the inner ear 
of the newt, Notophthalmus viridescens



Saccule

Figure 3.3
Saccule double-labelled with 
phalloidin-FITC and 
propidium iodide.

A. Fixed saccular macula 
showing the stereocilia 
bundles of hair cells (arrows) 
and intercellular junctions 
between supporting cells and 
hair cells (arrowheads).
Nuclei of hair cells can be 
seen beneath the surface 
(open arrow).

B. Extramacular hair cells at 
the edge of the saccule 
(arrows).



Amphibian papilla
Figure 3.4
A and B. Amphibian 
papilla with phalloidin- 
FITC labelled hair 
bundles (arrows).
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utricle
Figure 3.5 
Vestibular organs 
labelled with phalloidin 
and propidium iodide.

A. Utricle. Striola 
(arrows) and extrastriolar 
(arrowheads) region of 
utricular macula.

B. Lagena. Central band 
of hair cells with large 
bundles (arrows) and 
outer region of hair cells 
with small bundles 
(arrowheads).

Lagena

> - v



Saccule double-labelled with 
antibody to neurofilament and 

phalloidin-TRITC

Figure 3.6
Neurofilaments extend out from the saccular macula to the extramacula 
hair cells. Randomly positioned hair cells between the two regions are 
also innervated (arrows).



SEM of saccule
Figure 3.7 
SEM of saccule.

A. Saccule at low 
magnification showing 
saccular macula (arrow) and 
relative position of 
amphibian papilla (open 
arrow) and lagena 
(arrowhead).
B. Compact large hair 
bundles of saccular 
macula.A section of the 
striola can be seen where hair 
bundles are orientated at 180° 
to one another.
C. Hair bundles at edge of 
saccular macula with 
short stereocilia and long 
kinocilium (arrows).



SEMs of hair cells from the saccular macula
Figure 3.8.

A. Hair bundle from central region 
of saccular macula.

B. SEM of hair cell body and 
bundle extruded from the margin of 
the sensory patch.

With many thanks to Prof. Andrew Forge for 
these two SEMs.
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SEM of saccule

m

Figure 3.9
A. Otoconial membrane overlying part of the saccular 
macula (arrow). Extramacular hair cells located at 
edge of the saccule (arrowheads).

B. Hair bundle with bulbed kinocilium (arrow).



SEM of extramacular hair bundles

Figure 3.10
A. Hair bundles of extramacular 
cells located at the extreme edge of 
the saccule (arrows).

B. and C. Long kinocilium and 
short stereocilia of extramacular 
hair cells.



SEM of amphibian papilla

Figure 3.11

A. Entrance to the amphibian papilla.

B. Hair bundles within the amphibian 
papilla.

C. Splayed bundles due to the 
processing procedure illustrates the 
numerous stereocilia of graded 
length.



SEM of utricle

Figure 3.12 
Utricular macula

A. Dense hair bundle coverage 
in the striola (arrows). Small 
hair bundles of extrastriolar 
region (arrowheads).

B. Hair bundles of the striola

C. Hair bundles of the 
extrastriola are separated 
by the large apical surfaces of , a  ^  
supporting cells.
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SEM of utricle
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Figure 3.13
Otolithic membrane overlying the extrastriola region 
of the utricle. Otoconia are embedded in the matrix 
(arrows)



SEM of crista

Figure 3.14
A. Hair bundles of the lateral 
crista ampullaris

B. Many extremely long 
stereocilia are present on the 
surface of the crista.



Transmission electron micrographs
Figure 3.15

A. Thin section through 
the saccular macula

supporting cell bodies 
(open arrows).

showing a bilayer of hair^ ' 
cells (arrows) above the X  /T J

/ I y L j
m .

B. Detail of hair cell 
with bundle.

C. Hair cell from 
boundary of saccular 
macula.Note the long 
neck of this hair cell 
compared to the that of 
the hair cell in B.

mmmi
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Transmission electron micrograph

%

Figure 3.16
Extramacular hair cell having rotund cell 
body and short hair bundle.



SEM of lumenal surface of saccule

Figure 3.17
Lumenal surface of saccule.
A. Otoconial material is 
extruded from the apical 
surface of a supporting cell 
(arrow).

B. The tallest stereocilia of 
some hair bundles were seen 
to extend through
holes in the otoconial 
membrane (arrow).

-
0.1 um



Transmission electron micrographs

Figure 3.18 
Lagena

A. Section through lagena 
showing hair cells in the apical 
layer and supporting cells 
below resting on the basement 
membrane

B. Small round bodied hair 
cell.

C. Hair cell with flask-shaped 
body.

2p,m .



Transmission electron micrograph

Figure 3.19
Section from crista with hair cells located 
in the apical layer (arrows).



Transmission electron micrographs of utricle

Figure 3.20

A. Round bodied hair cell from 
the extrastriolar region (arrow). 
Cuticular plate denoted by CP.

B. Flask-shaped body of striolar 
hair cell (arrow).

C. Stereocilia bundle. Arrows 
indicate side links.
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Figure 3.21 
Saccule stained with 
antibody to calmodulin.

A. Saccular macula. Bundles 
and cuticular plates of the hair 
cells label intensely (arrows). 
Cell bodies of hair cells at the 
margins of the saccular 
macula are also stained (open 
arrows).

B. Extramacular hair cells. 
Cell bodies label with 
antibody to calmodulin 
(arrows).

Labelling with antibody to
calcium-binding proteins



Antibody to calmodulin

Figure 3.22
A. Utricle. Hair cells in 
extrastriolar region label positively 
for calmodulin (arrows).

B. Lagena. Positive calmodulin 
labelling of hair cells (arrows).



Antibody to calretinin

Figure 3.23

A. Hair cell bodies at the 
edge of the saccular 
macula label with antibody 
to calretinin (arrows).

B. Extramacular hair cells 
of the same saccule as in A 
are also positively labelled 
(arrows).
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Anti-calretinin antibody

• r

Figure 3.24
A. Overall view of the saccule. 
Position of lagena (arrow) and 
extramacular hair cells 
(arrowheads) relative to the 
saccular macula are shown.

B. Utricle. Hair cells of the 
striola and extrastriolar region 
are labelled with antibody to 
calretinin.

C. All hair cells o f the crista are 
positively labelled with 
antibody to calretinin

»



Anti-calretinin antibody

Figure 3.25 
Lagena
All hair cells positively label for calretinin.



Antibody to calbindin
Figure 3.26
A. Sensory epithelium. Hair 
cells of the saccular macula, 
lagena, and amphibian papilla 
labelled for calbindin.

B. Lagena. Higher 
magnification of hair cells 
stained for calbindin. Only a 
subpopulation of hair cells 
positively label for calbindin.



Antibody to calbindin

Figure 3.27
A.Utricle. Only the hair cells o 
the striola are postiviely labelled 
for calbindin (arrows).

B. Amphibian papilla.



Double-labelling with antibodies
to calbindin and calmodulin

Figure 3.28
A. Saccular hair cells 
labelled with antibody to 
calmodulin. Extramacular 
hair cells indicated by 
arrows.

B. Same saccule. Hair cells 
labelled with antibody to 
calbindin. Extramacular hair 
cells are not labelled with 
calbindin.



Double-labelling with antibodies
to calbindin and calmodulin

Figure 3.29
A. Calmodulin positive labelled 
hair cells of the saccular macula.

B. Same saccular macula with 
hair cells labelled for calbindin.

* , • % 
V.v*
.  .  t « •• • . «
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C. Overlay of A and B. Hair cells 
at the very boundary of the 
saccular macula are only labelled 
for calmodulin (arrows).
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Cryosections labelled with antibody
to calcium-binding protein

Figure 3.30
A. Calbindin positive hair 
cells of the saccular macula.

B. Hair cells in the saccular 
maculalabelled with mouse 
monoclonal antibody to 
calmodulin and phalloidin- 
TRITC.

C. Polyclonal antibody to 
calmodulin labels hair cells 
of the saccule.

D. Calretinin positive hair 
cells in the saccular macula.



HCS-1 Antibody
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Figure 3.31
A. Cryosection with HCS-1 positive hair cells. Long-necked hair 
cells (arrow) and cylindrical type (open arrow) are labelled.
This section was also labelled with phalloidin-TRITC and DAPI 
(blue).

B. Wholemount of saccule labelled with HCS-1 antibody. 
Extramacular hair cells can be seen (bottom left-hand comer, arrow).



HCS-1 Antibody
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' ^-.Q : Extrastriolar region *

Figure 3.32

A. Utricle.

B. Crista labelled with 
HCS-1 antibody.



Figure 3.33
A. Crista stained with 
H27 antibody.

Hair cell markers

B. Positive labelling of 
hair cells in the crista 
with antibody to myosin 
Vila.



P- Tubulin III antibody

Figure 3.34
A. Double labelling of section from crista using antibody to 
calmodulin (green) and p-tubulin (red).

B. p-tubulin labelling of saccule wholemount. Only the 
extramacular hair cells labelled.



D37 avian supporting cell marker

Figure 3.35
Section from saccule. Indistinct labelling 
with D37.



Griffonia simplicifolia lectin

* ■ f 4 . .• ■ ....

Figure 3.36
Griffonia simplicifolia lectin labels extrastriolar hair 
cell bundles of the utricle.



Lectins
Peanut Agglutinin

Figure 3.37
Hair cells labelled with 
peanut agglutinin
A. Saccule
B. Striolar and extrastriolar 
region of utricle
C. Crista



3.3 Discussion

3.3.1 Saccule

As shown in the results the saccule comprises an oval macula surrounded by non

specialised epithelial cells. The otoconial membrane, a gelatinous material 

produced by the supporting cells beneath it, centrally covers the majority of the 

macula. Material for the formation of the otoconial membrane was continually 

extruded by supporting cells and embedded in this gelatinous matrix was a large 

number of small crystals, otoconia. These were thought to comprise both 

aragonitic and calcitic otoconia which were fusiform and cylindrical in shape (Figs. 

3.13, 3.35B) and appeared to be similar to those described by Hallworth et al., 1995 

in a different species of newt, Cynops pyrrhogaster.

Phalloidin labelled the hair bundles efficiently and it was possible to see the 

difference in size between small and large hair bundles, although some very small 

hair bundles may have gone undetected. Labelling with phalloidin revealed the 

mosaic of hair cells and supporting cells within the saccular macula and the 

morphology of the hair bundles could be observed. Each hair cell was surrounded 

by 4 or 5 supporting cells, and it was estimated that the ratio of supporting cells to 

hair cells was 2:1. The bundles of extramacular hair cells, located at the extreme 

edge of the saccule, and the bundles at the marginal boundary of the saccular 

macula were immature-like in appearance and distinct from the larger compact hair 

bundles of the central region of the saccular macula. This is similar to Li and 

Lewis's (1979) description of the saccular macula bundles in larval and adult 

bullfrog. They describe the central hair bundles as having 'short stereocilia and
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bulbed kinocilia no longer than the longest stereocilia', a type D hair cell according 

to their classification (Lewis and Li, 1975) and those at the periphery as showing 

characteristics of their type A hair cell, i.e. the bundle is composed of long non

bulbed kinocilium and comparatively very short stereocilia of small diameter. 

Although, in the newt only some hair bundles of the saccule had bulbed kinocilia, 

no bulbed kinocilia were detected in the other sensory endorgans. It is thought that 

kinocilia may begin being bulbed and re-absorb the bulbed end as they mature. 

Bulbed kinocilia are therefore thought to be a characteristic of immature hair cells.

No immature bundles were seen in the central region of the saccular macula 

suggesting that turnover does not occur or is an extremely rare event. This is unlike 

the avian vestibular endorgan, but is similar to the mammalian system. This 

characteristic suggests that the newt inner ear tissue resembles the mammalian 

vestibular system more closely than avian vestibular system.

The use of SEM to view the hair bundles in detail has allowed the striolar region of 

both the utricle and saccule to be located. Orientation of the stereocilia of hair cells 

at the boundary of the saccular maculae followed that of their neighbouring hair 

cells with larger bundles and as such the orientation either side of the striola region 

was maintained. Polarity of the hair cells within the saccular macula was clearly 

seen in the sections labelled with HCS-1 (Fig. 3.31 A). Hair cells at the extreme 

edge of the saccule (with small hair bundles) had their neck region angled, as 

occurred with other hair cells, towards the central line from which polarisation is 

reversed.
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Antibodies against calcium binding proteins, such as antibody to calretinin, 

calmodulin and calbindin used in these morphological investigations on fixed 

tissue, are useful selective hair cell markers for regeneration studies. In rat, 

antibody to calretinin has been shown to label differentiating hair cells 2 days prior 

to the appearance of stereociliary bundles, 2 days earlier than labelling seen with 

calmodulin (Zheng and Gao, 1997). This antibody would therefore appear to be an 

ideal early marker for differentiating hair cells. The results show that antibody to 

calretinin does not label all the hair cells of the saccular macula but only a 

subpopulation of hair cells at the edge. These hair cells were thought to correlate 

positionally with those hair cells shown by SEM to have small bundles and it could 

intimate that they were immature cells. The perpetual production of new hair cells 

is known to take place postembryonically in many species of fish and amphibians 

as their body size increases throughout their lifetime (Corwin, 1985). The 

concentric band of immature-like hair cells with short hair bundles at the extreme 

edge of the saccular macula would suggest that these were new hair cells added as 

the newt ages. However, extramacular hair cells also have this morphology, but as 

no larger bundles were seen amongst these immature- like bundles it would seem 

likely that the extramacular hair cells are a discrete population rather than immature 

hair cells. Extramacular hair cells were not covered by the otoconial membrane 

suggesting that they were non-functional, however, they were innervated from the 

saccular macula. The curious position of these sensory cells may be due to an 

anomaly whereby one or two cells were incorrectly positioned during the division 

of the presumptive epithelium to become the saccule and utricle. In turn
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proliferation of the precursor cell would result in this band of extramacular hair 

cells. This seems unlikely though, as extramacular hair cells are seen in all saccules. 

Alternatively, they may be a subpopulation of hair cells have a unique functional 

role that has yet to be defined.

Hair cell morphology observed in thin sections correlated to that seen with 

immunohistochemistry. These included various cell types in the saccule: some cells 

with elongated long necks at the edge of the saccular macula and those with 

cylindrical bodies, as well as extramacular hair cells with round bodies. Two cell 

types in the utricle, flask-shaped cell bodies and round bodied cells and two similar 

cell types were also apparent in the lagena.

3.3.2 Amphibian papilla

Unlike the saccular macula, the amphibian papilla appeared to comprise hair cells 

with only one bundle morphology. Phalloidin made it possible to see all the hair 

bundles of the amphibian papilla and within this recess hair cells had hair bundles 

of uniform size and shape. The difference between the slightly smaller bundles at 

the entrance to the amphibian papilla as seen by SEM (Fig. 3.11) and those more 

centrally located was not great enough to classify them as a subpopulation. Bundles 

on hair cells within the amphibian papilla appeared to have stereocilia graded in 

height in a similar manner to those of the central regions of the saccular macula. All 

the hair cell bodies in the amphibian papilla appear to be cylindrical in shape, as 

demonstrated by labelling for calbindin (Fig. 3.27B). This hair cell shape correlates 

with the morphology of one of the hair cell types located within the saccular
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macula. Tonotopical organisation of hair cells in the amphibian papilla of the frog 

is thought to occur (Baird pers. comm.) and could be present in the newt amphibian 

papilla. However, no functional investigations have been carried out to substantiate 

this idea.

3.3.3 Utricle

SEM of the utricular macula revealed the different hair bundle morphology in 

particular the variation in bundle size between those of the striolar and extrastriolar 

regions. As with SEM of the utricle phalloidin labelling demonstrated not only the 

difference in size of hair bundles but the difference in supporting cell apical surface 

area separating neighbouring hair cells. Extrastriolar hair cells were equally spaced 

between supporting cells with a large apical surface. Although these hair cells were 

immature-like in appearance they were all of similar morphology rather than having 

an array of different morphologically stereocilia features, as is found during 

recovery. This suggests that extrastriolar hair cells are a distinct subpopulation of 

cells. Their location beneath the otoconial membrane may be indicative of their 

functionality.

Antibody to calbindin positively labelled only the striola region of the utricle and 

this result is similar to that found in mouse and chick utricle in which 

immunopositive hair cells are located exclusively in the striolar region. In contrast 

all hair cells in the utricular macula were labelled for calbindin in frog (Dechesne et 

al., 1988).
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3.3.4 Lagena

Labelling with phalloidin exposed the hair bundles of the lagena. The surface of 

this sensory epithelia could not be viewed by SEM due to the inaccessible location 

within the outpocket and although the length of stereocilia of hair bundles within 

the lagena could not be measured two types of hair bundles were apparent with 

phalloidin labelling. A pattern emerged whereby the central strip of the outpocket 

comprised large hair bundles but bands of hair cells above and below this region 

contained hair cells with smaller hair bundles. Thin sections revealed hair cell with 

rounded bodies and short stereocilia as well as hair cells with flask-shaped bodies 

and larger bundles relative to the small hair cell bundles. It was thought that these 

two subpopulations correlated with the two populations of hair cells present in the 

utricle, i.e. the striola hair cells with flask-shaped cell bodies and the extrastriolar 

hair cells with small cell bodies.

3.3.5 Cristae

All three cristae labelled intensely with the antibodies to calcium binding proteins 

and HCS-1. SEM revealed the incredibly long stereocilia.

Extramacular hair cells of the saccule, extrastriolar hair cells of the utricle and an 

outer band of hair cells within the lagena were all negative for antibody to 

calbindin. Together with their similar bundle morphology, i.e. all have hair bundles 

comprising short stereocilia, it would seem reasonable to hypothesise that these 

belong to the same sub-population of cells. Similarities between the morphology of 

the hair cells in the central lagena region and striolar region of the utricle suggest
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that these cells were of the same type. These two vestibular organs may function in 

an analogous manner.

3.3.6 Identification markers for sensory epithelial cells

HCS-1 antibody was distinct from the antibodies to calcium binding proteins in that 

all hair cells labelled equally making it extremely useful for regenerative studies 

even though hair bundles were not prominently stained. Although lectins have been 

shown to label subpopulations of hair cells in other species (Warchol, 2001) the 

results obtained from incubation of newt inner ear tissue with Grijfonia 

simplicifolia, wheatgerm agglutinin and peanut agglutinin suggested that only 

peanut agglutinin would be useful for future investigations, as no labelling was 

obtained with wheatgerm agglutinin and lectin from Griffonia simplicifolia only 

weakly labelled the hair bundles of cells in the extrastriolar region of the utricle.

Sensory epithelia sections were immunoreactive to TuJl, however, this antibody 

was found not to be suitable as a hair cell marker as only the neurofilaments were 

positively labelled and not the hair cell body. The labelling of some extramacular 

hair cells suggests that a subpopulation labels with TuJI, possibly those of 

immature-like hair cell morphology, although those at the boundary of the saccular 

macula did not label for TuJl.

Various other hair cell and supporting cell markers were assessed during these 

morphological investigations. Staining with a commercially available antibody to 

myosin VIIA resulted in high background and insufficient differential labelling of
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hair cells, making this antibody unsuitable. This was also the case for a number of 

markers developed for use in chick by Dr. Guy Richardson (University of Sussex).

An antibody to tectorin raised in mice against chick was also tested for species 

reactivity in the newt (generously supplied by Guy Richardson). No 

immunoreactivity was seen.

Unfortunately, there are no specific markers commercially available for supporting 

cells and it was therefore hoped that either the antibody to bullfrog cytokeratin or 

the D37 antibody would result in immunopositive supporting cells.

Although care was taken to carry out protocols exactly as recommended, 

disappointingly, negative results were obtained for the antibody raised against 

bullfrog inner ear epithelia and non-specific labelling with D37, an antibody raised 

to avian supporting cell antigen. It was thought that this was due to the inability to 

react cross species rather than technical problems as the bullfrog cytokeratin 

antibody was known not to label Xenopus tissue (pers. comm. Dr. J Cyr) and the 

D37 was found to be immuno-negative in frogs (pers. comm. Dr. R.Goodyear, 

University of Sussex).

From the results of the morphological examinations carried out, the saccule appears 

to be the most suitable sensory epithelium in which to study regeneration. 

Accessibility and the confined nature of the saccular macula would enable close 

observation of any recovery and the low number of hair cells makes it suitable for 

quantification.
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Chapter 4

Ablation and Recovery of Hair Cells



4.1 Introduction

The characterisation of hair cell regeneration both in cultures and in vivo has been 

ongoing since Cotanche first showed a significant level of hair cell recovery 

occurred over a 10 day period following acoustic damage in the chick cochlea 

(Cotanche, 1987). Exposure to noise at intensities of 120 decibels sound pressure 

level or greater, at a frequency of 1500 Hz resulted in lesions at a site correlating to 

this frequency. Recovery subsequently occurred at the lesion site. New hair cells 

that arose following acoustic trauma were thought to be generated by mitosis of 

surviving supporting cells at the site of lesioning (Corwin and Cotanche, 1988). 

This observation agreed with studies of lateral line neuromasts, in which following 

hair cell destruction, it was indicated that new hair cells arose from the remaining 

supporting cells (Balak et al., 1990). Several other studies have supported this 

recovery mechanism (Ryals and Rubel, 1988; Sliwinska-Kowalska et al., 2000).

The majority of investigations of hair cell recovery have continued to use the bird 

as a model. Although it was known that hair cell production was ongoing in the 

vestibular epithelia of birds (Jorgensen and Mathiesen, 1988; Roberson et al., 1992) 

this may be limited to hair cell turnover. This is distinct from the auditory 

epithelium where all the hair cells in the epithelium of the chick cochlea are present 

by around embryonic day 7/8 (Katayama and Corwin, 1988) and the basilar papilla 

becomes mitotically quiescent in the embryo prior to hatching.

Further studies of regeneration in the chick identified new hair cells 96 hours after 

the onset of noise exposure and this time course remains static regardless of 

duration of exposure (Stone and Cotanche, 1992). More latterly, using both BrdU
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and tritiated thymidine, it has been shown that only a small proportion of the 

supporting cell population re-enters the cell cycle more than once during 

regeneration (see Chapter 5). Acoustic trauma that causes hair cell death results in 

the hair cell being expelled into the scala media and, as with mammals, the loss of 

the hair cell leads to the expansion of adjacent supporting cell surface to seal the 

surface of the epithelium.

The site of lesion following exposure to pure-tone or broadband noise varies with 

frequency along the length of the epithelium, the tonotopic axis and the intensity of 

the sound alters the size of the lesion across the width of the epithelium (Stone and 

Rubel, 2000). Exposure to extreme levels of sound pressure (140 decibels) in the 

adult pigeon restricts the regeneration of hair cells to a narrow band resulting in 

persistant functional deficit (Ding-Pfennigdorff et al., 1998). Hair cell loss induced 

by aminoglycoside antibiotics causes damage in the high frequency, proximal end 

of the avian basilar papilla and this spreads towards the distal end with increasing 

concentration or dosage.

The vestibular sensory epithelium has the capacity to completely recover 

anatomically following severe damage brought about by aminoglycoside injections 

(Weisleder and Rubel, 1993). Comparable to this in vivo study are in vitro 

experiments carried out by Matsui (Matsui et al., 2000) whereby immature bundles 

were observed indicating that new hair cells were generated following streptomycin 

treatment to ablate hair cells. These experiments also demonstrated that hair cell 

densities declined directly after treatment in a dose-dependent manner and cells
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with immature characteristics increased over time between 3-5 days post-treatment 

also according to the extent of damage.

The avian basilar papilla recovers from aminoglycoside damage in a base to apex 

pattern equivalent to the initial hair cell loss following a similar pattern to that 

observed after noise trauma. Regenerated hair cells arising in the regions of damage 

have been shown to be functional and both balance and hearing function is restored 

(Duckert and Rubel, 1993; Girod et al., 1991; McFadden and Saunders, 1989).

4.1.1 Recovery in mammalian inner ear epithelia

The unexpected discovery that birds could regenerate their hair cells in both the 

basilar papilla and the vestibular organs instigated a number of investigations in 

regeneration within the mammalian inner ear system. Contrary to previous beliefs, 

these showed that after damage, recovery was possible in vestibular end-organs of 

both cultured explants and in vivo. In vivo studies show morphological recovery of 

hair bundles occurs over several weeks after ablation of hair cells by 

aminoglycoside antibiotics (Forge et al., 1993; Rubel et al., 1995) Ultrastructural 

evidence for hair cell regeneration in the vestibular sensory epithelia revealed 

almost no type I hair cells four weeks following systemic gentamicin treatment but 

hair cells that resembled type II's (Forge et ah, 1993). Local application of 

gentamicin, intraotic, also results in destruction of hair cells followed by recovery 

at approximately 4 weeks post-treatment when immature type Il-like hair cells 

appeared (Lopez et al., 1997; Tanyeri et al., 1995).
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Quantitative analysis of the hair cell recovery process in vestibular sensory 

epithelia reveals that at least 50% of the number of hair cells lost are replaced 

(Forge et al., 1998; Lopez et al., 1997) but recovery is slow and it is incomplete 

even at 8 months from the commencement of treatment. This contrasts dramatically 

with the recovery seen in birds which is extensive and fast.

Several in vitro studies using aminoglycosides to ablate hair cells resulted in the 

generation of new hair cells (Li and Forge, 1995; Warchol et al., 1993; Zheng and 

Gao, 1997). In vestibular explants cultured for up to 14 days following incubation 

for 24 hours in gentamicin, a number of hair cells showed immature characteristics 

such as long, thin microvilli and paler cytoplasm than that of supporting cells when 

viewed by SEM and TEM, respectively (Li and Forge, 1995).

No evidence was found for hair cell regeneration in the mature mammalian cochlea 

following either acoustic trauma or ototoxic assault (Roberson and Rubel, 1994). 

However, during embryonic and early neonatal development the capacity to 

produce replacement hair cells exists. A number of regenerated hair cells were 

found in embryonic organ of Corti cultures following laser microbeam ablation 

(Kelley et al., 1995). This response was only found during a time window of 48 

hours from the point of hair cell commitment (El 5-17, basal region of cochlea and 

El 7-19, apical coils) suggesting that cells in the embryonic organ of Corti retain the 

capacity to become hair cells. These regenerated hair cells did not arise via 

proliferation but were thought to develop from an alteration of cell fate. Immature 

organ of Corti explants taken from neonatal rat cochleae were induced to recover.
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following neomycin ablation of hair cells, when treated with either transforming 

growth factor a  or epidermal growth factor (Zine and Ribaupierre, 1998).

Similarly, retinoic acid has been claimed to stimulate regeneration of hair cells in 

neonatal rat organ of Corti cultures (Lefebvre et al., 1993), but this work has never 

been replicated.

In adult mammals, although the death of outer hair cells in the auditory system does 

not result in hair cell recovery, it has been shown that it initiates a sequence of 

changes within the organ of Corti. In guinea pigs exposed to chronic gentamicin 

treatment, the structural repair of the epithelium by supporting cells is concomitant 

with the progressive outer hair cell degeneration and in doing so maintains the 

permeability barrier at the reticular lamina (Forge, 1985). Features such as 

condensation of cell cytoplasm and distortion of nuclei were observed in 

degenerating outer hair cells. These suggested to Forge that hair cells were dying by 

programmed cell death the end stage of which is apoptosis, requiring energy 

production and protein synthesis.

In addition to morphological evidence of apoptosis, it has been shown that caspase 

inhibitors can prevent a high proportion of aminoglycoside-induced hair cell deaths 

(Cunningham et al., 2002; Forge and Li, 2000; Matsui et al., 2002). Apoptotic hair 

cells have also been reported in vestibular sensory epithelia in vivo following 

gentamicin treatment (Li et al., 1995). It therefore appears that apoptosis has a key 

role in the death of hair cells in both the organotypic explant cultures exposed to 

aminoglycosides and in vivo in the cochlea and vestibular systems of mammals. As
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discussed in Chapter 1 prevention of death has been demonstrated using free radical 

scavengers.

4.1.2 Recovery in amphibians and fish

Early experiments by Stone in 1933, demonstrated that the cells forming 

neuromasts in the lateral line of frog tadpoles were descended from pre-auditory 

and post-auditory ectodermal placodes and lack contribution from epidermal cells 

(Stone, 1933). He also noted that secondary neuromasts arose by budding from the 

first neuromasts. Budding has been shown to take place in neuromasts close to a 

site of tail amputation but regeneration also resulted from a placode-like mass of 

cells which arose following proliferation of cells remaining in the most distal 

neuromast (Stone, 1937). More recent studies have also shown that sensory cells 

are regenerated following laser ablation within the neuromasts of the lateral line 

system of amphibia (Jones and Corwin, 1993; Jones and Corwin, 1996). In 

addition, recovery following damage by gentamicin to neuromasts of the fish lateral 

line has been demonstrated (Song et al., 1995).

In sharks, rays and some amphibia, inner ear sensory epithelia expand throughout 

life with new hair cells being added at the marginal edge of the sensory patch 

(Corwin, 1981; Corwin, 1985). It is not clear whether there is also turnover of hair 

cells in the auditory and vestibular organs of fish and amphibian ears. It is possible 

that this exists but is slow and therefore very difficult to monitor (Corwin and 

Oberholtzer, 1997). More importantly it has been shown that fish and amphibia are 

able to regenerate hair cells in the inner ear following their elimination (Baird et al..
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1996; Baird, Torres and Schuff, 1993; Lombarte et al., 1993). As with the lateral 

line it is thought that new hair cells arise from the remaining supporting cells, 

however it is still not clear whether the progenitor cells are a subpopulation of 

supporting cells, uncommitted stem cells or if all supporting cells have the ability to 

give rise to hair cells, either directly or following dedifferentiation. A study by 

Presson (Presson et al., 1994) suggests that the number of precursors is not limited 

to a subset of precursor cells. In this group of experiments all cells in S phase 

within the normal fish saccule were destroyed using the antimitotic drug cytosine 

arabinoside. Two weeks later the level of S phase cells was assessed with BrdU.

The saccules were repopulated with S phase cells suggesting that a greater number 

of supporting cells are capable of entering the cell cycle than those actually found 

to be cycling at any particular timepoint. One limitation of the study is that S phase 

cells are assumed to be the precursors of hair cells and there was no evidence 

actually for the production of hair cells from these cycling supporting cells.

4.1.3 Differential sensitivity to aminoglycosides

In order for recovery to be investigated precisely an awareness of differential 

sensitivity of hair cells to aminoglycosides used to damage sensory epithelia is 

important.

Differential sensitivity to aminoglycosides has been suggested to occur not only in 

aminoglycoside-induced hair cell loss in vivo but also in cultured explants. In 

mammalian utricular explants, hair cells are lost initially in central regions of the 

sensory patch (the striolar region) but the loss spreads outwards towards the 

peripheral regions, whilst saccular explants show less extensive hair cell loss than
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utricles (Li and Forge, 1995). This suggests that the drug sensitivity may be due to 

inherent differences in the tissues. Systemic administration of gentamicin to birds 

results in a base to apical progression of hair cell loss from the basilar papilla 

commencing in the basal region and spreading apicalwards (Bhave et al., 1995; 

Hashino et al., 1995). A differential susceptibility to aminoglycosides is also 

apparent in cultured avian vestibular endorgans whereby the saccule is less 

sensitive than the utricle (Kil et al., 1997). In addition it has been shown that fish 

hair cells in the striolar region of the utricle and lagena are sensitive to gentamicin 

whilst those of the extrastriolar region are less sensitive as are the saccular hair cells 

(Yan et al., 1991).

Differential sensitivity to aminoglycosides is also present in the mammalian 

cochlea. Loss of hair cells commences with the first row of outer hair cells and is 

followed by the second and then the third rows (Forge, 1985; Hawkins, 1976). 

Finally, inner hair cells are lost. The progression of damage occurs in a base to 

apex gradient and is similar both after systemic application and in in vitro 

preparations (Forge, 1985; Russell et al., 1986).

4.1.4 Removal of dying hair cells

Removal of dying hair cells differs between species. Although hair cell bodies are 

expelled in their entirety from the epithelium of the auditory organ of birds only the 

apical portion of hair cells are ejected from the mammalian sensory epithelia.
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Fragmentation of the hair cell beneath the cuticular plate is thought to be an early 

event in hair cell death of mammalian sensory epithelia. Filopodia-like processes 

extend from the supporting cell and constrict the neck region of the hair cell. As the 

hair cell apices are ejected so the supporting cell phalangeal processes expand to 

close the lesion. The hair bundle remains attached to the cuticular plate in the hair 

cell fragment. The remnants of the cell body are engulfed within the epithelium and 

are translocated towards the basal layer of supporting cell bodies. Apoptotic hair 

cell bodies are phagocytosed by nearby supporting cells, thus supporting cells 

maintain the integrity of the epithelia even during damage leading to hair cell death 

(Forge and Li, 2000). Removal of dying hair cell bodies by supporting cell 

phagocytosis is said to occur in both early post-natal vestibular end-organs and 

those from mature animals. This is in contrast to the immature organ of Corti in 

which the complete hair cell body is expelled from the apical surface of the 

epithelium (Forge and Li, 2000), in a response similar to loss of hair cells in the 

avian system (Cotanche,1999).

Macrophages are recruited to sites of tissue damage in other systems and recognise 

dying cells (Duvall et al., 1985). Evidence that they may be involved in removal of 

dying hair cells has been suggested by the identification of macrophages recruited 

to lesions in lateral line neuromasts of amphibia (Jones and Corwin, 1996). 

Macrophages may also be involved in the release of mitogenic substances to 

enhance or regulate cell proliferation during regeneration in birds (Bhave et al., 

1998). In human vestibular organs the presence of'an immune surveillance system'.
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comprising T lymphocytes and melanophages has been suggested (Masuda et al., 

1997).

A resident population of macrophages has also been observed in the avian inner ear 

and these appear to be recruited along with other macrophages to regions of hair 

cell loss (Warchol, 1997; Warchol, 1999). Warchol identified macrophages by 

histochemical labelling for the enzymes acid phosphatase or non-specific esterase, 

known to identify macrophages in avian neural tissue, and by labelling for CD68, a 

glycoprotein specific to macrophages and monocytes. Treatment of cultures with 

dexamethasone, an anti-inflammatory drug, decreases cell proliferation in the 

recovering avian ear suggesting cytokines released by macrophages may play a role 

in influencing the proliferation of vestibular supporting cells (Warchol et al., 2001).

In conjunction with all the evidence for recovery of sensory epithelia by 

regeneration of new hair cells, self-repair of sub-lethally damaged hair cells has 

also been suggested to occur in both mammals and amphibia (Zheng et al., 1999; 

Gale et al., 2002). It was not clear in Zheng’s study whether the calretinin positive 

cells, that were apparent in the utricular explants, following exposure to gentamicin, 

were hair cells of the striolar or extrastriolar area of the macula. Differential 

sensitivity to gentamicin within the epithelium may have accounted for the 

presence of some positively labelled hair cells remaining in the extrastriolar region 

of the utricle. Results obtained by Gale et al., 2002 using time-lapse video 

microscopy of saccule explants were interpreted as demonstrating that following 

exposure to gentamicin, hair cells lost their bundles and hair cell bodies remained
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bundleless beneath the surface for up to 7 days. Identification of immature hair 

bundles at 4 and 7 days following treatment by SEM suggested these hair cell 

bodies were capable of self-repair. The concentration of gentamicin used in the 

study by Gale (2002) is extremely low (350 pM) and incubation period in 

gentamicin short (16-18 hours). Therefore, although the method used would indeed 

test their hypothesis that hair cells remain within the epithelium and reconstruct a 

hair bundle the data obtained does not indicate that this is the mechanism of 

recovery in other systems.

4.1.5 Experimental design to investigate recovery of newt inner ear epithelia

An in vitro system was set up in which to examine hair cell loss and recovery in the 

inner ear of newt. Initially attempts were made to culture explants on collagen 

coated coverslips within Maximow chambers as described by Li and Forge (1995). 

These were unsuccessful and an alternative method whereby intact otic capsules 

were incubated in 24-well plates (as described in Chapter 2) was found to give 

optimal results. The number of otic capsules in each well did not exceed three in 

any instance in order to minimise contamination.

Cultures were maintained for up to 28 days at 25° C. In order to effectively ablate 

hair cells in the saccules, otic capsules were incubated in culture medium 

supplemented with 2 mM of gentamicin sulphate for 48 hours. Lower 

concentrations and shorter time periods were initially assessed to find the optimum 

concentration of gentamicin for hair cell ablation.
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Quantification of hair cell loss was carried out on saccular maculae together with 

recovery at various timepoints. At least 6 saccules were quantified for each 

timepoint except for 26 days post-treatment when the length of incubation time 

resulted in a greater contamination and loss of otic capsules. Both SEM and 

fluorescence microscopy were used to assess hair cell numbers. Image analysis 

software (AnalySIS, Soft Imaging Systems) was used to quantify hair bundle 

numbers and Microsoft Excel used for statistical analysis.

SEM was also used to inspect the sensory epithelia around the time of ablation and 

examine the morphology of hair bundles during recovery. Ultrastructural 

morphology of the sensory epithelia was examined in thin sections. Hair cell 

markers were utilised to visualise the fate of hair cells and observe subsequent 

recovery.

To investigate if repair of non-lethally damaged cells contributed to the recovery a 

number of alternative methods were used to examine the tissue. FMI-43 a 

fluorescent styryl dye taken up into living hair cells, was used to monitor hair cells 

during incubation in gentamicin and in culture medium alone. As this dye is taken 

up specifically by hair cells and has been shown to persist for at least 7 days in cells 

(Meyers et al., 2000), this technique allows the fate of hair cells to be followed over 

time in viable cultures. Studies using this fluorescent membrane marker have 

shown that hair cells take up the dye from their apical surface via endocytosis 

(Kilner and Ashmore, 1997; Meyer et al., 2001), whilst others suggest it permeates
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through the mechanotransducer channel (Gale et a l, 2001). To follow the fate of 

hair cells, saccules were incubated in FM I-43 and processed as in Chapter 2.

The method of removal of hair cell bodies has also been determined by SEM, 

examination of thin sections and using Griffonia simplicifolia, lectin IB4, to label 

macrophages in treated tissue and control cultures.

As mentioned in the Chapter 1, retinoic acid present in the organ of Corti of 

embryonic and early postnatal mice has been shown to be involved in 

differentiation of post-mitotic cells into hair cells (Kelley et al., 1993). Kelley’s 

study (1993) also demonstrated that embryonic organ of Corti explants exposed to 

exogenous retinoic acid develop supernumerary hair cells. To investigate the effects 

of retinoic acid on recovery, six gentamicin-treated and three untreated otic 

capsules were incubated in all-trans retinoic acid at a concentration of Ix 10 for 

the remainder of the recovery period from day 10 post-gentamicin treatment. 

Retinoic acid can inhibit proliferation of some cells, such as hepatic cells (Davis et 

al., 1990), therefore by only exposing the tissue at this later stage in the recovery 

period it was hoped that any proliferation of supporting cells would not be affected.

4.1.6 In vivo experiments

As an alternative to using cultured explants attempts were made to ablate hair cells 

in Notophthalmus viridescens by intramuscular injection of kanamycin (65mg/ml) 

in conjunction with intraperitoneal injection of the loop diuretic bumetanide

155



(0.05mg/g) following anaesthesia. This was unsuccessful and attempts were 

abandoned.

An alternative newt species, Pleurodeles waltl at the larvae stage was available for 

use. At this stage gills are present (Fig. 4.34). It has been shown that kanamycin 

ototoxicity in the inner ear of adult zebrafish occurs following administration of 

kanamycin via aquarium water (Katbanma and Byrd, 2001). Using the Pleurodeles 

waltl larvae, attempts were made to ablate hair cells by supplementing the aquarium 

water with gentamicin sulphate and exposing the newt continually to the 

aminoglycoside for 10 days at 0.1% and 4 days at 1%. The inner ears were 

processed with phalloidin-FITC directly following treatment and at a further 7 days 

after treatment.

4.1.7 Aim of Experiments

To establish a system in which the level of ablation and recovery would be 

determined. These experiments would give a base from which further studies 

into the mechanism of recovery could be carried out.
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4.2 Results

4.2.1 Culturing System

The sensory tissue within otic capsules survived for 28 days in culture, the 

maximum length of time maintained, and no adverse effects were found in 

maintaining pairs of otic capsules in the same wells of the culture dish. Counts of 

hair bundles were used to assess hair cell numbers. The number of hair cells in the 

saccular macula declined over the culture period. Quantification of hair bundles in 

control explants showed over the 28 day period in culture that 38 percent were lost 

compared to the mean number at the beginning of the culture period, i.e. from an 

initial mean of 310 hair cells to 192. A proportion of otic capsules, approximately 

10%, were discarded due to fungal or bacterial infection. This high proportion may 

have been due to fungal infection within the newt prior to use (Kumar pers. 

comm.). No observable differences were seen in the morphology of hair bundles 

labelled with phalloidin or in the cell bodies processed with a hair cell marker 

following long term incubation (Fig. 4.1) when compared with those fixed directly 

after removal from the animal. This was also the case for thin sections of tissue 

cultured for 9 days (Fig. 4.17).

4.2.2 Gentamicin treated cultures

Incubation with a series of gentamicin concentrations, 350 pM and ImM for 

24hours; ImM and 2mM for 48 hours resulted in progressively greater hair cell loss 

with increasing concentration in both the utricle and the saccule (Fig. 4.2 and 4.3). 

2mM gentamicin for 48 hours consistently resulted in no hair bundles in the
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saccular macula and was therefore thought to be the optimum concentration for hair 

cell ablation.

4.2.3 Sensory epithelia immediately following treatment

Initial changes seen in the sensory epithelia following gentamicin treatment were 

loss of the hair bundles and 'scar' formation (Fig. 4.4). Expansion of apical regions 

of neighbouring supporting cells resulted in the lesion being sealed as the tops of 

the hair cells, the cuticular plate and bundle, were expelled from the lumenal 

surface of the epithelium (Fig. 4.13). Phalloidin labelling clearly defined the scar 

formation (Fig. 4.6B).

Differential sensitivity to gentamicin was observed across sensory epithelia and 

within the saccules. Upon fixation directly after treatment the saccular macula was 

completely devoid of hair bundles but hair bundles of the extramacular cells were 

still visible (Fig. 4.5A,B). Labelling with antibody to calmodulin confirmed their 

presence. Hair cells were lost from the utricle striola but hair bundles remained 

intact in the extrastriolar region of the utricle (Fig. 4.5C).

At 2 days post-treatment, incubation of sensory epithelia with DAPI (4', 6- 

Diamidino-2-phenylindole), a dye taken up into the nuclei of cells, exposed many 

nuclei with apoptotic morphology (Fig. 4.6A). Fragmented nuclei, or nuclei with 

condensed or marginated chromatin were apparent.
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SEM of treated saccules revealed no or very few hair bundles on the saccular 

macula (Figs. 4.7A, 4.8A). A few hair bundles remained at the edge of the saccular 

macular and, as seen with phalloidin labelling, some extramacular hair cells located 

at the edge of the epithelium were still evident (Fig. 4.7C).

Cellular debris was apparent on the surface of the epithelium immediately 

following the end of the two-day gentamicin treatment (Figs. 4.7B, 4.9B). Release 

of cellular debris was confined directly to the sensory region of the epithelium and 

the surface of the cells outside the sensory region appeared similar to that seen in 

undamaged cultures. Occasionally detached hair bundles were apparent on the non- 

sensory epithelium, presumably, these had become dislodged during processing 

(Fig. 4.2D). SEM of the striola region of the utricle was covered with cellular 

debris and no undamaged hair bundles were seen in this region (Fig. 4.9A,B). In 

contrast the extrastriolar region had very little debris but bundles of the small hair 

cells were present and apparently undamaged (Fig. 4.9A,C). The cristae were found 

to lose the majority of their hair bundles (Fig. 4.8B). Some long stereocilia 

remained within cellular debris on the surface of the crista.

Saccular explants fixed at two days post-gentamicin treatment, sectioned and 

processed for the hair cell marker, HCS-1 and then incubated in phalloidin and 

DAPI had many labelled nuclei arranged in a bilayer but no HCS-1 positive hair 

cells were present in the lumenal layer of the epithelium. Fragmented and shrunken 

hair cell bodies were labelled with HCS-1 throughout the depth of the tissue (Fig.
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4.10). Labelling was present even in the most basal region of the tissue. There was 

no evidence of intact hair cells.

Phalloidin labelling established that no hair bundles remained at the surface of the 

epithelium. Above the surface of the epithelium there was positive staining with 

HCS-1. A blanket of small positive labelled particles covered the epithelium (Fig. 

4.10B). Both intact hair cells and fragments of hair cell bodies were present in 

sections of the utricle at 2 days post-treatment (Fig. 4.11). The intact hair cells were 

all located in the extrastriolar region whilst the fragmented bodies were located 

within the striola (Fig. 4.11 A,B)- Sections of cristae also contained both intact hair 

cells and fragments at this time (Fig. 4.11C).

4.2.4 FMl-43

To follow the progression of hair cell loss individual, isolated maculae were 

examined over time during exposure to gentamicin, after labelling with FMl-43. 

This styryl dye was taken up rapidly by hair cells in the saccule and was found to 

remain within the hair cell bodies of control explants for at least 4 days. The dye 

labelling was evident in the cytoplasm but not the nuclear region of the cell. 

Supporting cells did not label initially with the dye but 3 days after incubation the 

dye appeared to weakly label cells in the non-sensory region of some saccules but 

at the same time was strongly retained in the hair cells (Fig. 4.12D). In individual 

cultures, incubated in gentamicin following FMl-43 uptake, and examined at 

successive different timepoints, hair cell labelling was reduced over time until it 

either disappeared completely by 3 days post-treatment or the entire patch was
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faintly labelled but no hair cells could be seen (Fig. 4.12). Time lapse microscopy 

revealed similar results to the micrographs taken at intermittent timepoints.

4.2.5 Thin sectioning of treated sensory epithelia

Remnants of cell bodies with apoptotic nuclei were seen within the thin sectioned 

saccule directly following treatment and at 2 days post-treatment (Figs. 4.13 and 

4.14). There were no intact hair cell bodies and no hair bundles were present at the 

apical surface of the epithelium. In utricles, hair cells with small round bodies in the 

extrastriolar region were present but apoptotic bodies were evident in striolar 

regions (Fig. 4.15). In the lagena a number of hair cells with short bundles 

remained in the lumenal layer of the epithelium (Fig. 4.16). This result correlated 

with cryostat sections of the lagena in which positive labelling of a low number of 

hair cells was observed.

4.2.6 Seven days post-treatment recovery

Control thin sections revealed the sensory epithelium of the saccules survived well 

for nine days in culture (equivalent to 2 days exposure to gentamicin and 7 days 

recovery). Hair cell bodies appeared normal as did their bundles (Fig. 4.17). In 

gentamicin exposed tissue, fixed and processed 7 days after the end of treatment, 

thin sections showed a small number of apoptotic nuclei and no hair cells in the 

upper half of the epithelium (Fig. 4.18). Frozen sections processed for HCS-1 had 

no or very little HCS-1 labelling in the saccules (Fig. 4.19A). In the utricle some 

hair cells in the extrastriolar region and fragments of hair cells in the striola were
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labelled as seen at 2 days post-treatment (Fig. 4.19B). In addition to fragments, the 

amphibian papilla retained intact hair cells at this time (Fig. 4.19C).

4.2.7 12 and 19 days post-treatment recovery

New hair bundles were first seen at 11 days post-treatment (Fig. 4.20). Actin rings, 

central to four or five cells, were also prominent at this time point in regions where 

hair bundles were absent. At 12 days recovery SEM revealed small hair bundles of 

immature appearance scattered throughout the saccular macula (Fig. 4.21). The 

presence of otoconial membrane material (Fig. 4.21C) suggests that the explants are 

healthy. No extramacular hair bundles were present at this timepoint or even a 

further week on, at 19 days post-treatment.

In the saccular macula at 19 days post-treatment, a greater number of hair bundles 

were seen, the majority of which were larger than bundles seen at the earlier 

timepoint (Fig. 4.22). Although these were relatively mature, compared to those of 

12 days recovery, the kinocilia still extended beyond the tallest stereocilia.

A few saccules were incubated for a further 4 days and although these had bundles 

of mature-like morphology there was still evidence of new bundles being generated 

(Fig. 4.23B). Following 19 days recovery, the cristae had a number of small hair 

bundles (Fig. 4.24) but no extremely long stereocilia as seen in undamaged 

epithelia. Saccules processed with phalloidin and HCS-1 antibody also 

demonstrated the extensive recovery of hair cells at 19 and 26 days post-treatment 

(Fig. 4.25, 4.26, 4.27).
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All thin sections of 19 day recovered tissue had hair cells present, arranged in the 

apical layer of the tissue sandwiched between supporting cells. The majority of hair 

cells were pear-shaped or cylindrical in shape (Fig. 4.28). Unlike control tissue 

flask-shaped hair cells were only apparent at the edge of the saccular macula (Fig. 

4.28A). Hair bundles comprised stereocilia orderly arranged but not as graded in 

height as seen in control sections.

4.2.8 Quantification of hair cell ablation and recovery

Results of the quantification of hair bundles at various time points during recovery 

are shown in Table 1. Raw data for these results are listed in Appendix 1. The 

number of bundles present in control saccules cultured for 48 hours compared to 

gentamicin treated saccules cultured for the same period were 309.86 ±38.78 vs. 2 ± 

1.02, respectively. At 12 days post-treatment mean recovery was 42.17 ± 8.12 and 

at 19 days recovery 84.55 ±4.51. This increased to 99.50 ± 8.84 when left to 

recover a further week. A one tailed paired student’s t-test was carried out for all 

three timepoints after exposure to gentamicin against results for 2 day gentamicin- 

treated samples. At 12 days recovery p= 0.008152, at 19 days recovery p=2.19092'^ 

and 26 days post-treatment p=0.000652 therefore p<0.01 for all timepoints taken. 

This demonstrated a significant level of recovery following hair cell ablation.
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Table 4.1 Quantification of hair cell ablation and recovery within the 

saccular macula

Days of recovery

Mean number of hair bundles 
(n = number of cultures)

SD s. SD SE

Gentamicin exposed Control

0 2.0(7) 2.88 1.02 309.85 (8) 102.61 38.78

12 42.17 (12) 28.12 8.12 291.25 (8) 78.11 27.62

19 84.55 (9) 13.52 4.51 278.5 (6) 67.51 27.56

26 99.50 (4) 17.67 8.84 192 (1) - -
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4.2.9 Prescence of Macrophages

Cells labelled by Griffonia simplicifolia lectin, IB4 were identified as macrophages 

by their amoeboid morphology. These cells were large, irregular in shape with 

many filopodia. Griffonia simplicifolia lectin-labelled macrophages were apparent 

in undamaged saccules (Fig. 4.29). A few were seen within the saccular macula and 

these appeared to be beneath the surface of the epithelia (Fig. 4.29B,C) in close 

proximity to blood vessels. Macrophage numbers were not seen to increase during 

the gentamicin incubation period while hair cells were dying (Fig. 4.30). However, 

at 7 days post-treatment an increase in the number of labelled macrophages 

(although not quantified) was apparent (Fig. 4.31). Accidental contamination of 

control cultures led to a dramatic increase in macrophages within the labyrinth (Fig. 

4.32), suggesting the ability to increase the number of macrophages was not 

restricted within cultures.

4.2.10 Explants cultured with retinoic acid

No adverse effects were seen in untreated explants cultured with retinoic acid (Fig. 

4.33A). The recovery seen in gentamicin-treated saccules incubated in retinoic acid 

was similar to that seen in unexposed treated saccules. An even distribution of hair 

bundles was apparent throughout the sensory epithelia and the morphology of the 

bundles was normal (Fig. 4.33B,C). There was no obvious effect on hair cell 

numbers and so this was not quantified.
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4.2.11 In vivo damage to sensory epithelia in Pleurodeles waltl larvae

Three groups of 6 larvae were exposed to gentamicin sulphate in the aquarium 

water at two concentrations of gentamicin, but with little success. No damage was 

seen in the sensory patches of newts exposed to gentamicin via the aquarium water 

(Fig. 4.35A,B). Phalloidin labelling of the sensory epithelia showed intact hair 

bundles present and sensory patches resembled those in animals maintained in 

aquarium water without gentamicin.
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Control cultures

Figure 4.1
Sensory epithelia from otic 
capsules maintained e x  v iv o  for 
21 days

A. Phalloidin labelled hair 
bundles (arrows) in the saccular 
macula.
B. Hair cells of the saccular 
macula labelled with HCS-1 
antibody (FITC, arrows). Nuclei 
stained with DAPI and F-actin 
labelled with phalloidin-TRITC.
C. Hair cells of the lagena 
labelled with HCS-1 (arrows).



Gentamicin concentration series
Figure 4.2
Hair cell ablation by 
gentamicin. Tissue 
labelled with 
phalloidin-FITC.
A. Incubation in 350mM 
gentamicin for 24 hours. 
A number of hair 
bundles are still present 
(arrows).

B. ImM gentamicin for 
24 hours. Very few hair 
bundles remain within 
the saccular macula but 
extramacular hair cells 
present (arrows).

C. Higher magnification 
of saccular macula hair 
bundles (arrows).

D. Incubation for 48 
hours in ImM 
gentamicin. Detached 
hair bundles are present 
on the surface of the 
non-sensory epithelium 
(arrows).
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Gentamicin Concentration Series

Figure 4.3
Striolar region of utricle

A. Incubation in ImM 
gentamicin for 24 hours. A 
small number of hair bundles 
is still present.

B. No hair bundles visible 
after incubation in 2mM 
gentamicin for 48 hours.
Loss of hair bundles results 
in prominent scars (arrows).



Saccular macula

Figure 4.4
Incubation in 2mM gentamicin 
for 48 hours.

A. Phalloidin-FITC labelled 
saccule. No hair bundles 
apparent but scars are formed by 
expansion of apical surfaces
of supporting cells to seal the 
lesion.

B. Confocal image of phalloidin 
labelled saccular macula 
following treatment.



Differential sensitivity to gentamicin

Figure 4.5
Incubation in 2mM gentamicin, 
48 hours.

A. Phalloidin-TRITC processed 
saccule. Directly following 
treatment extramacular hair 
bundles can be seen (arrows), 
however, there are no bundles 
within the saccular macula 
(arrowheads).

B. Positively labelled 
extramacular hair cells in the 
saccule with antibody to 
calmodulin (arrows).

C. Extrastriolar hair cells in the 
utricle are labelled with 
phalloidin-FITC demonstrating 
that directly following treatment 
they are still present (arrows).



Evidence of Apoptosis

Figure 4.6
A. DAPI labelled nuclei 
in the hair cell layer of 
the saccular macula. 
Within nuclei 
condensed and 
marginated chromatin 
are visible (arrows). 
Fragmented nuclei are 
also apparent.

B. Scar formation but 
no hair bundles on the 
surface of epithelium in
A.
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SEM of Treated Saccules
Figure 4.7

A. Two days post
treatment, no hair bundles 
remain in the saecular 
maeula (arrow).

B. Debris on the surface 
of the saccule shown in A 
(arrows).

C. Extramacular hair cell 
at edge of saccule shown 
in A.



Two days post-treatment

t

Figure 4.8
A. Saccule. No hair bundles present in saccular macula as 
revealed by complete removal of otoconial membrane. A small 
amount of cellular debris remains (arrows).

B. Crista devoid of all bundles.



2 days post-treatment utricle

Figure 4.9

A. Cellular debris in the striola.
Hair bundles present in the 
extrastriolar region (arrows).

B. Debris in the striolar region.
The outline of hair bundles 
within the debris is apparent.

C. Hair bundle of extrastriolar region



2 days post-treatment
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Figure 4.10
Cryostat sections of saccule labelled with HCS-1 (FITC) and 
phalloidin-TRITC and DAPI.
A. & B. The majority of hair cell bodies (arrowheads) are 
fragmented and are more basally positioned than hair cell bodies 
in untreated saccules. Hair cell debris on the surface of the 
epithelium (B, arrows).



2 days post-treatment

Figure 4.11
Sections labelled with HCS-1.

A. & B. Utricle. Hair cells are 
fragmented in the striolar 
region (arrows) but extrastriolar 
hair cells remain intact 
(arrowheads).
C. Crista. Many hair cells are 
still present but some 
fragments can be seen. DAPI 
staining shows the layers of 
cells present within the crista.
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FMl-43

Figure 4.12
FM l-43 stained hair cells 
observed over time (A-C 
same preparation).
A. Hair cells readily take up 
FMl-43.

B. After 24 hours in 
gentamicin, very few hair 
cells are clearly labelled.

C. Three days from the 
commencement of 
treatment, there are no 
viable hair cells.

0 hr gentamicin

24 hrs gentamicin

D. Undamaged tissue 
labelled with FMI - 43 for 
the same length of time as 
C has labelled hair cells.

3 days Control

1 ^  30 lain

3 days 
gentamicin



2 days gentamicin treatment

Figure 4.13
Thin sectioning of gentamicin- 
treated saccule.

A. Top of hair cell expelled from 
epithelium (arrow).

B. Many apoptotic cell bodies can 
be seen within the epithelium at all 
levels of the tissue (arrows). No 
bundles are present at the surface of 
the sensory patch. Some supporting 
cell nuclei appear to be in an apical 
position (arrowhead).
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2 days post-treatment

y

Figure 4.14

Thin sections of saccule.

A-D. Apoptotic cell bodies 
are still present two days 
after the treatment (arrows) 
No hair bundles visible.



utricle 2 days post-treatment

Figure 4.15
Thin section taken from 
utricle.

A. Hair bundle of small 
round hair cell within utricle 
(arrow).

B. Apoptotic cell appears to 
be enclosed within 
supporting cell (arrow).



2 days post-treatment

Figure 4.16
Thin section of lagena with intact small 
hair cell (arrow).



9 days untreated saccule
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Figure 4.17
A. & B. Sensory epithelium 
appears to be in good condition 
after 9 days incubation. No 
evidence of hair cell death.



7 days post-gentamicin treatment
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Figure 4.18
Thin sections of saccule at 7 
days post-treatment.

A. No hair cells present and 
only one apoptotic cell can be 
seen (arrow).
B. A condensed chromatin mass 
surrounded by supporting cells 
within the epithelium (arrow).
C. Supporting cells have 
expanded to seal the area in 
which hair cells are normally 
sited.
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7 days post-treatment

Figure 4.19
Frozen sections labelled 
with HCS-1 and DAPI.

A. Saccule. No hair cell 
bodies at this timepoint.

B. Utricle. Fragments of hair 
cell bodies located within 
the striola (arrows).Intact 
hair cells in extrastriolar 
region (arrowheads).

C. Amphibian papilla. Hair 
cells and fragments of hair 
cell bodies within the tissue.



11 days recovery

U i m

Figure 4.20
Phalloidin-FITC labelling at 11 days post-treatment.
Actin rings are prominent (arrows) and careful 
examination reveals a few hair bundles (arrowheads).



12 days recovery
Figure 4.21 
Low (A) and high (B 
and C) magnification 
SEM of saccule.

A. Small hair bundles 
distributed throughout 
the saccular macula 
(arrows).

B. Immature bundles 
with short stereocilia.

C. Fibrous material 
covering the surface 
suggests otoconial 
membrane is 
continually produced 
throughout the recovery 
period.



19 days recovery
Figure 4.22
SEM of saccular macula 
at 19 days post- 
treatment.
A. The saccular macula 
contains many hair 
bundles by 19 days post
treatment.

B. The majority of hair 
bundles are mature and a 
striola is identifiable 
(arrows indicate opposing 
bundle polarity). 
Arrowheads indicate the 
release of otoconial 
membrane material from 
supporting cells.

C. & D. Hair bundles at 
high magnification.
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19 and 23 days recovery

Figure 4.23
SEMs of different time points of recovery.
A. Recovery at 19 days post-treatment.
B. 23 days post-treatment. Small hair bundles are still 
emerging at this time (arrow).



19 days recovery

Figure 4.24 
SEMs of crista

A. A number of hair 
bundles are just visible on 
the crista (arrows). Long 
stereocilia are absent in the 
hair bundles at this recovery 
time.

B. Higher magnification of 
small hair bundle in A.
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19 days recovery

Figure 4.25
Phalloidin-FITC labelled 
saccules.

A. Numerous hair bundles 
positively labelled in the 
saccular macula (arrows).

B. As in A. at higher 
magnification.



19 days recovery
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Figure 4.26 Wholemount preparation. 
HCS-1 labelled hair cells within the 
saccular macula. Confocal image



26 days recovery

Figure 4.27
Phalloidin labelled saccule at 26 days after 
treatment. Extensive recovery of hair cells 
is seen.



19 days recovery
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Figure 4.28
Thin sections of saccule 19 days 
post-treatment.

A. Hair cell with bundle at edge 
of saccular macula (arrow).

B. Central region of saccular 
macula with hair cells (arrows).

C. As (B) at higher 
magnification.
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Macrophages labelled with 
Griffonia simplicifolia IB4 lectin

Figure 4.29
Undamaged saccules labelled with 
phalloidin-TRITC and Griffonia 
simplicifolia lectin.

A. A resident population of 
macrophages is present in the tissue 
(arrows). * denotes blood vessels.

B and C. Macrophages beneath the 
surface of the epithelium (arrows).



Macrophage labelling during 
gentamicin incubation

Tissue exposed to gentamicin for 24 hours

jlÆ '

Tissue exposed to gentamicin for 48 hours

Figure 4.30
Sensory epithelia labelled with Griffonia simplicifolia lectin and 
phalloidin-TRITC (A, B) or propidium iodide (C, D).
A and B. A low level of positive labelling of macrophages is seen in the 
utricle (arrows, A) and saccular macula (arrows, B) following 24 hours 
of gentamicin treatment.
C and D. There is no significant increase in labelled macrophages 
at 48 hours compared with 24 hours treatment.

C. Saccule. Propidium iodide labels condensed nuclei (arrows) 
indicating ongoing cell death.
D. Crista



7 days post-treatment
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Figure 4.31
A and B. Phalloidin-TRITC and Giffonia 
simplicifolia lectin double-labelled saccules 
after 7 days recovery. Many macrophages 
were present (arrows).



Contaminated expiants

i

Figure 4.32
Phalloidin-TRITC and Griffonia simplicifolia 
lectin double-labelled amphibian papilla (A) 
and crista (B). Contamination of the tissue 
resulted in the recruitment of large numbers of 
macrophages (arrows).



Tissue cultured with retinoic acid

Figure 4.33
Phalloidin-FITC labelled saccules 
incubated with retinoic acid for the 
final 11 days of culturing.

A. Non-gentamicin exposed saccule 
cultured for 21 days. Hair bundles were 
of normal appearance.
B. Gentamicin-treated saccule. No 
obvious increase in the level of recovery 
detected in comparison with non retinoic 
acid exposed cultures.
C. As B at higher magnification. Hair 
bundle morphology was normal.
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Pleurodeles waltl

Figure 4.34
A. Head region o f newt showing gills.
B. Higher magnification of gills in A. Blood vessels are apparent.



Pleurodeles waltl

Figure 4.35
Pleurodeles waltl inner ear épithélia following 
in vivo exposure to gentamicin.

A. Saccular macula showing phalloidin labelled 
hair bundles. No damage.

B. Utricular macula with phalloidin labelled 
bundles. No damage.



4.3 Discussion

In initial experiments, attempts were made to culture saccular explants on collagen 

coated coverslips maintained in Maximow slides for the first day. These were not 

successful and this method was abandoned after several attempts. The isolated otic 

capsule method was then used for all culturing experiments except for those 

requiring monitoring of the explant visually over time. This isolated otic capsule in 

vitro system appeared to be robust with the optimum results obtained from tissue 

taken firom otic capsules where the oval window had been opened wide enough to 

allow ready access of the culture medium. On occasion it was found that too wide 

an opening of this window resulted in the tissue becoming distorted in shape, in 

some cases making further processing almost impossible.

4.3.1 Ablation of hair cells within the epithelia

Differential sensitivity to the aminoglycoside gentamicin was apparent in the inner 

ear epithelia of the newt. The saccular macula sustained the greatest loss of hair 

bundles. Only a few isolated hair bundles remained in a small proportion of 

saccular maculae. Extramacular hair cells showed resistance to gentamicin 

treatment but were not found to be present at 7 days post-treatment. All hair 

bundles were also lost from the striolar region of the utricle but small hair bundles 

of the extrastriolar region were present directly following gentamicin and at up to 8 

days post gentamicin. This correlated to the sensitivity to gentamicin recorded for 

fish (Lombarte et al., 1993). Some hair bundles remained within the lagena but it 

was unclear whether these were located in the extrastriolar region as it was difficult 

to locate the boundaries of the striolar and extrastriolar regions. The cristae
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damaged by gentamicin were conspicuous by their lack of hair bundles. After 

examining the effects of gentamicin toxicity to the sensory epithelia it was found 

that the most appropriate sensory epithelium to use for the examination of recovery 

was the saccular macula. This was due to its complete absence of hair bundles 

following treatment. The saccular macula comprised a small number of hair cells 

confined to an accessible region allowing quantification to be carried out with ease.

Differential susceptibility to gentamicin

Substantial hair cell loss was observed within all saccular maculae and the striolar 

region of the utricle after 48 hours gentamicin treatment. Directly following 

treatment extramacular hair cells, hair cells of the extrastriolar region of the utricle 

and some hair cells within the lagena were still present, however, the majority of 

extramacular hair cells were lost by 7 days post-treatment. Culturing conditions 

exposed all sensory epithelia to the gentamicin and this demonstration of drug 

sensitivity may be due to inherent differences of the hair cells within the epithelia. 

Interestingly, the extramacular hair cells and extrastriolar utricular hair cells are of 

similar morphology. Both have small round cell bodies and short stereocilia. This 

suggests that sensitivity may be related to the morphology of the hair cell, possibly 

having an effect on the uptake of gentamicin. Neither extramacular nor utricular 

macula label with antibody for calbindin suggesting that, as well as morphological 

differences, this subpopulation of hair cells also has other properties unique to it. 

The resistance of hair cells to gentamicin in the extrastriolar region of the utricle 

correlates with the differential sensitivity seen in other species whereby hair cells 

also appear to be less sensitive in the extrastriolar region. In other species the
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saccule appears less sensitive than the utricle but in the newt inner ear, this is not 

the case.

4.3.2 Hair cell death and removal of hair cell bodies

Hair cell death appears to be by a similar mechanism as that found in mammals 

whereby hair cells rupture. Apical regions of supporting cells expanded to close the 

lesion and this led to the formation of typical scars. Apoptotic nuclei were seen 

throughout the different levels of the epithelium. Some supporting cell nuclei were 

situated in a more apical position not usually found in controls. On the surface of 

the sensory epithelia there was much cellular debris directly following gentamicin 

treatment. This appeared to be generated from the apical portion of the hair cells 

which were expelled from the tissue. In some instances stereocilia and even the 

outline of whole bundles were apparent. It is thought that only the tops of 

mammalian hair cells in mature animals are expelled into the lumen. In birds, the 

whole hair cell body is thought to be expelled and this may be due to the length of 

the cell body. Short hair cells may have less mechanical resistance and be readily 

expelled in their entirety. This would also account for the finding that hair cells in 

neonatal mammalian epithelium are expelled in their entirety. As only a few 

macrophages were present in the tissue around the time of cell death it is thought 

that they are not involved in the removal of cell bodies but it is possible they clear 

up the debris from hair cell tops. It appears that supporting cells phagocytose dying 

hair cell bodies. Thin sections distinctly showed dying hair cell bodies engulfed by 

neighbouring supporting cells (Fig. 4.15B). Evidence that culturing of the otic 

capsule does not restrict the activity of macrophages was provided when accidental
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contamination lead to a dramatic increase in number of macrophages within the 

epithelium.

At a later stage, 7 days post-treatment, around the time of proliferation (see Chapter 

5 for onset of proliferation) an influx of macrophages was apparent. This result may 

be an indication that, in the newt, macrophages play a role in the release of 

cytokines which could influence proliferation of supporting cells as has been 

suggested to occur in birds (Warchol et al., 2001).

Dispersed remains of the hair cell bodies positively labelled with HCS-1 were seen 

within the epithelium directly following treatment. The majority of fragments were 

too small for nuclei to be present suggesting that these were not viable cells. At 

later stages of recovery the fragments became even further reduced until, at around 

7 days post-treatment, no labelling was seen in the epithelium.

The lack of intact hair cells and presence of apoptotic nuclei in thin sections and the 

reduction and final disappearance of HCS-1 positive cells is further evidence that 

hair cells do not survive at this concentration of gentamicin. The possibility that the 

recovery of hair cells is due to repair of sub-lethally damaged cells is unlikely.

The experiments with FMI-43 also support the notion that almost all hair cells were 

lost under the gentamicin treatment used. An almost complete disappearance of 

FM I-43 labelled cells was evident during gentamicin exposure. A high 

concentration of FMI-43 was used that was greater than recommended in other
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investigations. This was to ensure complete uptake by all hair cells and may have 

accounted for the eventual dispersement to the non-sensory region of the 

epithelium.

4.3.3 Level of recovery

There is a clear recovery in hair cell numbers following the initial almost complete 

loss. The level of recovery is likely to have been underestimated as hair cells could 

only be included in the count at such a time as their bundles were of a size large and 

distinct enough to be visualised with phalloidin labelling or SEM. As can be seen 

from Table 1 the number of hair cells present in the sensory patch increases over 

time following ablation. There were no clear patterns to determine the location of 

the first new hair cells in the saccular macula and hair bundles appeared randomly 

throughout the epithelium.

As with mammalian vestibular cultured explants, recovery following hair cell 

ablation in the newt was slow compared to birds. Recovery is still continuing at 26 

days and had the explants been cultured for longer complete recovery may have 

occurred. The first hair bundles were not seen until at least 11 days after treatment. 

One reason for this may be the length of time it takes for the cell bodies within the 

epithelia to be completely phagocytosed and digested. The low body temperature of 

newts and hence temperature at which the tissue was cultured may also cause 

recovery to be slow. It is also possible that as turnover of hair cells does not appear 

to occur normally within the tissue the system is not 'primed' for a speedy recovery.
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It is difficult to speculate why there is a lack of recovery of extramacular hair cells. 

However, it may simply be that they take longer to recover and the explants were 

not cultured for the required length of time. Alternatively, it could be that the 

precursor cells are not located with hair cells in this region of the saccule. The 

extramacular hair cells would be an interesting set of hair cells to investigate 

further.

4.3.4 Exposure to retinoic acid

The supplementation of retinoic acid to culture medium did not appear to alter the 

level of recovery within the damaged saccular maculae. Initially otic capsules were 

incubated directly following gentamicin treatment and in these recovery was within 

the range found for those not exposed to retinoic acid. More latterly, otic capsules 

were incubated at a time following the initial onset of proliferation (chapter 5) in 

case any inhibition of proliferation counterbalanced an increase in hair cell 

differentiation. The results remained the same even with this later exposure time. 

The short time window from proliferation to cells being committed to a particular 

fate may have been missed in this second set of experiments and retinoic acid 

would therefore not alter the course of recovery in this system.

4.3.5 In vivo ablation of hair ceils

To date no successful method has been found to ablate hair cells in vivo in the newt 

inner ear using either Notophthalmus viridescens or Pleurodeles waltl larvae. The 

failure of these two different methods, intramuscular injections of kanamycin into
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Notophthalmus viridescens and exposure to gentamicin in aquarium water for 

Pleurodeles waltl larvae, may have been due to insufficient concentration of 

aminoglycoside or poor uptake to the ear fi*om the bloodstream. However, the 

concentration of gentamicin used in the aquarium water was in excess of that used 

to ablate canal neuromasts in fish (Song et ah, 1995). Inner ears of other species, 

such as mice are resistant to systemic application of aminoglycosides. Although it 

was not possible to set up an in vivo system, by using the intact otic capsule in vitro 

system the environment of the saccule, utricle and other sensory epithelia 

resembled an in vivo system as closely as possible.

To conclude; although the recovery is slow and incomplete during the culturing 

period used in this system, it is a robust system in which the processes taking place 

during regeneration can be further investigated. It also offers an important 

alternative to the avian system for comparison to the limited hair cell recovery of 

mammalian inner ear tissue.
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Chapter 5

The underlying mechanism of 

recovery in the newt



5.1 Introduction

Hair cells are regenerated spontaneously and extensively in all the sensory patches 

of the inner ear of the newt, following ablation with the aminoglycoside, 

gentamicin (Chapter 4). This is in contrast to mammals. In this study using the 

newt as an animal model, the underlying mechanisms of hair cell regeneration in 

the inner ear have been investigated. Previous research characterising the method 

by which regeneration occurs in other species suggests that there may be more 

than one mechanism operating.

A review of hair cell recovery in different species compiled by Staecker and Van 

de Water (1998) suggested three possible mechanisms for recovery of hair cells as 

follows:

(i) regenerative proliferation; the generation of new hair cells subsequent 

to an increase in cell number following cell cycle re-entry and mitosis.

(ii) transdifferentiation; the process by which a differentiated cell 

undergoes change to become a cell of a different phenotype. In this 

instance the change occurs without an intervening mitotic process.

(iii) and/or repair; repair of damaged hair cells retained within the sensory 

epithelium.

Fig. 5.1 overleaf shows a schematic representation of these mechanisms.
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Fig. 5.1 Proposed mechanisms of recovery

In the newt culture system there is no evidence to suggest that recovery of the 

sensory epithelium was due to repair of existing hair cells i.e. sub-lethally 

damaged hair cells have not been seen within the epithelium (Chapter 4). The 

possibility of regenerative proliferation and transdifferentiation or a combination 

of both methods happening in conjunction has been explored.

5.1.1 Mammalian inner ears

During embryonic development of mammalian ears, subsequent to the final round 

of cell division, the daughter cells in the presumptive sensory epithelia 

differentiatiate into hair cells and supporting cells (Ruben, 1967). Within the organ 

of Corti, terminal mitosis occurs and no further cell divisions take place.
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Following this terminal mitosis, hair cell loss can arise from ototoxic damage, 

acoustic trauma and due to ageing. Spontaneous cell cycle re-entry and 

proliferation does not occur subsequent to damage in mammalian auditory organs 

either in vivo or in vitro. However, there is some evidence for recovery in 

embryonic organ of Corti. Kelley et al., (1995) laser ablated hair cells and 

demonstrated that up to embryonic day 18 (E l8), these were replaced with new 

ones in the absence of mitosis in cultures. Hair cell recovery can also be induced 

in neonatal mammalian cochlea (Lefebvre et al., 1993; Zine and de Ribaupierre, 

1998). In Lefebvre et al.'s experimental work, it was suggested that the retinoic 

acid and transforming growth factor a  (TGF-o:) induced recovery that they 

observed in 3 day old rat pup organ of Corti explants following damage, was via 

mitotic processes. This conclusion was reached after blocking proliferation with 

cytosine arabinoside (Ara-C) led to a reduction in recovery. Contrary to this Zine 

and de Ribaupierre found that replacement hair cells in damaged cultures 

incubated with TGF-a and epidermal growth factor, EGF did not arise by mitotic 

proliferation. Hair cell recovery in immature mammalian cochlea but not in the 

organ of Corti of mature mammals may be an indication the tissue retains a certain 

amount of plasticity but there is inconclusive evidence as to the principal 

mechanisms of this recovery.

Spontaneous replacement of lost hair cells does occur at a low level in mammalian 

vestibular organs (Warchol et al., 1993, Forge et al., 1998). Experiments by Li and 

Forge (1997) showed that there is very little proliferation, following damage 

within the sensory epithelium of the utricle but an upregulation of proliferation is
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seen in cells located in the underlying connective tissue. The amount of 

proliferation within the utricular macula was insufficient to account for the 

number of new hair bundles appearing. Morphological evidence for the 

replacement of utricular hair cells by direct conversion of supporting cells to hair 

cells has been provided (Li and Forge, 1997). Following recovery from hair cell 

loss, utricles were found to have cells that rested on the basement membrane and 

had microvilli resembling immature hair bundles. In addition, a number of cells 

with stereocilia had cell bodies that extended to the basement membrane by way 

of a foot process. In others this foot process did not entirely reach the basement 

membrane and it was suggested that these cells were of a more mature nature and 

had become detached. In undamaged sensory epithelia supporting cells but not 

hair cells are in contact with the basement membrane and therefore the results of 

the study may be an indication that supporting cells convert directly to hair cells. 

Other morphological evidence for conversion included basally located nuclei and 

the presence of supporting cell-like microfilament bundles in the cytoplasm 

beneath the immature stereocilia.

Levels of proliferation in neonatal mammalian vestibular organs have been shown 

to increase when tissue is cultured in the presence of growth factors such as glial 

growth factor 2 and some of the intracellular signals controlling cell proliferation 

have been identified. Phosphatidylinositol 3-kinase is thought to be a key element 

in the signalling cascade which leads to proliferation and protein kinase C, 

mitogen-activated protein kinase and calcium have also been shown to play a role 

in initiating supporting cell proliferation (Montcouquiol and Corwin, 2001).
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Forskolin can also enhance S phase re-entry in epithelia taken from neonatal rat 

utricles. However, this has been shown to occur only when tissue is cultured with 

serum in the media, i.e. containing exogenous growth factors and with short 

exposure to forskolin.

Proliferation has also been shown to be upregulated in utricles taken from 4 day 

old rats (Berggren et al., 2001) suggesting that terminal mitosis is not complete 

and plasticity in cell fate determination persists.

5.1.2 Avian inner ears

Unlike the mammalian auditory and vestibular systems, in the vestibular 

epithelium of birds, a low level of ongoing production of new hair cells occurs 

(Jorgensen and Mathiesen, 1988; Roberson et al., 1992). Weisleder and Rubel, 

1993 found that the rate of production is increased following drug induced damage 

and that complete recovery of the epithelium is possible.

Postembryonic production of hair cells does not occur in the auditory end organ, 

the basilar papilla, but if hair cell loss is induced, recovery of the epithelium is 

sufficient for hearing function to return (Stone et al.,1998; Smolders JW,1999). 

Avian hair cell regeneration following damage has been shown to occur following 

mitosis of supporting cells (Raphael, 1992; Stone and Cotanche, 1994; Warchol 

and Corwin, 1996) with an asymmetric differentiation of daughter cells becoming 

supporting cells and hair cells (Stone et al, 1999).
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Kil (Kil et a l, 1997), examined on going cell death using TUNEL method and 

assessed proliferation in chick vestibular epithelia. Their findings suggested that 

hair cell death was a possible trigger for supporting cell proliferation.

Cell density has been implicated in the regulation of proliferation. In avian 

utricular cultures, it is inversely correlated to the local cell density and in addition 

cell to cell contact appears to be important for proliferation (Warchol, 2002). The 

second messenger cAMP is also thought to be instrumental in mediating the cell 

proliferation of regenerating basilar papilla (Navaratnam et al., 1996).

Although there have been extensive studies showing that proliferation is induced 

and upregulated by trauma in birds there is also evidence for phenotypic 

conversion of supporting cells (Roberson et al., 1996; Adler et al., 1997). Adler et 

al. administered intraperitoneal injections of cytosine arabinoside to inhibit 

supporting cell divisions in the basilar papilla of chicks following noise exposure. 

Hair cell recovery was established and new hair cells were thought to have arisen 

from the conversion of supporting cells. However, total inhibition of DNA 

synthesis was not achieved and a low level of proliferation persisted in the sensory 

epithelium. New hair cells may have been generated from the daughter cells of 

these divisions.

5.1.3 Fish and amphibia inner ear

In amphibia it is known that there is continual expansion of the inner ear sensory 

epithelia over time (Corwin et al., 1985; Baird et al., 1993b; Baird et al., 1996) and 

like birds and fish they have the capacity to regenerate new hair cells after
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ablation. According to Baird (1996) proliferation is upregulated in bullfrog 

amphibia both in vivo and in vitro following treatment. His results also imply that 

phenotypic conversion occurs without an intervening cell division as recovered 

hair bundle density remains at a similar level even when proliferation is blocked 

using the DNA polymerase inhibitor, aphidicolin.

As described in Chapter 3, SEM of newt saccular maculae showed no immature 

cells in the central region suggesting that turnover did not take place or was at 

such a low level as to be undetectable over the 3 week period of culturing. In other 

amphibia and fish, as the animal ages, there is growth of the sensory patch as new 

hair cells are added to its outer edges (Corwin, 1985, Corwin, 1991). It is not 

known, whether as the newt matures, the number of hair cells within saccular 

maculae increases over time resulting in expansion of the patch.

5.1.4 Other newt tissues 

Lateral line system

The lateral line system comprises neuromasts in two distinct sensory systems, the 

electroreceptive ampullary organs and the mechanosensory lateral line. 

Observations of the lateral line system in salamanders also provides evidence for 

proliferative regeneration. Amputation of the tail tip results in new neuromasts 

being generated by ‘budding’ at the boundary of existing neuromasts (Stone,

1937) and ablation of hair cells within neuromasts by laser leads to the creation of 

new hair cells by cell division from supporting cells (Balak et al., 1990; Jones and 

Corwin, 1996). Hair cells in neuromasts also arise through direct conversion of
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supporting cells without any intervening division of supporting cells (Jones and 

Corwin, 1996).

The predominant method of regeneration in other newt tissue involves cell cycle 

re-entry and proliferation. Amputation of newt limbs results in the formation of a 

’growth zone' known as a blastema from which the new limb is generated. Twelve 

to 24 hours after amputation a wound epithelium is produced to seal the surface 

and directly beneath this wound epithelium local cells of all cell types 

dedifferentiate and re-enter the cell cycle (Brockes, 1997). Following several 

rounds of cell division they form a mound of cells, the blastema. The hlastemal 

cells exit the cell cycle and differentiate into the appropriate cells to become the 

new limb. Interestingly new cells do not necessarily arise from cells previously of 

the same type (Brockes, 1997). Removal of the lens of the newt eye, an epithelial 

tissue as are ear sensory patches, results in de-differentiation of iris cells (Reyer et 

al., 1972). These lose their pigmentation, re-enter the cell cycle and 

transdifferentiate to create a new lens. Not only has this phenomenon been 

demonstrated in vivo but it has also been shown that dissociated cells of pigmented 

iris epithelium can be cultured to differentiate into lens like structures in vitro 

(Eguchi et al., 1974).

In vitro examples of S phase re-entry and proliferation in newt tissues as a wound 

healing response include cardiomyocytes (Oberpriller and Oberpriller, 1974) and 

myotubes (Tanaka et al., 1999). Similar to hair cells in the ear, multinucleate 

myotubes are held in post-mitototic arrest after fusion. However when exposed to
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high concentrations of serum, myotubes are capable of cell cycle re-entry. 

Thrombin is thought to play an active role in cell cycle re-entry and strongly 

stimulates re-entry of myotubes in the presence of serum (Tanaka et al., 1999).

5.1.5 Investigation of the mechanism which underlies recovery in inner ear 

expiants

To investigate the mechanism by which spontaneous recovery has transpired in 

newt inner ear explants, the level of proliferation within the sensory patch has 

been assessed both in control and gentamicin treated experimental groups. 

Proliferation was examined by incubation of explants in culture medium 

supplemented with 5,2 bromodeoxyuridine (BrdU). The nucleotide analogue BrdU 

is incorporated into the nucleus of the cell during the S phase (synthesis phase) of 

the cell cycle and will subsequently be incorporated in the nuclei of daughter cells. 

Any cells already having passed the S phase and held in check at G2 (Gap2), 

however, will not be labelled with BrdU (Fig. 5.2).
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Figure 5.2 Stages of cell cycle
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Following assessment of proliferation in explants, experiments were carried out to 

determine the onset of proliferation. The endpoint of proliferation subsequent to 

damage was also investigated. This gave a 'window' (time period) over which 

proliferation took place. Experiments were carried out using both high serum 

concentrations and no serum in the culture medium. One group of undamaged otic 

capsules incubated in culture medium contained 10% heat inactivated horse 

serum, as used throughout all experiments and another incubated in culture 

medium with no horse serum but with the nutrient supplement N2 added. This was 

to assess if horse serum or a factor within it was required to support proliferation.

219



Several sets of experiments were carried out using the mitotic blocker aphidicolin. 

This inhibits DNA polymerisation and synthesis is thereby inhibited. Otic capsules 

were incubated in aphidicolin supplemented culture medium together with BrdU.

One of the possible mechanisms of recovery, could be the release from the 

mitotically quiescent state of all or only a subset of supporting cells leading to the 

upregulation of proliferation. If only a subset of supporting cells re-enter the cell 

cycle it raises the possibility that these could be precursor cells having stem cell

like properties, with daughter cells capable of replacing themselves for future cell 

division or becoming terminally differentiated hair cells or supporting cells.

5.1.6 Objectives of experiments

■ to determine if hair cell loss stimulates proliferation amongst supporting 

cells and if hair cells arise from daughter cells of those that have re-entered 

the cell cycle. Alternatively, hair cells may arise directly from the 

conversion of supporting cells following hair cell loss.

■ To establish a time for the onset of any proliferation and period over which 

this proliferation might persist.

5.1.7 Experimental design

BrdU incubation and immunohistochemical labelling of proliferating cells

Otic capsules were dissected from newts as previously described (Chapter 2) 

under sterile conditions for cultures. Three experimental groups with at least 6 otic 

capsules in each were incubated for 2 days in multiwell plates containing 500pl
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2mM gentamicin (Sigma). Three corresponding control groups of a minimum of 4 

explants were also processed. For control groups, samples were maintained in 

culture medium alone initially for two days and then incubated in culture medium 

containing BrdU as for the experimental group.

Double-labelling with antibody to calretinin or HCS-1 and BrdU was carried out 

as detailed in Chapter 2.

The mouse monoclonal anti BrdU antibody (DAKO) used in double-labelling 

experiments with polyclonal antibodies to calcium-binding proteins to label hair 

cells was found to give the optimum labelling of BrdU. However, this could not be 

applied in conjunction with HCS-1 the most successful hair cell marker for newt 

inner ear tissue. Not all hair cells are calretinin positive causing concern that 

labelling may have been restricted to a subset of hair cells. An experimental study 

comprising 6 treated otic capsules and 2 control otic capsules cultured for 21 days 

was carried out using a monoclonal antibody to BrdU (Abeam) raised in rat in 

order that the mouse monoclonal HCS-1 could be used to label all hair cells in the 

recovered or control tissue. Immunohistochemistry was carried out in two stages 

as described in Chapter 2. HCS-1 was used at a concentration of 1:200 in block at 

room temperature for 3 hours and incubation in mouse IgG secondary FITC and 

tissue fixed in 4% paraformaldehyde for 20 minutes prior to processing for BrdU.

Consistent results were not obtained with antibody to rat monoclonal BrdU and 

trials with a sheep polyclonal antibody to BrdU (Abeam) were unsuccessful.
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Secondaries specific to the Ig fragments of the mouse monoclonal BrdU and HCS- 

1 antibody also proved unsuccessful.

To corroborate the results obtained using rat monoclonal BrdU a further set of 

experiments, using a mouse monoclonal antibody to BrdU directly conjugated to 

FITC (DAKO) and HCS-1 antibody was attempted. This eliminated the need for a 

second anti mouse secondary. In this group a TRITC monoclonal secondary to 

HCS-1 is used. This set comprised 3 otic capsules at each time point (2, 10 and 19 

days post-treatment) together with 2 untreated saccules cultured for 21 days.

Onset of proliferation

As recovery was known to occur by 10 days post treatment, cultures were 

incubated in BrdU directly following hair cell ablation and fixed at various time 

points (2 days post-treatment and daily between 4-8days post-treatment) to 

determine the onset of proliferation.

Completion of proliferation

BrdU was added to culture medium at various time points to assess the end point 

of proliferation. A delayed starting time for the addition of BrdU was continued 

until 15 days postgentamicin treatment, by which stage a substantial number of 

hair cells bad returned (Chapter 4).
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Quantification

BrdU positive labelled nuclei in the saccular maculae of 9 samples incubated for 

19 days post-treatment in BrdU were counted using an analysis software 

programme (AnalySIS, Soft Imaging Systems).

Aphidicolin incubated cultures

Five sets of gentamicin treated groups each containing 5 explants were used for 

the experimental series and 2 non-gentamicin treated explants per set were also 

cultured concurrently as described in Chapter 2. Explanted otic capsules were 

cultured for 21 days in total, i.e. 19 days post-gentamicin. Culture medium was 

supplemented with both 25jitM aphidicolin and 30pg /ml BrdU directly following 

gentamicin treatment. Parallel conditions were carried out for controls to ensure 

the aphidicolin was not toxic to the tissue at this concentration. As a further 

control gentamicin-treated otic capsules were also incubated in BrdU alone to 

ensure that each batch had the capability of proliferating. Aphidicolin-blocked 

gentamicin-treated cultures were fixed with 4% paraformaldehyde and stained 

with phalloidin and propidium iodide. Four saccules and 4 utricles incubated for 

19 days post gentamicin treatment in culture medium with aphidicolin and BrdU 

were fixed in 2.5% glutaraldehyde and processed for thin sectioning (Chapter 2).
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Four gentamicin treated saccules and 2 utricles incubated for 19 days were also 

processed for SEM (method described Chapter!). Prior to fixation explants were 

incubated in subtilisin in order to assist removal of the otoconial membrane.

Cytosine arabinoside incubated cultures

As an alternative to blocking proliferation with aphidicolin, 25 pM cytosine 

arabinoside was used to block proliferation in 6 cultures incubated in BrdU 

following hair cell ablation. Cytosine arabinoside is a selective inhibitor of DNA 

synthesis which does not affect RNA synthesis. Four cultures were processed with 

phalloidin and propidium iodide and 2 were processed to assess the synthesis of 

DNA in S phase of the cell cycle.
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5.2 Results

Control cultured explants incubated in BrdU for 14 or 21 days (the equivalent 

length of time to 12 and 19 days post-gentamicin experimental cultures) showed 

either no labelling or a low level of positive BrdU labelling of nuclei in the saccule 

and utricle (Fig. 5.3). In 3 out of 8 controls no positive BrdU labelling was seen 

after incubation for 21 days (Fig. 5.5A). In others taken at this time point a low 

level of proliferation was observed, ranging from 2-12 positively labelled nuclei 

(Fig 5.3). BrdU labelling in these cultures was not confined to any particular 

region of the sensory epithelium but was randomly distributed, and was not seen 

in the extramacular hair cell region of these samples (Fig. 5.3 A) or the amphibian 

papilla (Fig. 5.4). Positive labelling in the overlying epithelium of the roof of the 

saccule that had not been dissected away demonstrated that proliferation is 

ongoing in other non-sensory tissues (Fig. 5.5B).

5.2.1 Onset of Proliferation

Positive labelling was first seen in the saccular maculae of gentamicin treated 

explants at six days post treatment (Fig. 5.6). The labelling was extensive in most 

saccules (n=4) but not seen in others till a day or two later (n=2). Synthesis of 

DNA as shown by positive labelling did not commence in any particular region of 

the saccular macula but was strictly confined within the bounds of the saccular 

macula. Proliferation was also found to commence in other sensory patches at this 

time point (Fig. 5.7). Proliferation occurred at the peripheral edge of the saccule in 

a distinct ring as formed by the extramacular hair cells (Fig. 5.8). The lagena 

incubated in BrdU for 8 days post-treatment in Fig. 5.6A contained both cells
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labelled for BrdU but no calretinin positive label and cells with calretinin positive 

labelling but which were BrdU negative. Some hair cells were retained within the 

sensory epithelium of the lagena following incubation with gentamicin (Chapter 4) 

and therefore in addition to recovered hair cells these hair cells would be expected 

to be calretinin positive. Similarly, the utricle at 8 days post-gentamicin treatment 

had small extrastriolar hair cells still present following treatment which are not 

labelled with BrdU and positive BrdU labelled cells in the striolar region of the 

utricle with negative calretinin staining. No calretinin positive labelling was 

observed in the saccular macula at this stage, however extensive small particles 

labelled with antibody to calretinin was present. These are thought to be extruded 

hair cell tops and hair cell debris that may have been trapped beneath the otolithic 

membrane as shown in thin sections. Chapter 3.

Many of the BrdU labelled nuclei at six and seven days post gentamicin treatment 

were large in appearance but sensory epithelium cultured in the presence of BrdU 

for 8-9 days post gentamicin treatment contained a variety of positively labelled 

nuclei. A high number of small paired positively labelled nuclei in close contact 

were apparent. Large unpaired nuclei and those captured during anaphase of 

mitosis were also present in the sensory epithelium (Figs. 5.9 and 5.10)

Proliferation continues to occur after 8 days post-treatment. In otic capsules 

incubated with BrdU supplemented at day 14 or 15 post-treatment and cultured in 

BrdU until fixation at 19 days post-treatment a low number of labelled nuclei
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(within the range of 4-8) was detectable within the saccular maculae. From this it 

was established that proliferation continued for at least a week after its onset time.

5.2.2 12 and 19 days post-gentamicin experimental cultures 

Wholemounts

Extensive proliferation occurred following the onset and by 19 days post 

gentamicin an abundance of BrdU labelled cells was seen in most saccular 

maculae (Fig. 5.11) Sample quantification performed on nine saccules labelled for 

BrdU resulted in a mean of 122 labelled nuclei ± 26.22 S.E. (Table 5.1).

Very few saccules contained a low level of proliferation and only 2 out of 9 

saccules quantified for BrdU positively labelled cells had less than 50 labelled 

nuclei (Table 5.1). The level of proliferation is shown in Graph 5.1.

Double-labelling in the lagena for BrdU and calretinin showed many cells clearly 

labelled only for calretinin (Fig. 5.12). These cells may not have been ablated in 

the first instance as the lagena appears to be less sensitive to gentamicin.

Cryosections

Nuclei of all cells labelled intensely with DAPI and the layers contained within the 

structure of the sensory epithelia were revealed. Hair cell nuclei in untreated 

saccular maculae are found in the lumenal layer, i.e. the apical layer, whilst those 

of supporting cells are located in the basal layer of nuclei (5.13C). 14 day control 

sections had little or no BrdU labelling in most of the sensory patches but distinct

227



positive labelling with anti-calretinin antibody in the apical layer of cells (Fig. 

5.13). The low level of positive BrdU labelling found in 1 of the 3 samples 

processed was confined to cells beneath the apical layer of hair cells denoted by 

the antibody to calretinin. In Fig. 5.13B a calretinin positive cell in the 

extramacular region can also be seen to be devoid of BrdU labelling.

Sections taken from tissue incubated in BrdU for 12 days post-treatment 

demonstrated a greater level of BrdU labelling (Fig. 5.14). Nuclei in a lumenal 

position were positively labelled however, some nuclei in this layer of the 

epithelium, the location of hair cells in undamaged tissue, did not exhibit BrdU 

labelling (Fig. 5.14A and 5.14B). Condensed spots of calretinin labelling were 

seen within the epithelium and these were thought to be the remains of dying hair 

cells engulfed in supporting cells. Spots of calretinin labelling were also seen 

overlying the saccular maculae (5.14B). These correspond to extruded apical 

segments of hair cells retained in the otolithic membrane of wholemounts. BrdU 

labelling was seen in isolated nuclei to the extreme edge of the saccule and within 

the other sensory epithelia (Figs. 5.14 C and 5.15). In the crista BrdU labelled 

nuclei were randomly distributed (Fig.5.14C), whilst positive labelling for BrdU in 

the amphibian papilla was confined mainly to one particular region (Fig. 5.15A). 

This was also the case for the lagena where the cells labelled for BrdU where 

mainly grouped to the central region (Fig. 5.15B).
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5.2.3 Confocal imaging of tissue to assess the presence of double-labelled hair 

cells

Sensory epithelia wholemounts processed for BrdU and a hair cell marker were 

assessed to identify the extent of double-labelled hair cells (Figs. 5.16-5.19). 

Sections through the depth of the tissue labelled for monoclonal mouse BrdU and 

polyclonal calretinin, clearly demonstrated that hair cell labelling and BrdU was 

mutually exclusive. Numerous BrdU labelled nuclei were observed, increasing in 

number through the depth of the tissue towards the basement membrane (Fig 

5.16C). In contrast hair cells were more apparent in the more apical layer (Fig. 

5.16A). Figure 5.17 of a saccule labelled with rat monoclonal BrdU and HCS-1 

antibody, also strikingly showed that hair cells were not double-labelled and that 

an increase in the level of BrdU labelled nuclei occurred in the basal region of the 

tissue. The amphibian papilla (Fig. 5.18) also showed no evidence of BrdU 

labelled hair cells even though extensive BrdU labelling was apparent. Labelling 

for BrdU was prevalent in tissue double-labelled with antibody to BrdU 

conjugated to FITC and HCS-1, TRITC (Fig. 5.19). In the saccule, BrdU positive 

cells were observed throughout the macula (Fig. 5.19A) but in the utricle, whilst 

HCS-1 labelling was apparent in both the striolar and extrastriolar region (Fig. 

5.19B, red) labelling for BrdU was mainly confined to the striola (Fig. 5.19B, 

green). In these wholemounts, as demonstrated with rat monoclonal antibody to 

BrdU and HCS-1, the BrdU labelling was confined to cells that were not labelled 

for HCS-1. Some overlap of cells occurs in figure 5.19 which could cause a small 

number of cells to appear to be double-labelled however scanning through the
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depth of the tissue proved that this was not the case. The untreated control saccule 

(Fig. 5.20) was devoid of BrdU labelled cells.

5.2.4 Aphidicolin incubated specimens

Aphidicolin effectively inhibited BrdU incorporation in specimens. From each set 

of experiments one wholemount specimen was taken from the aphidicolin blocked 

samples and processed with antibody to BrdU to ensure proliferation had been 

blocked (Fig. 5.21). A prolonged exposure to aphidicolin had no adverse effect on 

tissue morphology, with no obvious indication of cell damage. Control explants 

maintained for 21 days (19 days in aphidicolin and BrdU), retained normal 

appearance. The distribution and overall appearance of hair bundles were typical 

for cultured controls (Fig. 5.22).

At least 25% of gentamicin treated aphidicolin exposed samples were not included 

in the quantification due to mechanical damage or infection. Repair of the sensory 

epithelium in experimental samples resulted in a fragile tissue making dissection 

and handling of the sensory patches during processing extremely difficult. Tears 

and holes in the saccular maculae tissue were unavoidable.

Gentamicin-exposed saccules incubated in aphidicolin displayed a different F- 

actin pattern at the lumenal surface to that normally found with phalloidin 

labelling of tissue: junctions of cells formed daisy-like patterns (Fig. 5.23). 

Thickened rings of actin, not present in treated saccules, were also apparent at 

junctions between cells (Fig. 5.23). Supporting cells had large apical surfaces and 

the surface of the sensory epithelium was unlike that of treated explants
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maintained in culture medium alone whereby scar formations were seen prior to 

recovery. Hair bundles were absent from most of the treated cultures (Figs. 5.23 

and 5.24) but some were seen sparsely distributed throughout the saccular maculae 

at 19 days recovery (Fig.5.25).

Labelling with propidium iodide demonstrated the non-toxic nature of aphidicolin. 

Nuclei appeared to have a normal chromatin configuration and in the majority of 

cultures no apoptotic nuclei were seen (not shown).

Quantification of hair bundles at 19 days recovery by fluorescence microscopy 

(Nikon Diaphot) is shown in Table 5.2. Hair bundles in 18 samples were assessed 

and ranged from 0-53. The mean number of hair bundles = 9 and standard 

deviation = 13.78, standard error = 3.25. A graph to show the recovery in 

aphidicolin blocked and recovery in culture medium alone illustrates the 

difference (Graph 5.2).

Sections of tissue incubated with aphidicolin

Sections of control tissue mitotically-blocked with aphidicolin and incubated for 

21 days had extensive hair cell labelling (Fig. 5.26A). Hair cells appeared similar 

to those found in tissue incubated in culture medium alone.

Sections of tissue exposed to aphidicolin and incubated for 19 days post 

gentamicin treatment were labelled for HCS-1, and in some instances phalloidin- 

TRITC (Fig.5.26B and C). Very few positively labelled hair cells were present in 

the saccular macula. One section contained one cell labelled with the hair cell 

marker spanning the depth of the epithelium section from basement membrane to
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the lumenal surface and another appeared to have a process extending basally 

(Fig.5.26B).

SEMs of damaged saccules incubated with aphidicolin confirmed that very few 

hair bundles were present in mitotically-blocked, recovered samples (Fig. 5.27). 

Small hair bundles were observed in the utricle (Fig. 5.28). Some may have been 

immature hair cells in the striola, although it was not possible to locate the striolar 

region. Alternatively, these may have been extrastriolar hair cells which also have 

an immature-like appearance.

Sections taken across the whole width of 4 saccules and processed for TEM 

revealed the expansion of supporting cells to fill the sensory epithelium (Fig.

5.29). A hair cell was seen in one section but the difficulty in locating hair cells 

was an indication of the decreased level of hair cell regeneration compared to non- 

mitotically blocked samples (Fig. 5.29). Although few hair cells were identified in 

the saccular maculae hair cells were present in the lagena. These cells may have 

remained throughout the gentamicin treatment.

The introduction of aphidicolin at 5 days post gentamicin treatment rather than 

directly following treatment, to reduce the possibility of stress to the tissue from a 

long exposure to this mitotic blocker, led to a low level of hair cell regeneration in 

all three samples. The mean number of hair bundles for these samples was 11 

whilst the mean for samples mitotically-blocked immediately after treatment was 

8. As incubation with aphidicolin at this later time point did not appear to enhance
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survival of samples or alter the level of recovery no further experiments were 

carried out with the addition of aphidicolin at this later timepoint.

5.2.5 Incubation of tissue with Cytosine Arabinoside

As an alternative to using aphidicolin to block mitosis during recovery following 

gentamicin treatment otic capsules were incubated with BrdU and cytosine 

arabinoside (Ara-C). Many hair bundles were seen throughout the recovered 

epithelium in all treated samples (Fig. 5.30A). Random processing of two samples 

for proliferation revealed substantial levels of BrdU labelling indicating that at the 

concentration used cells had not been mitotically-blocked (Fig. 5.3OB). 

Quantification was not carried out.
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Table 5.1 Number of BrdU labelled nuclei.

19 days post gentamicin recovery incubated in BrdU

No. of BrdU labelled nuclei in 
saccular macula

Mean (n) SD SE

220 113 271
40 88 79
149 95 42 121.88 (9) 78.64 26.22

Graph 5.1 Level of proliferation 
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Table 5.2
Hair bundle recovery in aphidicolin (25/iM) incubated tissue at 19 day post- 
treatment

Sample 1 2 3 4 Mean SD SE
Set 1 0 16 14
Set 2 0 - 0 25
Set 3 0 0 0
Set 4 0 0 14
Set 5 20 8 6
Set 6 0 0 53 8.66 (18) 13.78 3.25

G raph 5.2 Comparison hair bundle recovery in aphidicolin incubated
tissue and culture medium alone following gentamicin
treatment.

Hair Bundle Recovery At 19 days 
Post-gentamicin Treatment

«-Culture medium alone
120

Mltotlcally blocked100

A
1 2 3 4 5 6 7 12 138 9 10 11 14 15 16 17 18
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Control: 21days in culture
incubated with BrdU

Figure 5.3
Tissue double-labelled 
for calretinin (FITC) 
and BrdU (TRITC).

A. Saccule. Antibody to 
calretinin prominently 
labels hair cells at the 
edge of the saccular 
macula (open arrows), 
and extramacular hair 
cells (arrowhead). 
Arrows denote BrdU 
labelled nuclei.

B. Utricle. A few nuclei 
are positively labelled 
for BrdU (arrows)
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Control: 21days in culture
incubated with BrdU

Figure 5.4
Amphibian papilla double-labelled for 
calretinin (FITC) and BrdU (TRITC). 
No positive labelling for BrdU.



Control: 21days in culture
incubated with BrdU

Figure 5.5
A. No BrdU positive labelling within the saccule.
B. Many BrdU labelled cells outside the edge of the 
saccule where the overlying membrane has not been 
trimmed (arrow). Blood vessels also stained 
(arrowhead). SM = Saccular macula



Onset of proliferation 
6 days post-gentamicin treatment

Figure 5.6
Tissue double-labelled 
for calretinin (FITC) 
and BrdU (TRITC).

A. Many BrdU positive 
nuclei but no calretinin 
positively labelled cells 
within the saccular 
macula. Hair cells in the 
lagena are labelled with 
antibody to calretinin 
(arrows).

B. Higher magnification 
of A.



Onset of proliferation 
6 days post-gentamicin treatment

Figure 5.7
Utricle double-labelled for calretinin 
(FITC) and BrdU (TRITC).
The majority of BrdU labelled nuclei are 
confined to the striola and hair cells labelled 
for calretinin are retained within the 
extrastriolar region.



7 days post-gentamicin treatment

Figure 5.8
A. Saccule double-labelled for BrdU (TRITC) and calretinin (FITC). 
Proliferation is confined to the region of hair cell loss.

B. Saccule labelled for BrdU. Extensive labelling is apparent within 
the sacular macula and lagena (arrows). Labelling at the edge of the 
saccule corresponds to the location of extramacular hair cells 
(arrowheads).



8 days post-gentamicin treatment

fa

Figure 5.9
Double-labelled for BrdU (TRITC) and calretinin 
(FITC).
A. Saccule. An increase in mitotic nuclei is apparent at 
this time of recovery.
B. Higher magnification of A (mitotic nuclei, arrows).



9 days post-gentamicin treatment

Figure 5.10
Tissue double-labelled for BrdU (TRITC) and calretinin (FITC).
A. Saccule.
B. Utricle
C. Higher magnification of A. Paired nuclei are evident amongst the BrdU 
labelled nuclei.
D. Chromatin of a mitotic nucleus



19 days post-gentamicin treatment

Figure 5.11 
Double-labelled for 
BrdU (TRITC) and 
calretinin (FITC).

A. Saccule. Some 
cells only labelled for 
calretinin (arrows). 
Pairs of nuclei 
(arrowheads).

B. A at higher 
magnification.



19 days post-gentamicin treatment

Figure 5.12
Lagena double-labelled for BrdU (TRITC) and calretinin 
(FITC).
Some cells clearly labelled only for calretinin. These may have 
survived the gentamicin-treatment (arrows).



Cryosections: 14 day untreated 
tissue incubated with BrdU

Figure 5.13 
Tissue labelled with 
HCS-1 antibody 
(FITC) and for BrdU 
(TRITC). Nuclei 
stained with DAPI 
(blue).
A. Crista. Hair cells 
present in apical layer of 
tissue (arrows). Almost 
no BrdU labelling.
B. Lagena. No BrdU 
labelling. Hair cells 
labelled with HCS-1.
An extramacular hair 
cell is located to the left 
of the lagena (arrow).
C. Saccule. A small 
number of BrdU labelled 
nuclei (arrows). Hair 
cells intact.



Cryosections: 12 days post-treatment

2 T'Uni

Figure 5.14
Tissue labelled for calretinin (FITC), BrdU 
(TRITC) and incubated with DAPI (blue).

A. Saccule. BrdU labelled nuclei in the apical 
layer of nuclei. A BrdU labelled nucleus within 
the lagena (arrowhead).

B. Saccule. Majority of BrdU labelled nuclei in 
the basal layer of nuclei.

C. Crista. BrdU labelled nuclei dispersed 
throughout crista



12 days post-treatment

Figure 5.15
Tissue labelled for calretinin (FITC), BrdU 
(TRITC) and incubated with DAPI(blue).
A. Amphibian papilla.
B. Lagena.



19 days recovery
Wholemount utricle labelled for BrdU (TRITC) and calretinin

Figure 5.16
Confocal sections taken 
through the depth of the 
tissue. A C apical surface 
to basal region.

A-C. No evidence of 
double-labelled cells. BrdU 
labelled nuclei are in 
calretinin negative cells. 
These are more prominent 
in the basal levels of the 
tissue.



19 days recovery
Saccule labelled for BrdU (TRITC) and HCS-1 (FITC)

Figure 5.17
Confocal sections taken 
through the depth of 
the tissue. A-C apical 
to basal region.

A-C. No evidence of 
double-labelled cells. 
Cells exclusively 
labelled either for the 
hair cell marker or for 
BrdU. A greater number 
of BrdU labelled nuclei 
are apparent in the basal 
levels of the tissue.



19 days recovery
Amphibian papilla labelled for

BrdU (TRITC) and HCS-1 (FITC)

Figure 5.18 
Confocal sections 
taken through the 
depth of the tissue. A 
C apical to basal 
region.

A-C. No evidence of 
double-labelled cells. 
Cells exclusively 
labelled either for the 
hair cell marker or for 
BrdU. A greater 
number of BrdU 
labelled nuclei are 
apparent in the basal 
levels of the tissue. r
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19 days recovery
Tissue labelled with antibody to BrdU

conjugated to FITC and HCS-l(TRITC)

Figure 5.19
A. Saccule. BrdU 
labelled nuclei, arrows.
B. Utricle. As A.BrdU 
labelling (FITC) is 
confined mainly to the 
striola.
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Control: 21 days cultured saccule

Figure 5.20
Saccule labelled with antibody to BrdU conjugated 
to FITC and HCS-1 (TRITC). No BrdU positively 
labelled nuclei.



19 days recovery. 
Aphidicolin and BrdU 

incubated control tissue

Figure 5.21
Saccule. Effective inhibition of mitosis by 
incubation in aphidicolin results in no BrdU 
labelled nuclei when processed with antibody to 
BrdU.



21 days incubated control saccule

Figure 5.22
Saccule exposed to aphidicolin for 19 days, 
labelled with phalloidin-FITC.
No obvious damage to tissue.



19 days recovery
Aphidicolin incubated tissue

Figure 5.23
Saccule incubated in aphidicolin following 
gentamicin treatment. Labelled with phalloidin- 
FITC.
A. Actin arranged in an unusual pattern in 
recovered tissue. The occasional hair bundle was 
apparent.
B. Higher magnification of A showing actin ring 
(arrow).



19 days recovery in
presence of aphidicolin

Figure 5.24
Phalloidin-FITC stained saccular 
macula devoid of hair bundles.



Figure 5.25
Tissue exposed to aphidicolin 
and labelled with phalloidin- 
FITC and propidium iodide.

A. Saccule. Hair bundles are 
apparent mainly to the edge of the 
saccular macula (arrows).

B. Utricle. Phalloidin has labelled 
the actin rings (arrows) but few 
hair bundles are apparent.

19 days recovery in the
presence of aphidicolin

1»



Cryosections: Aphidicolin exposed tissue

Figure 5.26
Saccule exposed to aphidicolin and labelled for HCS-1 (FITC), and 
DAPI (blue).

A. 21 days in culture. Untreated saccule appears unaffected by the 
aphidicolin. Arrows indicate extramacular hair cells.

B. 19 days post-gentamicin treatment. Two hair cells are labelled for 
HCS-1. One appears to extend from the basement membrane to the apical 
surface of the saccular macula (arrow), whilst the other appears to have a 
process extending to the basement membrane. (Section also stained with 
phalloidin-TRITC)

C. 19 days post-gentamicin treatment. Hair cells labelled for HCS-1 
(arrows).



SEM of 19 days recovered saccule
exposed to aphidicolin

Figure 5.27
At 19 days post-gentamicin treatment, the aphidicolin 
exposed saccular macula is almost devoid of hair cells. 
Arrow indicates one hair bundle.



SEM of 19 days recovered utricle
exposed to aphidicolin

Figure 5.28
A and B. Small hair bundles 
within the utricular macula in 
region approximating to the striola 
(arrows).
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TEM of 19 days recovered saccule
exposed to aphidicolin

V

Figure 5.29
No hair bundles apparent in the section.



19 days recovered saccule exposed to
Ara-C and incubated with BrdU

Figure 5.30
A. Numerous hair bundles labelled with phalloidin-FITC in the 19 
days recovered saccular macula (arrows).
B. Tissue processed for BrdU. Labelled nuclei demonstrates that the 
Ara-C did not inhibit proliferation.



5.3 Discussion

BrdU is taken up during S phase and remains within the cell throughout division. 

All daughter cells are subsequently labelled and quantification of positively 

labelled nuclei gives an indication of the level of proliferation but not the level of 

hair cell recovery. The number of supporting cells that actually re-enter the cell 

cycle is not known as some may pass through more than one cell cycle.

5.3.1 Control cultures

The lack of BrdU positive labelling seen in most control explants suggests that 

there was no ongoing proliferation within the saccular macula or within the utricle. 

As described in the introduction, in other amphibia it is thought that the sensory 

patches expand as the animal ages, continuing to grow throughout its lifetime but 

no evidence was found for proliferation at the edge of the saccular macula. 

Ongoing expansion of the sensory patch may not require proliferation of 

supporting cells for production of new hair cells. Hair cell progenitors may be held 

within the cell cycle at a checkpoint subsequent to the synthesis phase when BrdU 

is incorporated. The newts utilised in this study were mature, approximately two 

years old and therefore the production of new hair cells for expansion of the patch 

may take place extremely slowly. In addition, the number of hair cells within the 

newt saccular maculae is only between 300-400 and a longer time period than the 

28 day culture period may be required to envisage proliferation and the addition of 

new hair cells.
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Control cultures that labelled for BrdU may have been damaged during dissection 

prior to the membranous labyrinth being removed. This may have occurred at the 

point when otoliths were blown away although no sensory patches show 

morphological signs of damage when viewed by SEM or with phalloidin labelling. 

Control cultures maintained for 21 days would be expected to sustain some hair 

cell death due to the length of time of culturing. Therefore some proliferation 

triggered by this loss would result in positive labelling within the sensory 

epithelium.

5.3.2 Time of onset

The onset of proliferation is late compared to proliferation in the avian basilar 

papilla and vestibular organs but corresponds to that found in other newt tissues. 

Following a damage stimulus, proliferation is seen in the avian basilar papilla and 

vestibular organs within 24 hrs and peaks at 2-3days. One reason for the late onset 

maybe that as the newt is poikilothermic, cultures are maintained at a low 

temperature (25°C). Non-optimum culture conditions, such as a lack of a 

particular nutrient in the medium, or the high concentration of gentamicin used 

may be responsible for this delay in proliferation. It is possible that for 

proliferation to occur in tissues comprising quiescent cells the time is longer than 

in sensory epithelia where turnover occurs. However, this does not appear to be 

the case for the avian basilar papilla vis a vis its vestibular organs.

In gentamicin treated cultures no obvious pattern of BrdU labelling evolved 

making it difficult to predict a specific area of initial proliferation. As with the
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loss of hair cells there appeared to be no gradient of labelling across striolar and 

extrastriolar regions in the saccular macula. The labelling of some hair cells with 

hair cell marker but not antibody to BrdU in the lagena in figure 5.12 was 

expected as it has been demonstrated that not all hair cells in this sensory epithelia 

are ablated by the gentamicin treatment, however amongst this population some 

may have arisen through phenotypic conversion.

Within the saccule, proliferation was confined exclusively within the borders of 

the sensory patch and to the extramacular hair cell region. In the utricle, 

proliferation was restricted to the striola. These areas were precisely those where 

hair cell loss occurred suggesting that hair cell loss was a trigger for the 

proliferation. It is possible that the loss of the hair cell may release the inhibition 

preventing supporting cells from cell cycle re-entry. Alternatively, supporting cell- 

supporting cell contact could promote cell cycle entry. The discrete regions of 

positive BrdU labelling in the saccular macula, utricular striola and the distinct 

band of mitotic nuclei correlating with the position of extramacular hair cells 

intimates that a local signal acts to induce proliferation. This could be either 

chemical and/or mechanical.

In other models such as fish and birds supporting cells in both the damaged and 

undamaged region re-enter the Gi phase of the cell cycle but do not progress to the 

S phase unless within the damaged region (Bhave et al.,1995; Presson et al.,1994). 

Whether this is the case in newts cannot be demonstrated from these experiments.
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5.3.3 Level of proliferation

Extensive proliferation is seen in most saccules with cells labelled at different 

levels within the saccular macula. Cells with labelled nuclei in the region of 

extramacular hair cells were also apparent. Intriguingly, in the majority of 

preparations no BrdU labelling was seen between the saccular maculae and 

periphery of the saccule where ‘displaced’ innervated hair cells are located. These 

extramacular hair cells exhibit similar morphology to those at the peripheral edge 

of saccule and to those found in the extrastriolar region of the utricle. There is no 

evidence for recovery of either these ‘displaced’ extramacular hair cells or the 

extramacular hair cells at the extreme edge of the saccule when labelled with 

either phalloidin, hair cell markers or viewed by SEM at 19 days post treatment. 

This raises the question of whether the proliferation present at the peripheral edge 

as seen in figure 5.8 was just proliferation in retained overlying membrane. Close 

inspection of the rim of saccules suggests that this is not the case as BrdU 

labelling was confined to a ring of one or two labelled nuclei rather than an 

irregular shape as seen in figure 5.5B.

The number of BrdU labelled cells, present in cultures treated with gentamicin, 

was always greater than in the control cultures. This is an indication that the 

proliferation seen is dynamically regulated i.e. that it occurs following damage to 

the cultures. The level of proliferation seen would be almost sufficient to account 

for the number of new hair cells arising if it is assumed that there is an asymmetric 

production of hair cells and supporting cells (i.e. for each division one of the 

daughter cells becomes a hair cell and the other becomes a supporting cell).
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In many studies proliferation has been upregulated by incubation with mitogens 

and growth factors (Kuntz and Oesterle, 1998; Zheng et al., 1997; Zheng et al., 

1999) and one possibility is that mitogens are released from dying hair cells. 

Another is that alteration of tension within the epithelium may influence release of 

mitogens. There is also evidence of macrophage involvement (Warchol, 1997). 

Recruitment of macrophages to the region of hair cell loss may result in the 

release of mitogens to enhance proliferation (Chapter 4).

Upregulation in the level of proliferation amongst treated explants does not 

constitute evidence that new hair cells arise directly from the daughter cells of 

proliferation. Proliferation of supporting cells may occur in order to replace 

supporting cells transformed into hair cells by phenotypic conversion. As has been 

discussed in Chapter 4, the hair bundles present in the saccular maculae following 

recovery from damage are not hair cells that had never disappeared or cells that 

had repaired therefore it was unlikely that hair bundles seen in mitotically blocked 

samples were retained or had been repaired. Hair bundles seen in mitotically- 

blocked samples suggests that either phenotypic conversion occurred at a low 

level or alternatively that cells were held at a later check point in the cell cycle, 

after DNA synthesis had taken place. These cells would then be able to exit the 

cell cycle and differentiate as hair cells. During development two cell types 

emerge from a single mitotic precursor and this common progenitor is thought to 

have the potential to become either a hair cell or supporting cell (Fekete et 

al, 1998). This has led to the proposal that a mitotic progenitor is the source of new
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hair cells and supporting cells during regeneration. However, the results from 

experimental tissue incubated in BrdU and labelled with HCS-1 would not suggest 

this to be the case for the new hairs observed in the recovered epithelia. Only a 

small number were double labelled with most BrdU labelled cells located in the 

basal layer of the epithelia.

Initially, it was thought that double labelling for both antibody to calretinin and 

antibody to BrdU occurred in some cells. However, a number of cells were 

labelled for calretinin alone suggesting that either these had already passed 

through the S phase of the cell cycle or had been regenerated by some other 

method such as phenotypic conversion. Other studies have also found that only a 

small number of BrdU labelled cells are double labelled with hair cell marker 

(Ogata et al. 1999). In Ogata’s study (1999) of gentamicin damaged gerbil 

utricular maculae, out of 7 pairs of BrdU incorporated cells only 2 pairs had faint 

labelling for calmodulin in the nuclei but no labelling in the cytoplasm and 13 

other cells labelled for BrdU were not positive for antibody to calmodulin.

In newt cultures, careful examination through the depth of the tissue stained for 

BrdU and a hair cell marker using confocal microscopy revealed that cells were 

labelled for only one of the antibodies. Hence the two sets of labelled cells were 

mutually exclusive of one another. This was observed with all 3 antibodies to 

BrdU and hair cell markers. It therefore suggested that although a high level of 

labelled cells were apparent, the new hair cells had not arisen directly from the 

proliferation of supporting cells.
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5.3.4 Phenotypic conversion

Blocking mitosis with aphidicolin resulted in a low number of new hair bundles in 

most samples. However, those maculae with many hair bundles and lacking the 

'daisy' pattern of surface morphology may not have been blocked by the 

aphidicolin. Although all samples were incubated in BrdU and 1-2 taken from 

each group and processed for BrdU labelling it was not possible to know whether 

the few maculae with many hair bundles had been blocked mitotically. It is 

possible that these maculae were somehow not affected by the aphidicolin and 

therefore hair cells were regenerated by proliferation. It is also possible that not all 

the hair bundles were ablated in the first place. This is however, unlikely as results 

show that at 2mM gentamicin sulphate very few hair bundles survive.

Extension of incubation time with aphidicolin did not result in more hair bundles 

in treated cultures and therefore it could be concluded that the recovery process 

was not just delayed.

Results of recovery in cultures incubated in medium with no serum were 

unsuccessful and explants were not viable. This may have been due to incorrect 

nutrient supplement. In other newt tissue, thrombin within serum has been 

demonstrated to be an important agent for stimulating cell cycle re-entry and 

proliferation (Tanaka et al., 1999). Consequently, culturing without serum may 

alter the recovery observed in ear tissue.

271



5.3.5 Discussion of materials and methods

The laboratory did not have the facilities to use tritiated thymidine, which is also 

incorporated into the cell cycle. Had this option been available it would have been 

possible to investigate whether the cells re-entered the cell cycle more than once. 

BrdU is also said to inhibit proliferation but not thought to do so at the level used 

(the extensive positive labelling observed would suggest that this is the not case in 

these experiments). Phalloidin labelling could not be used in conjunction with 

BrdU labelling due to the destruction of actin filaments by the HCl during 

processing. The concentration of aphidicolin used was not thought to be toxic to 

the tissue. To ensure that mitosis was blocked in the majority of experiments 

25pM aphidicolin was used. One set of experiments was carried out using 20pM 

aphidicolin and another set with 15pM aphidicolin. The results did not differ from 

those using 25pM aphidicolin.

Ablation of hair cells leaves only supporting cells remaining within the sensory 

epithelium to proliferate. The question of whether they can all re-enter the cell 

cycle and proliferate or if only a subset do so has not been answered by these 

experiments. Although the level of proliferation would suggest that many 

supporting cells do re-enter the cell cycle, it has not been ruled out that these cells 

subsequently go through many divisions to produce the level of proliferation seen.

The lack of proliferation in the extrastriolar region indicates that the culturing 

system (including the use of horse serum in culture medium) does not in itself 

induce proliferation. Any BrdU labelling in the saccular maculae of control tissue
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could be attributed to mechanical damage, loss of hair cells due to the length of 

time of culturing or poor culturing conditions. One batch in particular had many 

proliferating cells.

Supporting cells may be terminally differentiated, in which case they would have 

to de-differentiate prior to cell cycle re-entry. Supporting cells or a sub-population 

of them could have stem cell properties and therefore proceed directly to the cell 

cycle with daughter cells becoming either hair cells or supporting cells. The 

absence of terminal differentiation could be one of the reasons that there are 

species differences in recovery within the auditory organs.

In summary, it appears that proliferation is upregulated following the loss of the 

hair cell within the saccular maculae, and cell cycle re-entry is required for a 

substantial level of regeneration to take place. However, phenotypic conversion 

appears in conjunction with this proliferation. New hair cells are not double 

labelled with hair cell markers and antibody to BrdU, but mitotically blocked 

samples do not attain the same level of recovery as do non-mitotically blocked 

explants therefore proliferation would appear to be an integral part of the recovery 

process in the newt inner ear.
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Chapter 6

Regulation of Hesl, Athl, and p27'̂ '’* 

during recovery of the sensory epithelia



6.1 Introduction

As described in Chapter 1, patterning of sensory epithelia is thought to occur by lateral 

inhibition brought about by the Notch-delta signalling pathway (Haddon et ah, 1998; 

Lewis, 1996). During embryonic development all progenitor cells express Notchl. A 

group of these cells also begin to express proneural genes such as Mathl (mammalian 

atonal homologue-1), a basic helix-loop-helix transcription factor (Fig. 6.1). In turn the 

genes encoding for Delta 1 and Serrate/Jagged 2, Notch ligands, are upregulated 

(Eddison et al., 2000). An increase in the level of ligand expression results in an 

increase in activation of Notchl in neighbouring cells. Activation of Notchl stimulates 

Serrate 1/Jagged 1 expression (Eddison et al., 2000). Numb in hair cells inhibits 

Serrate 1/Jagged 1 from triggering their Notchl activation (Eddison et al., 2000; Bryant 

et al., 2002). Within this second group of cells there is also upregulation in downstream 

effector molecules such as HES {Hairy and enhancer of Split). HES is a negative 

regulator of proneural gene expression i.e. Mathl expression. Two different 

populations of progenitor cells are established by this system of feedback with one 

population becoming hair cells and the second, supporting cells. Without this 

regulatory system in place the primary fate of cells would be to become hair cells.

6.1.1 Hesl

Zheng et al. (Zheng et al., 2000) have shown that Hesl is a negative regulator of 

inner hair cell differentiation and that targeted deletion of Hesl results in the 

formation of supernumerary hair cells within both the cochlea and utricle of the 

mammalian inner ear. Hesl is expressed in the greater epithelial ridge and lesser
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epithelial ridge regions of the cochlea (Zheng et al., 2000; Zine et al 2001). These 

regions border the inner and outer hair cells and are thought to be the areas from 

which hair cells are derived (Lim and Rueda, 1992). In the vestibular system, Hesl 

is expressed only in supporting cells (Zheng et al., 2000). Hes 5 is also important in 

the formation of outer hair cells during development (Zine et al., 2001). Hesl and 

Hes 5 play an important role in maintenance of neural stem cells in other tissues 

and have been shown to inhibit basic helix loop helix positive regulators during the 

development of the central nervous system (Kageyama and Nakanishi, 1997). 

Conversely Hes 6  has been shown to be an inhibitor of Hesl and misexpression in 

the developing retina promotes differentiation of rod photoreceptors (Bae et al.,

2000).

Hes 1 expression is found to be upregulated in the blastemal epidermis which develops 

following limb amputation in the Japenese newt (Shimizu-Nishikawa et al., 1999). The 

upregulation of Hesl in the epidermis was thought to be related to the maintenance of 

the undifferentiated state of the blastemal cells.

As these basic helix-loop-helix transcription factors and their negative regulators are 

essential for the normal patterning which occurs during development of the sensory 

epithelium, it was thought important to investigate their presence and regulation during 

regeneration when patterning is restored following the ablation of hair cells.
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6.1.2 Mathl

In invertebrates Atonal, of which Mathl is the closest known homologue, has been 

found to specify the cells within the ectoderm which will become the neural/sensory 

progenitors. Mathl is well conserved having 82% amino acid similarity in the basic 

helix-loop-helix domain. In mammals, it has been found not to specify the initial cells 

that will become progenitors (Chen et al., 2002) but is involved only in the hair cell fate 

specification.

Mathl is not only expressed within the inner ear but is also expressed in the hindbrain, 

dorsal spinal cord and external germinal layer of the cerebellum. It is also expressed in 

joint chondrocytes, Merkel cells of the skin and in gut epithelium (Akazawa et al.,

1995; Bermingham et al., 2001). Although fate determination is complete prior to birth 

it is possible to induce extra cochlear hair cells by overexpression of Mathl in postnatal 

rat cultures (Zheng and Gao, 2000). Transfection of PO rats with Mathl plasmid leads 

to ectopic supemumery hair cells within the greater epithelial ridge of the cochlea 

which will develop into the inner sulcus. This suggested that the ability to generate hair 

cells from non-sensory cells following terminal mitosis is retained within immature 

postnatal mammalian sensory epithelium.

Mathl knockout mice die shortly after birth but examination of the sensory epithelia 

reveals that non-specialised epithelial cells are present in the region where inner and 

outer hair cells would be found in wild type mice (Bermingham et al., 1999). In the 

vestibular system, only supporting cells are present in null mice (Bermingham et al..
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1999). As described earlier the primary cell fate is to become a hair cell and therefore 

in Mathl knockout mice the question arises as to how supporting cells are still able to 

develop.

Xathl, also a vertebrate homologue of Atonal induces neuronal differentiation 

within the ectoderm of Xenopus (Kim et al., 1997) and a similar role for the Zathl 

gene exists in the lateral line system of zebrafish which detects movement via 

neuromasts, the clusters of sensory hair cells surrounded by supporting cells. In 

mind bomb mutants there is no restriction of Zathl expression due to the failure of 

lateral inhibition and within the ear of these fish the sensory epithelium consists 

entirely of hair cells (Haddon et al., 1998).

Across species, homologue of Athl appears to play an important role in the 

differentiation of hair cells as evident by gain and loss of function experiments.

6.1.3 p27

Cycling dependent kinase inhibitors are involved in the regulation of the cell cycle 

proteins and in cell death. They are able to protect cells from apoptosis both in vivo 

and in vitro (Hiromura et al., 1999; Torchinsky et al., 1999). There are known to be 

two groups of cyclin dependent kinases. Those known as Ink4, which are inhibitors 

of CdK4, and the Kip/Cip group which are kinase inhibiting proteins and Cdk 

inhibiting proteins, respectively. Ink4 proteins such as pl5, p l 6  and p 19 attach to 

unbound cyclin dependent kinases 4 and 6  restricting them from binding to Cyclin

278



D and hence prevent cell cycle progression. Phosphorylation of retinoblastoma 

protein (pRb) cannot occur and cells remain in Go. Cell cycle exit takes place.

The three members of the Kip family, p21^'^\ p27^’̂  ̂ and p57^‘̂  ̂act as positive or 

negative regulators of the cell cycle by interacting with cyclin or cyclin dependent 

kinase complexes. Once in the 01 phase, progression to S phase is mediated by 

Kip/Cip proteins. Kip/Cip proteins have also been implicated as terminal effectors 

of signal transduction pathways that control cell differentiation and in particular,

P2 7 K1P1 been shown to be involved as a mediator of oligodendrocyte terminal 

differentiation (Casaccia-Bonnefil et al., 1997).

P2 7 K1P1 jg thought to be directly involved in the timing of cell cycle exit in the inner ear 

(Chen and Segil,1999). Chen and Segil (1999) also showed that p27^^  ̂ is initially 

expressed in progenitors of hair cells and supporting cells in the organ of Corti of 

immature mice (E l2 -E l4) but expression is downregulated during hair cell 

differentiation and restricted to supporting cells in the mature organ of Corti. Deletion 

of the p27^^  ̂gene results in excessive proliferation of the progenitors and hyperplasia, 

with both supemumary hair cells and supporting cells (Chen and Segil, 1999; 

Lowenheim et al., 1999). However, the ability of hair cells and supporting cells in 

p27^^  ̂knockout mice to become mitotically quiescent suggests that alternative 

pathways exist to regulate the cell cycle during development. Although an increase in 

cell numbers leads to abnormalities in these mice they are viable but severely hearing 

impaired. p27^^  ̂persists in supporting cells of mature sensory epithelium suggesting 

that it plays an additional role in maintaining the homeostasis of these cells.
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In the introduction the idea that regeneration comprises two distinct stages was 

discussed. The first being one of wound healing or closure, dedifferentiation and 

proliferation of cells. The second stage of regeneration, a time when cells 

differentiate and growth and patterning of tissues takes place, is thought to 

recapitulate development. However, there is little evidence that regeneration in 

inner ear epithelia recapitulates development.

Studies on the expression and role of Hesl, Mathl and  ̂genes during 

development have led the way forward for investigation of their regulation during 

regeneration of inner ear tissue. These investigations were thought to be an initial 

step in understanding the recovery mechanism and any correlation it may have with 

development.

6.1.4 Experimental design

To establish the presence of Hesl in newt ear tissue, RT-VCK was carried out. RT- 

PCR analysis was performed using Hesl specific probes, forward primer and 

reverse primer as described in Chapter 2. RT-FCR was carried out three times using 

tissue from the newt ear. Membranous labyrinths, eyes, heart and liver tissue from 6  

newts were homogenised and the isolation of total RNA carried out using Rneasy 

Mini Protocol (Qiagen) according to manufacturers guidelines. 

Immunohistochemistry was performed on 2 sets (n=3 for each set) of wholemounts 

of inner ear sensory epithelia using antibody to Hesl (Chemicon) at 1:50 in 

blocking solution and 1:100 calmodulin (Sigma) to double label the tissue.
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Phalloidin-FITC/TRITC (0.3 pg/ ml) was added with the secondary antibody in 

some experiments. Tissue fixed immediately after isolation from the animal and at 

various timepoints following hair cell ablation in vitro were examined. The 

recommended protocol for Hesl required incubation in 0.05% trypsin for 15 

minutes. Specimens were then left in PBS for 5 minutes and placed in ammonium 

chloride (as supplier’s protocol) for SOmins followed by the standard protocol for 

labelling with antibody. Negative controls omitting the primary antibody were also 

processed in a similar manner.

Commercially available antibody to Athl (Abeam) was used to examine spatial and 

temporal patterns during regeneration. This antibody is raised against a sequence 

conserved across vertebrate species and is part of the published (Kim et al., 1997) 

protein coding region of Xath-1 genQ, Xenopus, another amphibian. Cryosections 

were double-labelled with polyclonal antibody to Athl (1:50) and monoclonal 

antibody to calmodulin (1:100). Relevant secondary antibodies were applied at a 

1:100 dilution. In later experiments the hair cell marker HCS-1 antibody (1:200) 

was used instead of antibody to calmodulin. At least 3 sets each comprising 3 otic 

capsules were cultured for each timepoint during recovery.

As p27 has been shown to be switched on during development as cells exit the 

cell cycle it was proposed that p27 expression would be downregulated at an 

early stage during the recovery period in order that cells could re-enter the cell 

cycle and proliferate. The presence of p27 within the sensory epithelia was 

examined during recovery using antibody to p27 (1:75) from Abeam. Sections
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were double labelled using antibody to calmodulin ( 1 :1 0 0 ) in the same blocking 

solution containing  ̂ in order to visualise hair cells.

All immunohistochemistry using antibody to Athl and p27 was carried out on at 

least 3 different groups of tissue taken from 3 otic capsules first directly following 

gentamicin treatment, and then at various timepoints during recovery. Controls 

using tissue fixed immediately upon isolation of the otic capsules and after 2 1  days 

incubation were also processed. For negative controls, primary antibody was 

omitted during the processing of sections. These sections served as negative 

controls for antibodies to Athl and p27 which were processed at the same time.

To determine specificity of the antibodies to Hesl, Athl, and p27 western blots 

were carried out following the protocol in Chapter 2.
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6.2 Results

6.2.1 Hesl

Punctate staining was seen using the antibody to Hesl (Fig. 6.2 A and C). This 

appeared to be confined to the border regions between hair cells and supporting 

cells and was exclusively within the sensory epithelium. No positive labelling was 

observed in the utricle (Fig. 6.3). Negative controls showed some background 

labelling with secondary antibody (Fig. 6.4). This, however, was distinct from the 

majority of labelling seen in the experimental group as it was not confined to the 

sensory epithelium and no distribution pattern was seen with this labelling.

RT-FCR using Hesl primer (see Chapter 2, Material and Methods) revealed the 

presence of Hesl in eye tissue, but not liver or heart from the newt (Fig. 6.28A). 

The length of transcript for Hesl was 371 base pairs (bps) and according to the 

standard DNA ladder, the bands in lanes 7,9,11 of Fig. 6.28 A, 7 and 9 of Fig. 6.28B 

and lane 6  in Fig. 6.28C corresponded to a length of between 300-400 bps. These 

were assumed to be Hesl. Its presence in newt ear tissue was also confirmed (Fig. 

6.28 B and C). a  actin primer was initially used as a control and a  actin was found 

in heart and eye but not ear tissue. The /?r-PCR product corresponded to the length 

of the alpha actin transcript (295 bps). As a actin was not present in ear tissue a 

further RT-ŸCR was carried out using ^  actin as a control.

Western blot analysis was performed using newt eye tissue to confirm the 

specificity of Hesl antibody in newt eye tissue, but it did not give a definitive 

result. Many bands were seen throughout the blot. However, prominent bands were
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seen in three particular regions (Fig. 6.29A). When compared to the standard, these 

were thought to be representative of proteins having weights of approx. 

15kiloDaltons (kD), 30 kD, and 50kD. Hesl has a molecular weight of 29kD.

6.2.2 Athl

Antibody to Athl specifically labelled only the hair cells of the sensory epithelia 

(Figs. 6.5-6.7). Cytoplasm but not bundles were seen to fluoresce brightly in hair 

cells of all the sensory epithelia and in extramacular hair cells (Fig. 6.7). Nuclei did 

not appear to be labelled with the same intensity as the cytoplasm, if at all. 

Labelling was also apparent in the region of the neural filaments beneath the 

epithelia. Two days after gentamicin exposure, hair cell fragments, small pieces of 

hair cell body within the epithelium, intensely labelled with HCS-1 antibody. These 

fragments were of variable size and shape but were not large enough to contain 

viable nuclei, but possibly contained condensed nuclei. Therefore, they were 

thought to be the remnants of dying hair cells. Athl staining was observed within 

the cytoplasm of these hair cell fragments and remaining hair cells (Figs. 6.8 and 

6.9).

Seven days post-treatment most sections had very little labelling with antibody to 

Athl (Fig. 6.10). Other sections had labelled fragmented hair cell bodies within the 

sensory epithelium. These were presumed to be dying hair cells (see above 

description of fragments, and from previous observations of tissue. Chapter 4). The 

positive Athl labelling in these inclusions related to the region of staining with hair 

cell marker (Fig. 6.11). Both labelling for Athl and HCS-1 were seen above the
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surface of the saccular macula in Fig. 6.11. These were thought to be degenerating 

hair cell tops and body fragments expelled from the epithelium. On close 

examination, Athl labelling of those hair cell bodies retained within the saecular 

macula, as identified with HCS-1 antibody, appeared to be located in a position 

relating to that of the nueleus rather than in the eytoplasm as seen at earlier 

timepoints (Fig. 6.12).

By 12 days post-treatment very little Athl labelling was seen in the majority of 

sections. Hair cell labelling revealed the presence of regenerated hair cells in the 

lagena, crista, amphibian papilla and saccule (Figs. 6.13 and 6.14). Athl labelling 

was restricted to the region above the saccular macula apical surface or below in the 

neuronal region. There was no Athl labelling in those cells that positively labelled 

for HCS-1.

In one instance fragmented hair cell bodies were seen together with new hair cells 

in the same section of sensory epithelium (Fig. 6.15). Interestingly, the cell body 

fragments were positively labelled for Athl but the intact, presumably new, hair 

cells were not.

A week later at 19 days post-treatment hair cells are only labelled with the hair cell 

marker and not antibody to Athl (Fig. 6.16-6.20). Figure 6.17B shows debris above 

the epithelial surface clearly labelled with both antibody to Athl and the hair cell 

marker, HCS-1. In one particular section, taken from a 19 day recovered saccule, 

double-labelled with antibody to Athl and HCS-1 antibody, no hair cells were
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apparent in the apical layer (Fig. 6.ISA) This was extremely unusual for this length 

of recovery. Interestingly, 3 cells resting on the basement membrane labelled 

positively for HCS-1 antibody but did not label with antibody to Athl (Fig. 6.1 SB). 

Incubation of tissue for 21 days without gentamicin treatment demonstrates that 

culturing conditions do not play a role in the apparent lack of immunoreactivity to 

Ath-1 antibody in hair cells of recovered tissue (Fig. 6.21).

Hair cells in these control tissues labelled intensely with antibody to Ath-I. 

Negative controls were devoid of antibody labelling but phalloidin-FITC 

incorporated within secondary antibody labelled the actin at the surface of the 

epithelial section (Fig. 6.22).

Western blot analysis resulted in bands at the equivalent region to many different 

molecular weights (Fig. 6.29B). A band was seen with newt ear tissue around the 

40kD mark (arrow in Fig. 6.29B) and may have corresponded with the molecular 

weight of Mathl (37.9kD). This result does not provide firm evidence for 

specificity of antibody to Athl in the newt tissue. It therefore cannot be conclusively 

assumed that the antibody recognised Athl. However, as positive labelling with the 

antibody was observed exclusively in hair cells it was presumed to label Athl. In 

mammalian sensory epithelia, during development, Athl is found only in cells that 

differentiate exclusively into hair cells.

6.2.3 p27

Strong staining by antibody to p27 was seen in the nuclei of supporting cells of 

all sensory endorgans. A weaker labelling with antibody to p27 was seen in the
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nuclei of hair cells labelled with antibody to calmodulin (Fig. 6.23C). Cells outside 

the sensory epithelium were strongly labelled for p27 (Fig. 6.23B).

At 2 days post-treatment nuclear staining was present within the supporting cells of 

the sensory epithelium and there appeared to be little difference between sections of 

tissue taken directly following treatment and those at 2 days post-treatment (Fig. 

6.24). Hair cell bodies within the epithelium lacked positively labelled nuclei and a 

high proportion of the nuclear labelling was confined in these sections to the more 

basal region of the sensory epithelium. By 8 days post-treatment a bilayer of 

positively labelled nuclei were observed (Fig. 6.25). Positive p27 labelling was 

apparent within the more apical layer of nuclei at 12 days post-gentamicin 

treatment (Fig. 6.26B). Many of these nuclei were within cells labelled for 

calmodulin (Fig. 6.26C). This was also the case for 19 days post-treatment (Fig. 

6.27). From these results obtained at different time points, it would appear that 

labelling for p27 persists in supporting cells throughout the recovery period.

As with western blots for Athl and Hesl, the western blot for antibody to p27 

resulted in high background staining (Fig. 6.29C). Amongst the many bands present 

was one at approx. 30 kD, the molecular weight of p27 As with the other 

antibodies it is not definite that the labelling seen is directed against the p27 

antigen, but as positive labelling was observed in the predicted location, i.e. nuclei, 

it was presumed to be specific.
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Although results using antibodies to Athl, Hes land in newt tissue appears

to be consistent, without confirmation of specificity by Western blot analysis, there 

are limitations to the conclusions that can be drawn from them.
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Figure 6.2
A. Punctate labelling with 
antibody to Hesl in the 
saccular macula of untreated 
tissue.
B. Phalloidin-FITC labelling 
of A.
C. Overlay of A and B 
shows Hesl labelling around 
the hair cells.

Antibody to Hesl
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Antibody to Hesl
Figure 6.3 
Untreated utricle.
Labelled for Hesl 
and phalloidin-FITC. 
No positive staining 
with antibody to 
Hesl.

Negative control for antibody to Hesl

Figure 6.4
A and B saccular macula.

A. Phalloidin-FITC

B. Secondary antibody 
conjugated to TRITC.



Untreated tissue double-labelled with
antibodies to Athl and calmodulin

Figure 6.5 
Crista.
A. Section labelled 
with calmodulin.
B. Antibody to Athl
C. An overlay of A 
and B. Arrows 
indicate cells 
labelled for HCS- 
Ibut negative for 
Ath-1.



Double-labelling with antibodies to Athl
and calmodulin in untreated tissue

Figure 6.6
Section of saccule
A. Hair cells labelled for calmodulin (arrows).
B. Hair cells labelled with antibody to Athl 
(arrows).
C. Overlay of A and B.



Antibodies to Athl and
calmodulin in untreated tissue

Figure 6.7 
Frozen sections
A. Extramacular hair cells at edge of the 
saccule labelled with antibody to 
calmodulin (arrows).

B. The same cells are labelled with 
antibody to Athl (arrows).
C. An overlay of A and B.
D. Double labelled section of lagena.



Antibody to Athl and hair cell 
markers at 2 days post-treatment

Figure 6.8
A. Confocal image of saccule 
section double labelled for Athl 
and HCS-1, hair cell marker. 
Phalloidin-FITC labels F-actin 
and DAPI (blue), nuclei.

B. Lagena labelled with antibody 
to calmodulin. Some hair cells 
are still present at this stage 
following treatment (arrows).

C. Lagena labelled with antibody 
to Athl. /
D. An overlay of B and C. I)



Antibody to Athl and HCS-1
at 2 days post-treatment

Figure 6.9.
Section of crista
A. HCS-1 labelling.
B. Antibody to Athl
C. Overlay of A and B.



Antibody to Athl and HCS-1
at 7 days post-treatment

Figure 6.10 
Confocal images of 
sections labelled with 
antibodies to A thl (red) 
and HCS-1 (green). 
Nuclei labelled with 
DAPI (blue).

A. Saccule and lagena.
B. Higher magnification 
of saccule.
C. Lagena.



7 Days post-treatment

Figure 6.11
Saccule labelled with antibodies to Athl and HCS-1
A HCS-1 labelling.
B. Antibody to Athl.
C. An overlay of A and B.
Hair cell fragments extruded into the lumen (arrows) and 
degenerating hair cell bodies within sensory epithelium 
(arrowheads).



7 days post-treatment

Figure 6.12
Confocal images of saccule section.
A. HCS-1 positive labelling of tissue.
B Antibody to Athl staining.
C. Labelling with antibody to Athl appears to be restricted 
to the nuclei o f the dying hair cells (arrows).



12 days post-treatment

Figure 6.13
Images of saccule section.
A. HCS-1 positive labelling of tissue.
B Antibody to Athl staining.Positive labelling in the 
neuronal region (arrows).
C. Overlay of A and B showing no labelling of hair cells.



12 days post-treatment
Figure 6.14

A. HCS-1 positive labelling in 
lagena.

B. Lagena. Antibody to Athl 
staining. One hair cell 
positively labelled (arrow).

C. Overlay of A and B.

D. Section of crista double
labelled with antibody to Athl 
and HCS-1 antibody.
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12 days post-treatment

Figure 6.15 Saccule section
A. HCS-1 antibody labels hair cell bodies retained 
within the epithelium (arrows) and new hair cells 
(arrowheads).

B. Antibody to Athl stains only the old hair cell 
bodies and neurons.

C. Overlay of A and B.



19 days post-treatment

Figure 6.16 
Lagena section
A. HCS-1 positive labelling of hair 
cells.
B. Antibody to Athl staining. No 
positive labelling present in hair cells.
C. As A.
D. As B.
E. Overlay of section double-labelled 
with antibody to Athl and HCS-1 
antibody.



19 days post-treatment

* >

Figure 6.17 
Saccule section
A. HCS-1 positive labelling of hair cells.
B. Antibody to Athl staining. No positive labelling present in hair cells.
C. A and B overlay.



19 days post-treatment

Figure 6.18 
Section of saccule
A. HCS-1 positive labelling of basally located cells. No hair 
cells present in the apical layer of tissue.
B. Antibody to Athl staining. No positive labelling present 
in the cells.
C. A and B overlay.



19 days post-treatment

Figure 6.19
Amphibian papilla section

A. HCS-1 positive labelling 
of hair cells.

B. Antibody to Athl 
staining. Almost no positive 
labelling present.

4 ^ .-.

C. A and B overlay.



19 days post-treatment
Figure 6.20 Confocal 
image of saccule 
section
Tissue double-labelled 
with antibody to Athl 
and HCS-1 hair cell 
marker and incubated 
with DAPI. No positive 
Athl labelling detected.

21 days incubation

Figure 6.21
Untreated tissue incubated for 21 days. Hair cells label 
positively with antibody to Athl.



Negative controls for 
Ath-1 and p27

Figure 6.22
A and B. Tissue incubated in blocking solution instead of 
primary antibody. Secondary antibodies used were swine 
anti-rabbit TRITC and horse anti-mouse FITC. 
Phalloidin-FITC added at secondary antibody stage of the 
processing.



Antibody to p27*“P̂

Figure 6.23 Untreated saccule
A. Cryosection showing hair cells labelled with antibody 
to calmodulin.
B. Positively labelled nuclei (arrows) in the hair cell and 
supporting cell layers.
C. Overlay of A and B.



2 days post-treatment

Figure 6.24 Saccule double-labelled with 
antibodies to calmodulin and p27^p '̂, and 
incubated with phalloidin-FITC
A. Section showing hair cells labelled with 
antibody to calmodulin.
B. Positively labelled nuclei (arrows) in the apical 
and basal cell layers.
C. Overlay of A and B.



8 days post-treatment

Figure 6.25 Saccule double-labelled with 
antibodies to calmodulin
and p27*"P  ̂and incubated with phalloidin-FITC
A. Antibody to calmodulin
B. p27'"P̂  positively labelled nuclei are apparent in 
the apical and basal cell layers (arrows).
C. Overlay of A and B.



12 days post-treatment

Figure 6.26 Saccule double-labelled with antibodies to calmodulin 
and p27'"P̂ -, and incubated with phalloidin-FITC
A. Many hair cells labelled with antibody to calmodulin.
B. Positively labelled nuclei in both layers of the epithelium (arrows).
C. Overlay of A and B.



Figure 6.27 Lagena 
double-labelled for 
p2?kipi and HCS-1 hair 
cell marker.

A. Few hair cells 
positively labelled with 
HCS-1.

B. p27̂ 'P̂  staining in all 
nuclei.

19 days post-treatment

C. Overlay of A and B.



RT- PCR

? #̂#e#*#e######### ••
Odd nos. = Hesl primer Even nos. = a actin primer
Lanes 1-6 = Liver tissue 7-12 = Eye tissue 13-18= Heart tissue

Odd nos. = Hesl primer Even nos. = a  actin primer 
Lanes 1-2 = Heart tissue 3-8 = Eye tissue 
9-10= Ear tissue 11-12= No reverse transcriptase

Figure 6.28 
RT-PCR with H esl 
probes in newt tissue

1, 2 and 6 =Ear tissue
1= a  Actin primer 2= p Actin primer
3= H2 O, Hesl primer 4= H2 O, a  Actin primer
5= H2 O, PActin primer 6= Hesl primer



Western blot analysis

Figure 6.29
A. Western blot for 
antibody to Hesl.

Hesl antibody

B. Western blot for 
antibody to Athl.

C. Western blot for 
antibody to 30.
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Antibody to p27*“P̂
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1:1 1:4 
Newt Eye tissue Liver

B
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Antibody to Athl

Cochlea Eye Ear 
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Ear Eye Cochlea 
Newt Mouse



6.3 Discussion

Western blot analysis was not useful in confirming specificity of the three 

antibodies used using newt tissue, as high background labelling was present. Had 

time permitted adjustments to the blocking solution may have resolved this 

problem. Alternatively, alterations in the concentration of the detergent SDS, used 

to remove the tertiary structure of the protein, may have given results with less 

background.

Immunohistochemistry using antibody to Hesl was only carried out on undamaged 

tissue as no further antibody was available at the present time. Labelling was 

apparent at the borders of hair cells and supporting cells and not in nuclei as might 

have been expected. This labelling was present throughout the depth of the tissue as 

observed by confocal microscopy. Little to no labelling was seen in the utricle 

possibly due to poor access of the antibody to antigenic sites. Evidence of Hesl 

presence in ear tissue was obtained from the RT-PCR and future work could 

incorporate semi-quantitative PCR for the recovery period following ablation of 

hair cells.

Distinct labelling using antibody to Athl was seen exclusively within the cytoplasm 

of hair cells of untreated tissue. Labelling with antibody to Athl did not disappear 

as hair cell bodies were disrupted within the sensory epithelia but like HCS-1 

remained in the fragments.
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It was thought that the labelling observed apical to the surface of the saccular 

macula (Fig. 6.11) was labelling of the apical tops of hair cells (Athl and HCS-1) 

and hair bundles (HCS-1) that had been extruded from the epithelium. Surprisingly, 

new hair cells arising at 12 and 19 days post-treatment were not positively labelled 

with antibody to Athl. This suggested that Athl is not expressed during the 

formation of new hair cells. The lack of labelling within new hair cells was not 

thought to be due to a technical problem as the built-in positive control of Athl 

labelling neural filaments beneath the epithelium and debris above it demonstrates 

that the antibody should have labelled Athl in the cells if present. Also, the same 

result was obtained from all groups separately processed and at two different 

timepoints when new hair cells would be present.

The intense labelling of all hair cells with antibody to Athl, in untreated sensory 

epithelia, was so definitive that this antibody may be of use as an alternative hair 

cell marker. As it is not present in regenerated hair cells, it could be utilised to label 

the original population of hair cells. The important finding that regenerated hair 

cells were immunonegative to antibody to Athl, demonstrates the loss of hair cells 

from exposure to gentamicin and that hair cells observed in the recovered epithelia 

are new. The possibility that new hair cells arise from a subpopulation of cells, such 

as stem cells cannot be discounted. The only indication that stem cells may be 

present in this system is derived from the 19 days post-treatment section of tissue 

(Fig. 6.18) that had no apically located hair cells but cells resting on the basement 

membrane. This was extremely unusual. The absence of labelling with antibody to

317



Athl but positive HCS-1 labelling in these cells suggests that these cells are new 

hair cells.

No downregulation of  ̂was seen during the period when proliferation takes 

place. This may have been due to not being able to observe regulation in individual 

supporting cells entering the cell cycle. Future work to redress this could be carried 

out by double-labelling with antibody to p27 and the antibody Ki -67 which 

labels cells actively progressing through the cell cycle. This is unlike antibody to 

BrdU in which labelling during the S phase of the cell cycle is present in daughter 

cell nuclei. If p27 were not present in Ki-67 positive cells it would demonstrate 

that it was downregulated just for the timeperiod of cell cycling and upregulated as 

cells exited the cell cycle.

Nuclei labelling with antibody to p27 in hair cells was not totally unexpected. It 

has been reported that p27 is expressed in the nuclei of both hair cells and 

supporting cells in the basilar papilla of the mature bird (Torchinsky et al., 1999), 

unlike the mammalian auditory system where it is only expressed within supporting 

cell nuclei (Chen and Segil, 1999). The present result that downregulation of p27 

is seen in dying hair cells fits with the hypothesis by Torchinsky et al. (1999) 

that the protein may be actively degraded in response to signalling cascades during 

apoptosis.

If p27 expression is not downregulated in supporting cells, the question arises as

to how supporting cells are able to re-enter the cell cycle and proliferate if p27^'^ ^
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inhibits cell cycle re- entry. A switch of roles in which p27 transfers to and 

participates in a cyclinD-cdk4/6 complex when growth factors induce activity of 

ERK kinases has been demonstrated (Cheng et ah, 1998). It has been suggested by 

Torchinsky et al. (1999) that this may occur in the avian basilar papilla during the 

time of hair cell death and that the cyclin D complex is important for G1 phase 

progression. This could also account for the absence of downregulation in p27 

protein within supporting cell nuclei during the period when cells could be re

entering the cell cycle in newt inner ear tissue.

To summarise the findings of these investigations, Hesl has been found to be 

present in the saccular maculae of newt, but unfortunately the presence of Hesl 

during recovery was not investigated. Athl does not appear to be present in hair 

cells arising following exposure of the sensory epithelia to gentamicin. There is no 

alteration in the levels of p27 protein within the nuclei of supporting cells 

during the recovery period but it appears to be downregulated in dying hair cells. 

The significance of these findings are discussed in Chapter 8, General Discussion.
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Chapter 7

Implantation of sensory epithelia 
into limb blastema



7.1 Introduction

An important aspect of regeneration in urodeles is the ability to reverse 

differentiation and re-enter the cell cycle. The events of reversal and re-entry of 

mesenchymal cells during limb regeneration has been well documented (Brockes, 

1997; Tanaka et al., 1999; Wallaee and Maden, 1976). Limb regeneration, initiated 

by amputation, requires the wound to be sealed. Epithelial cells local to the wound 

migrate inwards to form a wound epidermis. This rapid procedure takes 

approximately 12 hours and outgrowth from this forms the new limb (Brockes, 

1997).

7.1.1 Blastema formation

Mesenchymal cells underlying this wound epidermis lose their differentiated state 

and re-enter the eell cycle. Blastemal cells resulting from proliferation of the de

differentiated mesenchymal cells possess markers not expressed during limb bud 

development (Kintner and Broekes, 1985). These cells proliferate into a eonical 

mound of cells, a blastema, that differentiate into eartilage, muscle and connective 

tissue upon cell cycle exit. Experiments using cell lineage tracers to follow the fate 

of newt myotubes, post-mitotic multinucleate cells, implanted into a blastema have 

demonstrated the presence of labelled mononucleate cells within the early blastema 

(Lo et al., 1993). At a later timepoint these labelled cells were located within 

muscle demonstrating that following their initial dedifferentiation and cell cycle re

entry they differentiate into myotubes to participate in the formation of the muscle. 

In addition, it has been shown that myotubes, labelled with a retrovirus, implanted 

into limb blastemas formed mononucleate cells. Myotubes traversed S phase as
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demonstrated by the incorporation of BrdU (Kumar et al., 2000). The environment 

of the blastema is therefore thought to promote dedifferentiation and cell cycle re

entry.

Exposure to serum induces myotubes to enter the S phase of the cell cycle (Tanaka 

et al., 1997). Cell cycle progression comprises a complicated pathway with several 

regulatory points present which can prevent the progression. Retinoblastoma 

protein (pRb) acts to halt cell proliferation by controlling the passage through the 

Gi-S restriction point. It does this by inhibiting the activity of transcription factors 

from the E2F family (Sherr, 1996), which are necessary for the transition.

Phosphorylation of pRb by cyclin dependent kinase 4 (CDK4) or CDK6 allows 

cells to pass the Gi-S restriction point but this phosphorylation can be prohibited 

by inhibition of the kinases by the INK4 family. It was suggested that elevated 

levels of serum induced newt myotubes to re-enter the cell cycle by the 

downregulation of INK4 proteins (Brockes, 1997). In addition, Tanaka et al. (1999) 

demonstrated that the serum protease, thrombin, plays an important role in inducing 

cells to re-enter the cell cycle. Thrombin acts by generating a ligand that is inactive 

on mononucleate precursor cells but affects the myotube in a dose dependent 

manner (Tanaka et al., 1999). This response to serum has not been observed in 

mammals except mouse cells in which both copies of the Rb gene is absent 

(Schneider et al., 1994). Thrombin acts indirectly by cleaving an agent (F) in serum 

or plasma (Brockes and Kumar, 2002).
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7.1.2 Implantation of iris tissue into limb blastemas

Plasticity of tissue, as defined by the ability to alter the differentiated state when 

induced to do so by the environment, is seen in newt heart tissue and lens tissue. In 

these tissues injury induces quiescent cells to undergo dedifferentiation, cell cycle 

re-entry, proliferation and differentiation.

As described in Chapter 1, the ability of the blastemal environment to induce 

dedifferentiation has been demonstrated by two separate methods. By utilising the 

blastemal environment of regenerating limb, Reyer (Reyer et al., 1973) stimulated 

lens regeneration from newt dorsal irises. Implantation of iris tissue into non- 

blastemal regions of the newt did not result in lens vesicles or fibres as seen in the 

blastema. Exceptionally, a number of depigmented cells were present in implants 

into the brain and these were thought possibly, to be the commencement of lens or 

neural retina regeneration. No response was seen with ventral iris tissue implanted 

into the blastema and this correlates with in vivo conditions in which dorsal but not 

ventral iris regenerates. Previously, it had been shown that newt dorsal iris cultured 

in contact with pituitary gland from newt formed lens tissue in 20-30% of the cases 

(Connelly et al., 1971).

In Reyer’s study there is no evidence as to how or why lens cells are induced from 

iris tissue but it is suggested that the presence of regenerating nerve fibres may be 

important for this transdifferentiation. Experimental denervation of the regenerating 

limb results in a decrease in lens cells generation from iris (Reyer et al., 1973). 

However, this maybe an indirect effect as a decrease in active blastemal cells has 

been shown to occur following denervation (Bryant et al., 1971).
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7.1.3 Cell cycle re-entry Induced by extract from newt blastema

It is thought that the limb blastema cannot initiate cell cycle re-entry and 

transdifferentiation in a piece of iris tissue not predisposed to change. Therefore it 

is of great interest to note that mammalian myotube dedifferentiation was said to be 

induced by extract from newt blastemas (McGann et al., 2001) as described in 

Chapter 1.

7.1.4 Implantation of newt saccules into limb blastema

In the light of previous experimental work on implantation into newt blastemas, it 

appeared reasonable to attempt to implant undamaged sensory epithelia from the 

newt ear into a blastema. It was thought an ideal opportunity to assess the effect of 

the blastemal environment on undamaged tissue and in particular to see if hair cells, 

normally mitotically quiescent following terminal differentiation during 

development, could re-enter the cell cycle. This would be a test of the hypothesis 

that cells in the sensory patches of the inner ear can dedifferentiate and re-enter the 

cell cycle.

However, the experiments proved more difficult than anticipated and time did not 

allow completion of the study.

Saccules loaded with orange cell tracker dye (CMTMR, Molecular Probes) were 

implanted into the left forelimb blastema generated as described in Chapter 2, 

Materials and Methods. The right forelimb blastema served as a control. At least 6

324



newts were used in each experiment with 1 undamaged saccule implanted above the 

bone stump in the blastema. In total 6 experiments were conducted. Once implants 

had been consistently located within the blastema in the early experiments, the hair 

cell marker HCS-1 was used to identify the presence of hair cells within the 

implant. In the last group of implantations newts were given a single intraperitoneal 

injection of BrdU to assess proliferation, 18 hours prior to harvesting. Implanted 

and control blastemas were harvested at 3 and 6 days after implantation from 

forelimbs. The majority of sections were labelled with the nuclear dye DAPI.
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7.2 Results

At 3 days post-amputation, the wound epidermis had grown over the amputation 

surface and the blastema was beginning to form (Fig. 7.1). At this stage the 

blastemal formation consisted of a number of mesenchymal cells. This was 

carefully re-opened for implantation and found to heal well following the incision 

the next 3 days.

Initially, it was found difficult to obtain cryosections of the blastema that retained 

the architecture of the tissue well enough to determine the presence of the sensory 

epithelia. Although, some sections appeared to have tissue resembling the implant 

when compared to control blastemas there was no evidence of the cell tracker dye 

until later experiments (Table 7.1).

Table 7.1 To show presence of implants within the blastema

Experimental 1 2 3 4 5 6
Group (n) (6) (6) (5) (6) (6) (6)

Cell Tracker 0 0 3 4 6 6
Dye

HCS-1 - - - - 2 3

In some sections of the implanted blastema, cell tracker dye could only be seen in 

the basement membrane of the saccule and not within cells (Fig. 7.3). In these
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sections it was thought that some hair cells and supporting cells remained attached 

to the membrane as indicated by the morphology of their nuclei by the DAPI 

labelling. DAPI labelled all nuclei within the section. Autofluorescence was 

observed by fluorescence microscopy at 488nm and 540nm wavelength. In 

particular, bone within the blastema autofluoresced at both wavelengths. Saccules 

did not appear to remain orientated as implanted but became dislodged to different 

locations within the blastema.

Sections processed with HCS-1 antibody had positively labelled cells in the 

implanted tissue identifiable by the cell tracker dye (Fig. 7.2-7.5). Although in 

some sections background labelling was high, hair cell labelling was much more 

intense making it distinguishable from the background.

Once it had become possible to identify hair cells, the experiment with BrdU was 

initiated. Double-labelling with both antibody to BrdU and HCS-1 revealed that 

although hair cells were positive labelled with HCS-1, no positive BrdU staining 

was seen within the sensory region of the saccule except for one cell that was 

within the hair cell region (Fig. 7.6). Faint positive staining was seen in various 

regions of the section particularly in cells located in the epidermis.

327



Stages of limb blastema growth

n ji i)
Amputation W ound healing D e ditterentiation

Early bud Medium bud Late bud

P alette Early ditterentiation Ftegcnerated limb 

Taken from Brockes and Kumar, 2002

Figure 7.1 
Implantation into blastema carried out at early bud 
stage of limb regeneration.



Implanted saccule within limb blastema

W

Figure 7.2
A. Blastema section labelled with DAPI (blue) and HCS-1 
antibody. Prior to implantation saccule was labelled with orange 
cell tracker dye. Arrow denotes hair cell.
B. Nomarsky image of blastema. Arrow indicates implant and 
arrowhead points to the edge of blastema.



Implanted saccule within limb blastema

Figure 7.3
Saccule stained with cell 
tracker dye (red) prior to 
implantation and labelled 
for HCS-1 (FITC) and 
DAPI (blue).
A. Arrowheads indicate 
cell tracker dye 
incorporated into 
membrane of implant. 
Sensory epithelium 
indicated by arrow.
B. HCS-1 labelling of 
hair cells demonstrates 
their presence within the 
implant (arrow).



Implant saccule within limb blastema
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Figure 7.4
Tissue labelled with cell tracker dye (red), HCS-1 (FITC) and 
DAPI (blue).

A. Implanted saccule within the blastema (arrow).

B.Higher magnification of A. Arrow indicates a hair cell in the 
implant.



Implanted saccule in limb blastema
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Figure 7.5
Tissue labelled with cell tracker dye (red), HCS-1 
(FITC) and DAPI (blue).
Hair cells in close proximity to one another are visible in 
the implanted saccule.



Implantation section with BrdU incorporated

Figure 7.6
Tissue exposed to BrdU. 
Proeessed for HCS- 
l(FITC), BrdU (TRITC) 
and DAPI (blue).
A. Implant within a 
section of the blastema 
labelled with HCS-1. 
Region with hair cells 
denoted by arrow.
B. Tissue labelled for 
BrdU. Arrow indicates 
positively stained nucleus 
in the blastema.
C. Overlay of A and B 
with DAPI. Arrow points 
to BrdU labelled nucleus 
marked in B and 
arrowhead denotes BrdU 
labelled nucleus in the 
implanted saccule.



7.3 Discussion

It was demonstrated that the implant can survive for up to 6 days within the 

blastema. Cells remained viable and were not extruded or resorbed. Positive HCS-1 

labelling showed that hair cells were not lost during transferral to the blastema. 

Excessive manipulation of saccules readily separates hair cells from the sensory 

epithelia. It was important to implant intact undamaged saccules in order not to 

induce proliferation of supporting cells prior to implantation as occurs in damaged 

cultured explants in vitro. Not only were hair cells present within the implant but 

there was no evidence of hair cells dying. It is possible to detect condensed nuclei 

(apoptotic nuclei) with DAPI staining.

The blastemal environment did not appear to have a detrimental affect on the 

implanted saccule as both supporting cells and hair cells survived for the 6 days in 

the blastema.

Although no BrdU positive labelling was seen within the implanted saccule this 

may have been due to the length of time the implants remained within the blastema. 

Implants remained for up to six days. This length of time followed the protocol 

used for myotubes and was sufficient time to allow dedifferentiation and cell cycle 

re-entry to take place. As demonstrated in Chapter 5 proliferation of inner ear 

supporting cells commenced six days after ablation of hair cells with gentamicin in 

vitro. Cell cycle re-entry in other systems in vivo is known to occur more rapidly, 

for example in the avian basilar papilla proliferation begins at around day 5 during 

a 10 day gentamicin dosing protocol (Cotanche, 1999). The absence of labelled
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cells within the implanted saccule could also be due to the administration of BrdU, 

as only one injection of BrdU was given rather than a series of applications, the 

exposure to BrdU was limited.

Both these factors should be considered if further implantation studies are carried 

out. The amount of BrdU labelling observed in the blastema was low and mainly 

confined to the epithelial cells located at the outer edge of the blastema.

Lack of proliferation within the implanted tissue may not be triggered because of 

the intact nature of the saccule. A different response may have been obtained had 

isolated cells been implanted. It maybe that the implantation of isolated hair cells 

yields results different from isolated supporting cells.
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7.3.1 Future studies with blastemal implanted saccules

The experiments carried out form the basis for future work with implants. 

Alternative timepoints for implantation and longer implantation times may be 

required to determine the capacity of the blastemal environment to induce cell cycle 

re-entry.

Another approach to investigating the influence of the blastemal environment on 

sensory epithelia from the ear could incorporate the use of blastemal extract to 

induce cell cycle re-entry. This could be taken further to examine its influence on 

mammalian inner ear epithelia as has been demonstrated with mammalian 

myotubes (McGann et al., 2001).
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Chapter 8

General Discussion



8.1 Animal models for studying regeneration

Regeneration is a widespread phenomenon that occurs across the majority of 

vertebrate species in specific tissues, to varying degrees. Mice would be the 

obvious choice of animal model in which to study regeneration of the inner ear due 

to knowledge of genomics, the availability of knockout mice and antibodies. 

However, resistance to drugs found to be ototoxic in other species and technical 

problems with culturing has restricted the number of experiments using mice as an 

animal model for investigating hair cell regeneration. Many researchers in this field 

have used the avian model to study mechanisms of recovery. More recently some 

work has been done on postnatal rats widening the knowledge on the mammalian 

system. Innovative new experimental procedures have resulted in the development 

of cell lines expressing characteristics of hair cells (Rivolta and Holley, 2002; 

Holley, 2002).

Amphibia offer an alternative animal model and whilst a number of investigations 

have been carried out in the bullfrog (Baird et al., 1993b; 1996) and on the 

salamander lateral line (Jones and Corwin, 1993; 1996) none to date had used the 

inner ear of the salamander (newt) to assess hair cell regeneration.

Robust regeneration and recovery of function has been demonstrated in vivo and in 

vitro in both the vestibular and auditory endorgans of birds (Corwin and Cotanche, 

1988; Roberson et a l, 1996; Ryals and Rubel, 1988; McFadden and Saunders, 1989, 

Smolders, 1990; Matsui, 2000). This is not the case for mammals in which 

evidence of recovery has only been found in the vestibular system (Forge et al., 

1993; Lopez et a l, 1997; Kopke et al.,2001). Major differences between the avian
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and mammalian vestibular systems, such as turnover of hair cells (Jorgensen and 

Mathiesen, 1988; Roberson et al., 1992) and rapid recovery in the mature avian 

utricle (Matsui et al., 2000) make extrapolation of results from birds to mammals 

difficult. Alternatives, such as cell lines (Holley, 2002) or another animal model in 

which to investigate the inner ear would appear to be a positive step forward in 

examining regenerative possibilities as an answer to hair cell death and deafness.

8.2 Summary of the results of experimental work in this study

The work, presented in this thesis, set out to examine the sensory epithelia of the 

newt inner ear and to set up a system in which to investigate recovery following 

hair cell ablation. This has been achieved, but investigation of the underlying 

mechanisms of the recovery raises many new questions. Importantly this 

experimental work lays the foundations for future regeneration studies using the 

inner ear of the newt alongside other animal models.

8.2.1 Morphology

The seven sensory epithelia had several common features with each other and with 

sensory epithelia of mammals, birds and other amphibia. All sensory epithelia 

contained hair cells separated from supporting cells to form a mosaic of cells. Hair 

cells were situated in the more apical layer of the tissue and did not rest on the 

basement membrane as was found with supporting cells. Hair cell bundles 

comprised stereocilia that exhibited both polarity, being graded in height to the 

kinocilium and orientation within sensory patch. The saccule and utricle possessed 

a striola and extrastriolar region where hair bundle orientation opposed each other.

339



The saccular macula, utricular macula and sensory epithelium of the lagena were 

overlayed with otoconia embedded in an otoconial membrane. Tectorial membrane 

overlayed the amphibian papilla and each crista was presumed to be covered by a 

cupula.

The ability to utilise both utricle and saccule (and examine to a lesser extent the 

lagena, amphibian papilla and cristae) demonstrated a commonality of response in 

many instances. The accessibility of the saccule and relatively low number of hair 

cells within the saccular macula made this the sensory epithelium of choice for 

carrying out quantitative work. Saccules were also solely used for implantation into 

limb blastemas.

Two different morphological types of hair cell were seen within the saccule: flask- 

like cells with long necks, and those with a more cylindrical cell body. Two types 

of hair bundles were observed by SEM: those with long stereocilia to the height of 

the kinocilium and those with short stereocilia comparative to the kinocilium. This 

bundle morphology was also encountered within the utricle where hair cell bodies 

were cylindrical or round. Round-bodied hair cells with small bundles were located 

in the extrastriolar region whilst cylindrical large-bodied hair cells were confined 

strictly to the striola at the perimeter of the sensory patch. The lagena also appeared 

to have two types of bundle as seen with phalloidin labelling of the actin. 

Immunohistochemical labelling using antibodies to calcium binding proteins 

confirmed that subpopulations of hair cells existed. This correlates well with the 

mammalian inner ear, in which two types of hair cells with distinct morphology are
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present in the vestibular system, type I and type II hair cells (Nordemar, 1983) and 

with the cochlea where outer and inner hair cells are present. Two types of hair 

cells, short and long, are also present in the avian inner ear (Tanaka and Smith, 

1978; Smith et ah, 1985; Manley, 1990). In newt, it is not known whether different 

functional roles are assigned to sub-populations of hair cells within a particular 

sensory epithelium. Morphological differences between cells in the auditory and 

vestibular organs may also correlate to specific functions of the end-organs. It is 

also unclear if the immature-like appearance of stereocilia bundles of extrastriolar 

hair cells, hair cells on the edge of the saccular macula and extramacular hair cells 

alters over time to become mature.

Antibodies to calcium binding proteins together with HCS-1 hair cell marker 

proved to be particularly useful in examining the loss and recovery of the hair cells.

8.2.2 Ablation of hair cells and recovery of the sensory epithelium

The isolated otic capsule in vitro system was found to be the most practical method 

for culturing newt inner ear sensory epithelium. The epithelia within the otic 

capsules can survive for up to 28 days in culture. Control cultures showed no 

ongoing signs of proliferation within the sensory epithelia during the period of 

culturing, indicating that all cells are probably held in post-mitotic arrest.

Differential sensitivity to gentamicin was observed across sensory epithelia when 

used to ablate the hair cells in sensory epithelia. Hair cells were not lost in the 

extrastriolar region of the utricle, or in the extramacular region of the saccule
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directly following treatment. Some hair cells also remained within the lagena at this 

timepoint. These cells with greater resistance to gentamicin appear to be of similar 

morphology. Differences in morphology of cell type may have a bearing on the 

uptake or metabolism of the gentamicin.

Differential resistanee is also seen in the mammalian (Lang and Liu, 1997; Forge 

and Li, 2000) and avian systems (Girod et al., 1991; Bhave et al., 1995; Matsui et 

al., 2000). Quantification of hair cells present in saecular maeulae following 

gentamicin treatment and during recovery was carried out using the hair bundle as 

an indicator of hair cell presenee. It could be argued that this quantification was 

only a measure of hair eell bundle loss, not hair cell loss and that hair cell bodies 

might be retained within the epithelium. However, although shrunken and 

fragmented hair cell bodies were seen within the epithelium there was no evidence 

to suggest that any of these cell bodies were viable. The apparent number of 

apoptotic bodies strongly advocates that these were all dying hair cells. Hair cell 

inclusions were particularly noticeable using HCS-1 hair cell marker, but not 

calcium binding proteins possibly suggesting that a decrease in calcium binding 

proteins occurs during hair cell death.

The mode of removal of hair cell bodies is interesting and may shed light on why 

the vestibular epithelium in mammals and the inner ear sensory epithelia in newt 

are so slow to recover. One theory may be that as dying hair cells appear to be 

phagocytosed by supporting cells, these supporting cells may be unable to 

participate in recovery until the complete disappearance of hair cells. It is possible
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that whilst dying hair cells are retained within the epithelium, signals preventing 

recovery are present in the sensory epithelium inhibiting supporting cells from 

participating in recovery. In only one instance were dying hair cells and new hair 

cells visualised within the same recovering saccule (Fig. 6.15).

Several strands of evidence go to dispute any possibility that non-lethal damage of 

hair cells takes place at the concentration of gentamicin used. As described above a 

large number of apoptotic bodies but no intact hair cells were seen within the 

epithelium directly following treatment and FMI-43 labelled hair cells followed 

over time in the same saccule had completely disappeared 3 days after exposure to 

gentamicin. In addition no positive labelling with antibody to calcium binding 

proteins was seen until 12 days post-treatment. An important piece of evidence 

however comes from the use of antibody to Athl in which positive labelling was 

present in hair cells of undamaged explants and in fragmented and dying hair cell 

bodies but was absent from recovered hair cells. This would indicate that the hair 

cells in recovered sensory epithelia are the direct result of regeneration and have 

not arisen from recovered non-lethally damaged hair cells.

Quantification revealed that essentially no hair bundles and hence no hair cells 

remained within the saccule following the ablation of hair cells with gentamicin. A 

significant level of recovery was seen at 12 days post-treatment and onwards (see 

Table 3.1). Recovery of the sensory epithelium was not complete during the 

incubation period but there was an increase in hair cells over time after the initial 

recovery was apparent. The long incubation period required before new hair cells
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arise has both advantages and disadvantages. Unfortunately, incubating for this 

length of time results in loss of otic capsules through contamination. On the other 

hand, the long time window between hair cell ablation and recovery allows for 

certain genes and their products associated with differentiation in other vertebrates 

inner ear epithelia to be assessed. As no dying hair cells were usually present when 

new ones arose investigations were not confounded by the presence of both old hair 

cells and new hair cells as may be the case in the basilar papilla of birds.

8.2.3 Mode of hair cell recovery

The possibility of non-lethally damaged hair cells recovering has been eliminated. 

Two of the further possible modes of recovery are that new hair cells arose from the 

daughter cells following proliferation of the remaining supporting cells, as in birds, 

or that direct phenotypic conversion of supporting cells to hair cells takes place. 

This was initially thought to occur in frogs (Baird et al., 1996) and is thought to 

happen in the mammalian vestibular system (Li and Forge, 1997). Phenotypic 

conversion has been reported as an additional mode of hair cell recovery in birds 

(Adler and Raphael, 1996).

Proliferation was assessed by the incubation of otic capsules in BrdU and this 

resulted in a high number of positively labelled nuclei in the sensory patches, often 

observed in pairs. The site of proliferation was intimately associated with sites of 

hair loss, demonstrating that the loss of the hair cells triggers proliferation.

Evidence that cell density and cell to cell contact critically influences proliferation 

have been suggested by Warchol (2002). He observed that the level of proliferation
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was inversely proportional to the local cell density in chick epithelial cultures. In 

newt cultures, it may be that the trigger for proliferation is reduced cell density.

Quantification of the number of BrdU labelled nuclei revealed sufficient numbers 

to account for the level of hair cells present in the recovered sensory epithelium. 

Therefore this suggested that the mode of hair cell recovery entailed a mitotic event 

in newts. Furthermore incubation in aphidicolin, a mitotic blocker, resulted in very 

few hair cells present in the recovered saccule.

Further investigations were carried out to assess whether hair cells were the 

daughter cells derived from supporting cell divisions. In sections, it was found that 

some hair cells were double-labelled for both hair cell marker and antibody to 

BrdU. However, a high proportion of cells (>50%) were labelled only with the hair 

cell marker. This possibly suggested that two modes of recovery were in action. 

Alternatively, as the thickness of the section incorporated more than one layer of 

cells, nuclear labelling from one layer overlapped another. In further experiments 

using wholemount saccules and utricles, double-labelled for BrdU and HCS-1 

antibody, labelling of hair cells and positive BrdU staining of nuclei were mutually 

exclusive of each other.

This poses the problem that if aphidicolin blocks hair cell recovery, thereby 

indicating that a mitotic process is involved in the regeneration process why were 

there no positively double-labelled cells for BrdU and the hair cell marker, HCS-1 

or antibody to calretinin. Conversely, if hair cells arose through direct phenotypic 

conversion then the level of proliferation observed is surprisingly high. One
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hypothesis is that proliferation of supporting cells is required to maintain their 

numbers as supporting cells directly convert to hair cells. This theory could be 

tested by a double ablation experiment. Following an initial ablation of hair cells, 

and incubation in BrdU there are regenerated hair cells that are not labelled for 

BrdU but supporting cells which are. If a second ablation of these hair cells were 

performed then one might predict that the next generation of new hair cells would 

be positively labelled for BrdU as they would have been derived from the 

supporting cells which re-entered the cell cycle during the first recovery event. This 

may not prove to be an easy experimental procedure as it would require cultures to 

be maintained for at least up to 6 weeks. It has been suggested that recovered hair 

cells are initially less sensitive to aminoglycosides due to their immature status 

(Hashino and Salvi, 1996). Therefore, the ability to ablate hair cells a second time 

may require a long period of time in the above experimental procedure to ensure the 

maturity of hair cells so that all were affected by gentamicin.

Although it seems likely that phenotypic conversion does take place the possibility 

that a subpopulation of precursor hair cells residing within the sensory epithelium 

should not be ruled out. However, there is little evidence for a subpopulation of 

precursor cells within the sensory patch, but two instances may be an indication that 

precursor cells exist. In one section cultured for 19 days post-treatment and 

processed with antibody to Ath-1 and the HCS-1, the apical layer was devoid of 

hair cells but 3 hair cells were located at the base of the saccule (Fig. 6. ISA). These 

hair cells were not positively labelled for the antibody to Ath-1 (Fig. 6.1 SB). 

Additionally, small cells basally positioned in a section of undamaged crista were
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labelled with HCS-1 antibody but negatively labelled for antibody to Ath-1 (Fig. 

6.5C). The existence of a subpopulation of precursor cells would account for some 

of the findings. Hair cell loss could trigger these cells to become replacement hair 

cells, whilst some re-enter the cell cycle and proliferate to replace themselves.

Much further evidence would be required to support this hypothesis.

If the new hair cells in regenerating tissue do not arise through mitotic events in the 

newt but via direct phenotypic conversion, it would possibly suggest that recovery 

follows a route similar to that in mammals. This is unlike other newt tissues in 

which dedifferentiation, cell cycle re-entry, proliferation and differentiation occurs 

(Brockes, 1997; Brockes and Kumar 2002). It is also dissimilar to the avian inner 

ear, whereby new hair cells are said to arise from differentiation of the daughter 

cells of supporting cells re-entering the cell cycle and proliferating (Stone et al., 

1998; Stone and Rubel, 2000).

Suggested mechanisms by which recovery may take place in the sensory epithelium 

of the inner ear are schematically depicted in Fig. 8.1. In the newt sensory 

epithelium, the most probable series of events taking place, based on experimental 

results are shown in Fig. 8.2, although the possibility of a sub-population of 

precursor cells residing within the sensory epithelium cannot be excluded (Fig. 8.3).
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Figure 8.1

In the avian inner ear the major mechanism of hair cell recovery is thought to be via 

mitotic events, whereby supporting cells re-enter the cell cycle and proliferate 

(Fig.S.lA). Daughter cells then become either hair cells or supporting cells.

An alternative mechanism suggested to occur in the recovery of sensory epithelium 

in birds is direct phenotypic conversion of supporting cells into hair cells. This is 

also the proposed mechanism in mammals (Fig. 8.IB)
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Figure 8.2

Possible mechanisms of hair cell recovery in the inner ear of the newt

Fig. 8.2A. Exposure of newt sensory epithelia to aminoglycoside results in the loss 

of hair cells. The apical surface of the hair cell together with the hair bundle are 

expelled from the sensory epithelium. Hair cell bodies degenerate within the 

epithelium and are possibly engulfed by supporting cells.

Fig. 8.2B,C. Supporting cells re-enter the eell cycle, proliferate and daughter cells 

become supporting cells. These supporting cells may replace lost supporting cells 

that have directly converted to hair cells, as shown in Fig. 8.IB. They may also go 

on to phenotypically convert into hair cells. Fig. 8.2C.
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Figure 8.3

Precursor cells residing within the sensory epithelium may be triggered by the 

damage to become hair cells or supporting eells to replace supporting eells that 

have directly converted to hair eells.

8.2.4 Hesl, Athl and p27'*‘'’'

To generate a sensory epithelium comprising of hair cells and supporting cells 

arranged so that no hair eell is directly in contact with another hair cell would 

suggest that similar mechanisms are in plaee as have been shown to be present 

during development. p27 Athl and Hesl are implicated in the complieated 

regulatory system for the generation of hair eells and supporting cells during the 

development of the sensory epithelium. Their role during recovery of the sensory 

epithelium in the inner ear of the newt is not fully understood but the results 

obtained advance current knowledge.

Hesl

Hesl, implieated in the maintenance of the supporting cell state following 

development (Zheng et al., 2000), was found to be present in newt inner ear tissue. 

Its regulation during the reeovery period might be important for the generation of 

new hair cells; particularly if supporting cells eonvert directly to hair cells.
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Unfortunately, results were restricted entirely to undamaged tissue in this study due 

to the unavailability of an antibody. The use of RT-PCR at various timepoints to 

determine its presence during recovery was not an option as Hesl may have been 

present in non-sensory epithelial cells outside the sensory patch, confounding any 

results. In situ hybridisation of tissue with Hesl probes during recovery would be a 

preferable approach if the antibody remains unavailable.

Athl

Antibody to Ath-1 exclusively labelled the cytoplasm of hair cells and was a 

marker for hair cells in undamaged tissue. The results obtained using this antibody 

following hair cell ablation suggested that Ath-1 is not required for the generation 

of new hair cells during recovery. However, as this antibody labelled hair cell 

cytoplasm and was not restricted to the nuclei, as might be the expected location for 

a transcription factor, this antibody may not recognise the newt homologue of 

Atonal protein. It cannot, therefore, be excluded that this antibody might be 

labelling another hair cell antigen in the newt. This does not invalidate the result 

demonstrating that the antigen labelled by the antibody to Ath was present in hair 

cells prior to ablation and during degeneration but absent in the hair cells of the 

recovered epithelia. Thus demonstrating that the new hair cells present did not arise 

from repaired, sub-lethally damaged hair cells.
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p2?wp'

Positive labelling with antibody to p27'“*’' was observed in the nuclei of cells within 

the sensory epithelium at all time points investigated following damage. No change 

was seen between tissue taken prior to hair cell ablation or at timepoints post

treatment. A subtle difference between the intensity of labelling in the apical layer 

of nuclei before hair cell ablation and that following ablation was observed. It was 

not clear whether this was a genuine difference or due to processing even though all 

sections, at different stages of recovery, were processed together.

As stated in Chapter 6, the specificity of antibodies to p27 Athl and Hesl could 

not be determined by Western blot analysis. However, the localised labelling for 

p27 and Athl, in the nuclei of cells and within hair cells (respectively) suggest 

specificity to the proteins. The location of staining with antibody to Hesl was less 

specific but, the presence of Hesl was demonstrated using RT-PCR.

The findings with antibody to Athl and p27 during the recovery period suggest 

that development is not totally recapitulated, assuming p27 plays the same role 

in newts as it does in mammals. The absence of downregulation of 

p27 following hair cell ablation suggests that it undertakes an alternative role at 

the time of proliferation. Patterning of the sensory epithelia as occurs during 

development in mammals requires the expression of Math 1 (Zheng and Gao, 2000; 

Chen et a l, 2002). Although, it is not known for sure that Athl is expressed during 

the development of newt sensory epithelia, the conserved nature of the protein 

(presence of the homologue atonal in Drosophila, Jarman et a l, 1993; Ben-Arie et
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al, 2000) would suggest it to be so. The negative labelling of antibody to Athl in 

regenerated hair cells would suggest that Athl is not required to preserve the 

patterning of the sensory epithelia. If new hair cells arise from a subpopulation of 

cells, precursor cells, retained within the epithelium, one possible explanation 

might be that if all neighbouring cells remaining in the epithelium express Hesl the 

new cell can assume the primary fate and become a hair cell. As the experimental 

work assessing the presence of Hesl during recovery was not performed it is not 

certain whether the regulation of Hesl is altered following hair cell ablation.

8.2.5 Implantation of saccules into limb blastemas

This study to date showed that implanted saccules survive for up to 6 days within 

the blastema and that viable hair cells are present within the implant. The absence 

of BrdU labelled nuclei in the implanted saccule suggests that proliferation in this 

tissue is not upregulated by the blastemal environment. However, experimental 

work was incomplete. It was hoped to carry out the implantation and incorporation 

of BrdU at least in 3 separate experiments using 6 newts. An accurate assessment 

could then be made as to whether cells within the implanted saccule could be 

induced by the blastemal environment to re-enter the cell cycle and proliferate. The 

method for processing sections with the monoclonal antibody to HCS-1 and 

monoclonal BrdU has been optimised by the use of BrdU directly conjugated to 

FITC since this last group of implanted blastemas exposed to BrdU were processed.
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Reversal of muscle differentiation was shown to occur after 7 and 10 days in 4 day 

post-amputation limb blastema (Lo et al., 1993, Kumar et al., 2000). In addition, 

iris tissue implanted into limb blastemas regenerated for at least 8 days post

amputation and they were then harvested at various recovery times (Reyer et al., 

1972). At 10 days post implantation depigmentation was seen in some cells in the 

majority of iris implants. Retaining the implant for a longer time period within the 

blastema may account for the transdifferentiation observed in both these 

experimental groups and therefore a longer implantation time to assess survival and 

cell cycle re-entry of inner ear sensory epithelia may be required.

8.3 Future studies

Blastemal extract from the limb blastema has been shown to induce cell cycle re

entry in mouse myotubes and its activity on newt saccular maculae could be 

assessed. If this proved successful its ability to induce cell cycle re-entry could be 

assessed on explant cultures from mature mice.

Amputation of Axolotol tails results in blastema formation. Implantation of newt 

inner ear tissue into axolotl tail blastemas would be an alternative to using the limb 

blastema. In young axolotls the tails are transparent and FM I-43 labelling of hair 

cells should allow the fate of an implanted saccule to be monitored over time.

The expression pattern of genes and their products associated with dedifferentiation 

or cell cycle re-entry in newt blastemas, such as Id genes could be assessed within 

ear tissue. Id genes, dominant negative helix-loop-helix transcription factors, have
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been shown to be expressed in the blastemal epidermis and mesenchyme in the 

limb blastema (Shimizu-Nishikawa et al., 1999). They have also been shown to be 

expressed in the developing cochlea of rats (Ozeki et al., 2002).

Factors, such as forskolin, that have been suggested to promote proliferation in 

avian and mammalian sensory epithelia (Montcouquiol and Corwin, 2001) could be 

tested in newt tissue to assess the similarity of signalling pathways between species. 

Thrombin would be another candidate in attempting to upregulate the regenerative 

response. As discussed in Chapter 7 thrombin has been shown to elicit cell cycle re

entry in newt myotubes (Tanaka et al., 1999).
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8.4 Conclusion

The newt has proved to be an interesting model in which to investigate 

regeneration. The characteristics of recovery show many similarities to other 

species. In particular, hair cell regeneration in newts has been shown to be similar 

to recovery in the mammalian vestibular organs, in which regeneration is slow 

(Forge et al., 1998). In the newt sensory epithelia new hair cells are not seen until at 

least 11 days post-treatment and recovery is not complete at 28 days. By this stage 

approximately 50% of the number of hair cells present in undamaged tissue 

incubated for the same length of time are apparent. Recovery is ongoing and may 

complete if it were possible to culture over a longer period of time.

New hair cells in the sensory epithelium in newts are not thought to be the result of 

mitotic events occurring in the tissue during the period of recovery, although 

proliferation of supporting cells appears to be required for the recovery of the 

sensory epithelium. In mammals a low level of proliferation, insufficient to account 

for the number of hair cells present in the epithelium following hair cell ablation, 

suggests that hair cells are not derived from further rounds of cell division. The 

mode of recovery is not entirely clear but is not thought to be due to non-lethal 

damage of hair cells as has been suggested to be possible in other amphibia (Gale et 

al., 2001). It is apparent that the underlying mechanisms of hair cell regeneration in 

the newt do not resemble those in the avian system. For this reason, it is important 

to proceed with further investigations to gain a better understanding of the process.
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Appendix I

Quantification of hair bundles within saccular macula

Control 
Incubated 

for 
2 days

Gent. 
Incubated 

for 
2 days

Control 
Incubated 

for 
14 days

Gent. 
Incubated 

for 
14 days

Control 
Incubated 

for 
21 days

Gent. 
Incubated 

for 
21 days

Control 
Incubated 

for 
28 days

Gent. 
Incubated 

for 
28 days

211 4 228 41 251 97 192 78

253 0 220 84 279 88 93

191 8 410 44 165 77 118

302 3 199 80 331 96 109

461 0 351 15 358 61

0 374 4 287 102

0 272 4 87

1 276 20

51 84

33 69

56

74

Gent. = 2 mM gentamicin
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