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T here  are m any p ioneers  in the field o f  investigating hair  ceil regeneration  in fish, 
am phib ians,  reptiles, birds and m am m als.

‘ Their imminence was eminent before our eminence was even imminent’

Hugh Laurie
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Abstract

The anatomy of the mammalian ear is similar between the different subspecies.

This applies to the structure of the utricle in humans and in guinea pigs.

Hence the choice of the guinea pig utricle allows any findings pertaining to the 

physiology, development and anatomy to be applied to the human inner ear with a 

high degree o f  confidence.

It has been known for some time now that the mammalian inner ear has a certain 

limited capacity to regenerate after damage. It is not yet known however where the 

regenerative attempt arises at a cellular level.

The middle layer o f  the utricle is the macula - a  sensory organ of balance. It contains 

hair cells -  the impulse generators and supporting cells -  their associated metabolic 

support cells.

In this study the maculae of thirty five guinea pigs were damaged by transtympanic 

membrane injection with gentamicin. The opposite ears served as controls.

The maculae were harvested at 1 (ten animals), 2 (ten animals) and 4 weeks (ten 

animals) post gentamicin damage and analysed at light microscopy and transmission 

electron microscopy for changes in hair cell and supporting cell numbers.

A further 5 animals were treated with gentamicin and also intraperitoneal taurine as a 

potential cytoprotectant. These animals were harvested at 2 weeks and the maculae 

examined at light microscopy and transmission electron microscopy.

Results showed evidence to support hair cell repair as a method of regeneration, that 

the migration o f  supporting cell nuclei in response to gentamicin induced inner hair 

cell death appears to be nothing more than artifactual, that taurine does not increase or

9



decrease the transm ission electron m icroscopy evidence for potentiating hair cell loss 

in gentam icin induced toxicity and that direct transdifferentiation of supporting cells 

appears to be a potential origin to hair cell regeneration in mammals.

Future studies involving growth factors, gene m anipulation, heat shock

protein, capsase inhibitors and stem cells may yield further evidence to support and

indeed m anipulate m am m alian inner ear regeneration.
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Anatomy and ultrastructure of the mammalian utricle

Gross Anatomy

T he ana tom y o f  the m am m alian  ear is similar betw een the different subspecies.

T h is  applies to the structure o f  the utricle in hum ans and in gu inea  pigs.

H ence the choice o f  the gu inea  p ig utricle a llows any findings perta in ing to the 

physio logy , deve lopm ent and anatom y to be applied  to the hum an  inner ear  with a 

high degree  o f  confidence.

The utricle is a flat kidney shaped sensory organ which is found in the posterosuperior  

part o f  the vestibule, a bony cham ber  in the inner ear. Its axis lies in the horizontal 

p lane  in the anatom ical position, an a rrangem ent which perm its  it to detect positional 

changes  in the horizontal plane. The surface area is appoxim ate ly  0 .54  m m ' in guinea 

pigs. It IS approxim ate ly  3.6 M M  m humans.

It is responsible  for relaying data  about the position o f  the body in space to the brain 

and has a role in m aintain ing balance via the vestibulospinal tract and m ain ta in ing  the 

control o f  eye m ovem ents  via the vestibulo -  ocular pathways.

L ike  all sensory organs the u tric le’s function is dependant on specialised sensory 

ce lls  w hich  function as impulse generators. These  cells are called hair cells and are 

m echanorecep to rs  which convert  m ovem en t generated  distortions o f  their structure 

into electrical impulses.

T he  density  o f  the hair cells in the c o m m a  shaped central s triolar region is 

s ign ificantly  less than the non striolar region.
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Utricle

Striola

Saccule

Vestibule

Dissected guinea pig ear showing the vestibule and its contents
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Hair cells

Striola
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The utricle is made up of three distinct layers.

The most superficial layer is the otoconial membrane.

The deepest layer, the subepithelial layer or neurovascular layer contains 

nerves and blood vessels.

In between is the epithelial layer or macula.

Otoconial membrane

Macula

Subepithelial layer

Cross section of a guinea pig utricle stained with Toludine blue (LM x 40)
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The otoconial membrane

The most superficial layer of the macula is a gelatinous layer (the otoconial 

membrane). This consists o f  a gelatinous membrane which has a crystal layer of 

calcium carbonate crystals (otoconia) embedded in it. The crystal layer is thinnest 

over the striola (Lindeman 1973).

The gelatinous portion o f  the otoconial membrane is made up of mucopolysaccharides 

and collagen. It is least dense in the lower layers.

The supporting cells make contact with the membrane at their apical ends but the hair 

cells project into pre - formed canals in the membrane which act as channels. The 

channels appear to be in contact with the hair cells longest stereocillia and kinocillium 

in the periphery of the utricle ( Engstrom et al 1962) but in the striola 

there appears to be a free space between the stereocillia / kinocillium and the channel 

walls. It is believed that the otoconial membrane is secreted by the supporting cells 

(Kawomata S, Igarashi Y. 1993).

The otoconia are of three shapes -  pyramidal, rounded and a mixture o f  the two.

They measure 0.5 -  3.0 |j,m in the guinea pig and 1 -  20 (o,m in humans 

(Carlstrom et al. 1953). Each otoconium has a compact central core meshwork of 

fillaments and a composite outer shell of crystalline aggregates ( Lins et al 2000).

15



TEM of calcium carbonate crystal which constitutes an otolith.
Mag. X 30,000

16



The neurovascular layer (the deepest layer of the utricle)

The blood vessels in this layer originate from the superior vestibular artery and nerve 

( macula of the utricle ) and the inferior vestibular artery and nerve ( macula o f the 

saccule) ( Mazzoni A 1990).

Vascular arrangement of the macula (and cristae of the semicircular canals) is o f a 

three layered architectural arrangement with a subepithelial layer, a middle dense 

layer and a deep loose layer.

There are about 1,700 innervating nerve fibres in the neurovascular layer, mostly 

afferent. They arrive via the utricular branch of the superior division of the vestibular 

nerve (Honrubia et al. 1987). Afferent neurons arrive via bipolar cells in Scarpas 

ganglion whereas the efferent nerves travel to the vestibular nuclei. Fibres are both 

myelinated and unmyelinated but myelination is lost as the neurons penetrate the 

basement membrane (Honrubia et al .1987).

The medium and larger diameter fibre nerves supply the type 1 Hair cells particularly 

around the striola. The afferent innervation of the type II hair cells is via 

medium and small diameter fibres. The differences between type I and type 2 Hair 

Cells are discussed on page 16.

Judging by the total number of hair cells in the utricle and the total number of nerve 

fibres arriving at the utricle, it has been estimated that each nerve fibre supplies 

between 4 - 8  hair cells. The ratio of hair cells : axons does however differ in each 

end organ in the inner ear. Recent evidence suggests that the utricle has the highest 

ratio (23:1) ( Mathiesen and Popper 1987 ).

The efferent fibres form a network basally in the epithelium and give off numerous 

collaterals particularly to type II cells .

17



TEM showing entry of a nerve from the deep layer to 
form a chalice around this type I hair cell ( X 3000)

TEM showing myelinated nerves of the deep layer 
of the utricle in cross section (X 15,000)
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TEM showing a nerve vesicle at the basal end of this hair cell after 
the nerve has penetrated the basement membrane ( X 20,000)
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The Macula

The m iddle layer or epithelial layer o f the utricle and saccule is called the macula.

It is found in the lower part o f the lateral wall o f the utricle. The plane o f the macula 

in the utricle is oriented perpendicularly to the plane o f the m acula o f the saccule in 

the vestibule. It consists o f sensory hair cells and supporting cells. There are 

approxim ately 9,260 hair cells in the guinea pig utricle and 33, 100 in the human 

utricle ( Rosenhall 1972).

There are num erous nerve connections between the supporting cells and the hair cells 

( Lindeman 1973). The supporting cells are thus intricately related to their adjacent 

hair cells.

The apical surfaces o f the hair cells and the supporting cells form a network at the 

luminal surface called the reticular lamina. This forms a barrier between the 

perilym ph (which surrounds the cell bodies) and endolym ph (which is at the cell 

apex). The apical surface area o f  the hair cells in the striolar region is much 

larger than that o f hair cells in the non striolar region. It is not surprising therefore that 

the density of hair cells is significantly lower in the striolar region than in the 

periphery o f the utricle ( L indem an 1973).

20



Hair cells

Plasm a m embrane

M itochondrion

Nerve enuiii

. tu** ^

N ucleu s

*
■/«

,>■ -_-
-V ^  ^  fc.

^  ^ '  # ’ •

/

Endoplastic reticulum

«' /

‘ " A

Transmission electron micrograph (cross section ) of a hair cell showing 
the ultrastructure and organelles. A indicates the apical end, B the basal 
end. (Mag. X 6000)
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The sensory cells are o f two types -  type I and II, nam ed according to the shape of 

their cell body and innervation pattern ( W ersall 1956). The function and role of each 

hair cell type is unknown how ever there are tw ice as many type I cells as type II cells 

in the striolar region whereas the ratio in the periphery is approxim ately 50 : 50.

Type I hair cells are shaped like a flask and each cell body is surrounded by 

a large goblet shaped nerve terminal. These nerve term inals can surround many cell 

bodies o f different hair cells. Type II hair cells have cylindrical shaped cell bodies and 

a cluster o f nerve term inals at the basal region o f the cell body.

The afferent neurons arising from type I cells are larger than the type II cells.

The efferent nerve fibres to the type I cells end on the nerve chalice whereas those to 

the type II cells end on the cell bodies of the hair cells.

Each hair cell is em bedded in an epithelium  made up o f supporting (sustentacular) 

cells. The basal end o f the hair cell is in close contact with the afferent neurons which 

run from it to the vestibulocochlear nerve.

Approxim ately 50 - 110 hairs project from the apical end o f each hair cell (Lindeman 

1973). The single kinocillium  present in each utricle hair cell apex is the only true 

cillium  having the classical 9 x 2  arrangem ent o f m icrotubules in its ultrastructure. It 

and only it has a basal body associated with it. The kinocillium  is located at the edge 

o f the mature hair cell. The dynenin arms and central m icrotubules are absent in 

guinea pig kinocillia (Kikuchi et al 1989).

The stereocillia which surround the kinocillium  do not have a typical cilliary 

arrangement. They are therefore pseudocillia.

S tereocillia are m odified m icrovilli and possess actin filam ents cross linked by 

fimbrin. This causes them to be relatively rigid. They contain rootlets and a narrow 

base known as an ankle. The fact that stereocillia are linked by cross links to their
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neighbours and to the kinociiiium (Bagger -  Sjobaclc and Takumida 1988) means 

that the whole hair bundle can move as a unit upon deflection by a movement in the 

vestibule (or indeed a travelling sound wave for the hair cells in the cochlea). 

Further links between the tips of smaller stereocillia and the larger adjacent 

stereocillia have been described (Osbourne et al 1984).
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T ype 1 ha ir cell w ith nerve term inal 
h ig h ligh ted  (M ag. X 2.500)

T ype 2 (regenerating ) hair 
cell w ith nerve term inal 
h igh ligh ted . (M ag. X 2,500)
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Basal body of the 
kinocillium. (Mag X 10, 000)

Note in the kinocillium that neither the dynenin arm s or the central microtubules are 
present. This is a feature of the guinea pig inner ear and is not found in common with 
humans (TEM x 4,000)
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Stereocillia

Ankle

Kinocillium

Cuticular plate with 
mitochondria underneath

TEM of a type I hair cell bundle ( X 5000)

■ j

TEM showing a possible cross link between the apex of the shorter stereocillium and its 
taller neighbour. The cross links are broken down by the embedding process making 
identification difficult. (X 10, 000)
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Polarity

As the k inocillium  is eccentrically  placed ( at the edge o f  the hair cell apex) it is 

m orphologically  polarised. The striola separates hair cells o f  opposite  polarity.

The striola versus the periphery with regard to hair bundles on hair 
cells

The hair bundles  on striolar hair  cells ( S - type hair bundles) are shorter than those in 

the periphery ( P-type hair bundles) ( Kessel and Kardon 1979).

To further com plica te  matters the hair bundles are div ided and classified accord ing  to 

the relative heights o f  the k inocillium and stereocillia.

Type I bundles  have a k inocillium and tallest s teroecillium o f  approxim ate ly  equal 

heights. The stereocillia  are club-like.

T ype II bundles  have s lender steroecillia and a very tall kinocillium.
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Type I bundle seen at 
scanning electron microscopy

at scan

Reproduced with !<ind perm ission from Trinity College Dublin

Type I bundles are presumed to arise from type I hair cells and type II bundles from 

type II hair cells ( Lim 1977). This was confirm ed in this study.

28



Physiological responses of the hair cells

T he resting apical m em brane  potential o f  the hair cells is about - 60  M V . W hen  an 

anim als  head is accelerated  in the horizontal plane, the stereocillia  are displaced 

tow ards the k inocillium  and the m em brane potential d ifference decreases. W hen  

pushed  in the opposite  direction the potential d ifference increases and the cell 

becom es hyperpolarized (Low enstein  and W ersall 1959; Russell et al 1986). 

D isp lacem ent perpendicu lar  to this axis gives no change in polarity, w hereas 

d isp lacem ent at an angle gives a response proportional to the angle o f  d isp lacem ent 

with respect to the kinocillium. The response is m ost sensitive w hen activated from 

rest and as little as lOOnm displacem ent ( 1 degree o f  angular  d isp lacem ent ) o f  the 

stereocillia  will elicit a response (Hackney  and Furness 1995).

T he  genesis  o f  this action potential has its basis in ion flux across the m em brane. 

W hen  the stereocillia  are d isplaced towards the k inocillium  the apical ion 

perm eability  increases, potassium  enters the cell and opens voltage gated  calc ium  

channels. This a llows calcium  influx and subsequently  the hair  cell becom es 

depolarised , thereby setting up a genertor  potential in the afferent neuron supplying 

the cell.

29



Responses to movement

The otoliths in the vestibule o f the inner ear have a certain inertia and are therefore 

displaced in a given direction more slowly than the bone around them. This causes the 

tips o f the hair cell processes to bend. W hen linear speed is constant the otoliths 

move at the same pace as the body and therefore the hair cell stereocillia spring 

upright again. W hen linear deceleration occurs the inertia o f the otoliths causes them 

to again displace the hair cell processes, this time in the opposite direction.

M aculae discharge tonically due to gravity also.

Hair cell tip 
displacem ent

A cceleration direction

Relative inertia of the otoliths temporarily displaces the tips of the hair 
cells in the opposite direction to the acceleration of the head. The black 
arrow represents the direction in which the head has accelerated and the 
white arrow the direction of displacement of the hair cell tips.
The opposite effect is noted when the head decelerates
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Embryology of the mammalian labyrinth

The im m ature  hair cell bundle is a feature o f  hair cells w hich  are a ttem pting  to 

regenerate  after insult in the m am m alian  inner ear. T he ir  nam e derives from  the 

observation  that they resem ble the im m ature  hair  cells found  during normal 

m am m alian  inner ear  developm ent.

As regeneration of  these hair cells in the inner ear  requires  a deve lopm en t o f  hair cells 

from a progenitor source, the understanding  o f  the norm al deve lopm ent o f  the inner 

ear  is helpful in identifying a possible ce llu lar source  o f  regenerating  hair  cells  in the 

utricle. This understanding will also allow us to identify im m ature  hair cell bundles 

and differentiate them from  normal undam aged  hair  cells.
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Sequence of events

The gross developm ent o f the vestibular labyrinth follow s three stages. Firstly a 

m em branous labyrinth forms. Secondly this becom es encased in bone and thirdly 

spaces form in the bone.

In humans, the vestibule like the rest of the inner ear form s when at about 22 days of 

embryonic developm ent a thickening o f ectoderm  from adjacent to the neural groove 

(the otic placode) sinks below the surface into the mesoderm  to form the otic pit and 

subsequently the otocyst.

Neural crest cells form the vestibular ganglia. This otocyst forms the membranous 

labyrinth by 25 weeks.

The m am m alian inner ear develops in a sim ilar fashion albeit at a different rate 

depending on the gestation time of the different species. For obvious reasons the 

human vestibular system developm ent has not been as fully and thoroughly 

docum ented as other species. Fortunately the mouse has been exam ined in detail and 

serves as a good model to draw com parisons with humans.

In the m ouse at about day 12 or 23 two sacs appear as outpouchings from the 

m em branous labyrinth - the endolym phatic sac and the cochlear duct. Subsequently 

the labyrinth form s the pars superior and the pars inferior. The former forms the 

utricle and the sem i-circular canals, the latter the saccule and the cochlea. The utricle 

and the saccule have appeared by day 13 to 14. The superior sem icircular canal duct 

appears from the dorsal wall o f the otocyst between day 12 to 13 followed by the 

posterior sem icircular canal which has form ed by the end o f day 13. The lateral 

sem icircular canal duct and cristae appear by day 14.

In both hum ans and mice the num ber o f hair cells in the inner ear sensory epithelia
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declines with age, indicating cell death. H ow ever  since reports dem onstra ted  

the ability o f  the vestibular sensory epithelia  to regenerate  after injury (Forge et al. 

1993, 1998; Kuntz and Oesterle  1998; Li and Forge 1997; Rube! et al. 1995), m uch  

interest in the area o f  m am m alian  inner ear  regeneration  has developed.

A continuous hair cell tu rnover in the vestibular epithelia  has not prev iously  been 

dem onstra ted  in mature m am m als .

Bats are the only true flying m am m als , and they are know n to live to a h igher age than 

other m am m als  o f  equal size. The  young are fully deve loped  and able to  fly at the age 

o f  2 months, and thus the vestibular organs are thought to be d ifferentia ted  at that age. 

Consequently , long-lived m am m als  such as bats m ight com pensa te  for the loss o f  hair 

cells by p roducing  new hair cells in their postem bryonic  life. It has been show n that 

the utricular m acula  o f  adult D aubenton 's  bats (more than 6 m onths old) contains  

innervated im m ature  hair cells as well as apoptotic hair cells, which strongly indicates 

a continuous tu rnover o f  hair cells, as previously dem onstra ted  in birds (K irkegaard  

M, J0rgensen  JM  2000).
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The concept of Terminal mitosis

This serves as an index o f when a fixed non dividing cell population is formed. 

The tim ing of terminal m itosis can be established experim entally by using tritiated 

thym idine as shown below.

i

M

Tritiated thym idine is incorporated 
into the cell at S phase

Successive dilution of tritiated thym idine 
occurs as evidenced by B em issions in 
successive cell divisions

o
o

Terminal m itosis occurs 
where there is no more 
dilution in B em issions

Terminal m itosis takes place for the inner ear hair cells and supporting cells in utero 

in mam m als ( Ruben ‘ 67) (Sans and Chat ’82).

Terminal m itosis occurs in the hair cells and supporting cells o f the mouse at day 13 -  

15 ( cochlea) and day 14 -  18 ( Vestibule). M acular cells term inate before those o f the 

cristae ( Ruben ’67) and this occurs from the striola to the periphery. In the cristae it 

occurs supero-inferiorly ( Sans and Chat ‘ 82).
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Differentiation of hair cells and stereocillia

In the human fetus it appears that synaptogenesis begins before ciliogenesis 

(weeii 10 of gestation versus week 12) at least with respect to the development of the 

cochlea. In the inner hair cell (IHC), an adult - like stage is seen around week 15 for 

synapses, but not before week 22 for stereocilia. In the outer hair cell (OHC), both 

synapses and stereocilia are not yet fully mature at week 22. Classic gradients of 

maturation are found: a base-to-apex gradient, and an inner hair cell (IHC) to outer 

hair cell (OHC) gradient. By comparing these results with the anatomical and 

functional data on cochlear development in laboratory mammals, the onset o f  cochlear 

function in the human fetus can be estimated to occur around week 18. The 

completion of cochlear maturation based upon the same anatomical criteria should 

occur about 10 weeks later.

Cytodifferentiation occurs from the centre to the periphery in the macula in the mouse 

( Li ‘ 78) ( Sans and Chat ’82) ( Lim and Anniko ‘ 85). This process has been 

extensively studied in mice and from these studies we have acquired most of our 

knowledge on cytodifferentiation of the mammalian vestibular apparatus.

The cells which form the maculae form two distinct layers in the sensory epithelium. 

Tall columnar cells that have rounded nuclei travel to the luminal surface to become 

hair cells. The larger of  these cells have immature hair bundles. The cuticular plate 

has not developed and the kinocillium is peripheral. The cytoplasm has large numbers 

of mitochondria, clusters of  ribosomes and irregular endoplasmic reticulum and 

microtubules. In the early stages all hair cells have no synapses and are of  a type 2 

morphology ( Sans and Chat ‘ 82) ( Kawomata and Igarashi ’93 ).

In the mouse at day 17 the regularly arranged hair bundles are visible and neurones
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have begun to form synapses. These becom e com plete by day 19. D ifferentiation of 

the type II hair cells to type 1 begins to occur by day 18 although expression o f a 

voltage gated channels which are activated at resting potential and are specific to type 

I cells is observed between day 4 -8 . This indicates that electrophysiological 

differentiation begins at this stage. Indeed when mouse utricles from day 0 to 28 

were exam ined at transm ission electron m icroscopy and com pared to 

electrophisiological testing o f utricles harvested at the same times the 

electrophysiological and ultrastructural differentiation followed different time 

courses. By day 28 the two had converged. Interestingly data from denervated 

cultures showed that neither m orphological or electrophysiological differentiation 

depended on ongoing innervation. Hence the utricular hair cells undergo primed 

ultrastructural differentiation prior to synapse developm ent. ( Flock et al ’73) ( Van 

Der W ater ’76), ( Rusch et al 1978).

Indeed the nerve chalice arrangem ent of type I hair cells is incomplete at 

birth and the efferent system less well developed at birth than at full maturity. 

V estibular efferent network changes in the rat utricle have been examined during a 17 

day period of m icrogravity. This was achieved by exposing newborn rats to the 

atm osphere o f space aboard a space shuttle flight from 8 days old to 23 days old. 

W hen the rats were 25 days old their utricles were examined. This was made possible 

by using the biochem ical m arker o f efferent neurons - calcitonin gene related peptide 

and coupling it to an im m unoflourescent dye. At birth a few fibres were found below 

the epithelium  at 2- 4  days. At 8 days there was a low density of fibres. It was found 

that there was no difference in the efferent innervation in the space exposed group 

when com pared to Earth controls. Therefore the form ation and m ajor rearranging o f 

efferent vestibular nerves occurs before day 8 in the rat. (Dem mem es D et al 2001).
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In the mouse the utricular hair cells undergo ultrastructural differentiation prior to 

synapse development. ( Flock et al ’73) ( Van Der W ater ’76).

The cuticular plate has become well developed by day 19.

Two neurotropins, Brain derived neurotropic growth factor ( BDNF) and neurotropin 

3 ( NT-3) and their high affinity receptors trk B and trk C are the sole support for the 

developing afferent inervation to the utricle. These neurotransmitters are expressed 

in the otocyst at the time when the afferent sensory neurones become post mitotic. 

(Fritzsch et al. 1999)
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Otoconial development

The 1994 space shuttle with the onboard IM L-2 (International microgravity 

laboratory -2) carried developing newt em bryos in order to study the effects o f gravity 

on the developing otoconia.

Growth and developm ent o f the otoconia appeared to be guided by environm enal 

gravity inferring the prescence o f a feedback loop between the brain and the inner ear 

(Anken et al 2000).

The first otoliths are seen at approxim ately day 9 of developm ent in newts.

These divide into utricular and saccular otoliths (W eiderhold et al 1995).

From the ILM -  2 experim ents it appears that rearing in microgravity initiates a 

process which continues for several months in am phibians regardless o f w hether 

normal gravity is restored and the net result is the formation o f larger and an increased 

volume o f otoliths. One newt was kept for nine months upon its return to earth and 

held its head pointing upwards whereas the normal position o f the head is horizontal. 

This suggests that even brief exposure to microgravity during vestibular dvelopm ent 

may have lasting consequences on an animal returning to the 1 G o f earth 

(W eiderhold et al 1997).

It can thus be concluded that at least in am phibians there is a perm anent effect of the 

basal rate o f m acular discharge due to gravity (the tonicity) on the position the head. 

Sim ilarly exposure to hypergravity in a centrifuge leads to the developm ent of 

significantly sm aller otoliths (Anken et al 1999).

It has been suggested that the reason otlitiths form is due to the different relative 

concentrations o f glycoproteins and proteoglycans in the gelatinous m em branes o f the
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cupulae of the semicircular canals, the tectorial membrane o f  the organ of Corti and 

the maculae of the utricle and saccule. These differences may impart an ability to 

resist mineralisation or to mineralise. Interestingly the density of keratin sulphate 

almost doubles between days 7 and 21 days (Fermin et al. 1990). Other studies have 

shown that there is a gradient of increasing calcium density which is imparted to the 

otoliths by the gelatinous membrane in an increasing gradient from the vestibular 

surface to the otoconia ( Campos et al. 1999).

Recent evidence suggests that there is an interaction of a protein - Otoconin 90 

(the principal matrix protein) with microvescicles from supporting cells (Thalmann et 

al. 2001).
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Development of the hair bundle

This has been studied in some detail in hum ans ( Dechesne and Sans ‘ 85) and in 

mice ( Li ‘ 78), (Van D er W ater ‘ 78), (M biene et al ‘ 84) and (Lim and Anniko ‘ 85). 

In hum ans it appears to start at day 14 and begins centrally, later extending to the 

periphery. Developm ent in the crista lags behind the macula and progresses 

superoinferiorly. Initially the kinocillium  is thicker and more o ff - centre than in the 

fully developed hair cell ( M biene et al. ’84) ( Lim and Anniko ’85).

O f the original 200 or so im mature stereocillia in the im m ature hair bundle, only 

about 60 develop into m ature stereocillia.

There has been the suggestion that there is transform ation of normal

microvilli covered cells to an im mature hair cell bundle as described in the bullfrog

( Lewis and Li ’73).

By day 16 in the mouse there are two hair bundle types seen . Type 1 are taller ( about 

8 m icrom eters ) and type 2 which are sm aller ( about 3 m icrom eters long).

This is in keeping with observations in amphibians. Here two hair cell bundle types 

are seen - Type LS (long stereocillia) and SS ( short stereocillia) where the stereocillia 

are com pared to the kinocilliary length. The sensory epithelium  consists o f a central 

zone containing all LS and some SS bundles and a peripheral zone containing only SS 

bundles.

As developm ent procedes the ratio o f LS to SS bundles increases (Diaz et al. 1995)
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Mechanism of hair bundle development

There are 4 phases of development as evidenced in the chick (Tiiney et al ‘ 88). 

Phase 1. Stereocillia sprout

Phase 2 An organpipe arrangement of  the stereocillia occurs

Phase 3. Growth by elongation occurs.

Each stereocillium has a cross bridged actin 
filament bundle which controls its elongation

Cuticular plate

The initial elongation is followed by shortening and a kinocilliary 

bulb is thus formed. It has been suggested that the bulb formation is 

due to apical cytoskeletal depolymerisation and that this shortening 

may contribute to hair bundle reorientation as the inner ear develops. 

( Kelley M W  et al 1995).

Phase 4. Maturity
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In the chick inner ear the actin filam ents are laterally situated in the stereocillia. As 

they becom e more centralised they form cross bridges and eventually form a 

hexagonal lattice.

Hair bundle polarity in the mouse is established in a definite manner. Utricles and 

saccules develop together in parallel. At em bryonic day 13 the hair cell 

bundles appear. Initially they are not polarised and have a centrally placed 

kinocilluium  at the cell surface. As the kinocillium  becom es eccentrically placed 

polarisation is rapidly established. The polarisation is not random. By day 

15 there is a definite dem arcating line between oppositely polarised hair bundles in 

the m aculae o f both utricles. The line separates hair bundles which have polarities 

differing by approxim ately 180 degrees. Therefore this watershed line, the future 

striola is a line of orientation reversal.

Orientation and polarity o f stereocillia 
change 180 degrees at the striola.

Cross section o f utricle

At day 15 more immature hair bundles appear. Growth o f both maculae occurs from 

the striola outwards and mainly when polarity and the watershed within the striola is 

established (Denm an-Johnson K and Forge 1998) (D enm an-Johnson and Forge 1999).
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Hair cell development in the cochlea

Changes in the orientation of stereociHary bundles of hair cells in the cochlear 

sensory epithelium that occur during normal embryonic development and during the 

regeneration of hair cells that follows acoustic trauma have been observed. A 

common mechanism may guide reorientation both during embryonic development 

and during regeneration. Observations in living cochleae indicate that differentiating 

stereociliary bundles establish asymmetric linkages to the extracellular matrix of the 

developing tectorial membrane. During the growth of the tectorial membrane, its 

progressive extension across the surface of the sen.sory epithelium may exert traction 

forces through those asymmetric linkages that pull the bundles o f the hair cells into 

uniform alignment (Cotanche and Corwin 1991).

Using transmission and scanning electron microscopy it has been observed that in 

both types of hair cells in the human foetus, synaptogenesis begins before ciliogenesis 

(week 10 of gestation versus week 12). In the inner hair cell (IHC), an adult like stage 

is seen around week 15 for synapses, but not before week 22 for stereocilia. In the 

outer hair cell (OHC), both synapses and stereocilia are not yet fully mature at week 

22. Classic gradients of  maturation are found: a base-to-apex gradient, and an inner 

hair cell to outer hair cell gradient. By comparing these results with the anatomical 

and functional data on cochlear development in laboratory mammals (Lavigne- 

Rebillard and Pujol 1990) the onset o f  cochlear function in the human 

fetus can be estimated to occur around week 18. The completion of cochlear 

maturation based upon the same anatomical criteria should occur about 10 weeks 

later.
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Aminoglycoside ototoxcicity

Am inoglycoside antibiotics are now over 50 years old. They were discovered when 

streptom ycin was isolated from cultures o f Streptom yces Griseus in 1944 (Schatz 

et al. 1944).

This class o f antibiotics were initially isolated from soil organisms. Other 

streptom yces species later yielded different am inoglycosides.

The developm ent o f streptom ycin was the result o f a planned search for antibiotics 

between 1939 - 1943, the bulk o f the war years.

Once it was discovered and its cidal action was confirm ed it was alm ost im mediately 

noted that M ycobacterium  Tuberculosis was sensitive to it (W aksm an et al. 1944 ) and 

it was quickly put to use as the first effective drug to treat this scourge o f the ages.

It is now rarely used in clinical practice except for treating endocarditis, tularaem ia 

and plague and as a second line drug therapy for Tuberculosis.

It does how ever still prove to be particularly useful in com bating gram negative 

infections. A lm ost as soon as it was initially used the toxic effects on the inner ear 

were noted. O f an initial 34 patients treated for tuberculosis with the new antibiotic, 

one developed a transient deafness and three developed balance disorders (Hinshaw 

and Feldm an 1945).

A nother problem  was early developm ent o f bacterial resistance and therefore attem pts 

were made to adm inister the am inoglycosides with another agent when treating 

Tuberculosis. Resistance appears to be low today how ever with a rate o f ju st 2-3% in 

isolates (Hardm an and Lee 1996).

In a later treatm ent group 515 patients were treated for Tuberculosis.
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8.2 %  suffered  adverse  reactions one half  o f  which involved  the S* nerve ( both  the 

auditory  and vestibular functions), 2 % developed a rash  and 1.4 %  developed  a fever. 

In 1949 histological ev idence  o f  toxicity to the organ o f  Corti was dem onstra ted  (Berg 

and C ausse  1949 ). Subsequen t renal dam age  was no ted  shortly afterwards. 

G en tam ic in ,  today perhaps the best know n o f  the fam ily  w as the first am inoglycis ide  

not isolated from  streptom yces. It was isolated along with netilmicin from 

M icro m o n o sp o ra  Purpura  and Ech inospora  (W einstein  M L  et al 1963). T he  different 

origin to these drugs is reflected in their different spelling  from  the other 

am inog lycos ides  ( micin as oppossed to mycin).

In 1949 W aksm an  and L echevalier  isolated neom ycin  from S trep tom yces Frad iae  and 

in 1957 K anam ycin  was isolated by U m egaw a  (H ardm an  and Lee 1996).

T obr im yc in  and A m ikacin  were not isolated until the 1970s.

The con tinued  p roblem s with oto and nephrotoxicity  led to a gradual decline in the 

use o f  am inog lycosides  in most countries during  the 1970s and 1980s (Begg and 

Barclay  1995) Despite  this decline, o f  all the antibiotic  c lasses  am inoglycosides  

are today the m ost w idely used w orldw ide  (Begg and Barclay  1995) when one 

considers  the various topical and parenteral preparations.

T he ir  success  and continued  use can be attributed to their rapid  bacteriocidal effect, 

synerg ism  with beta lactam antibiotics, relatively low rate o f  resistance and their 

cheap  cost.
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Pharmacology

Am inoglycosides can be adm inistered system ically, intram uscularly and topically. 

The activity of am inoglycosides in vivo is cidal however intracellular organism s can 

escape attack. The cidal action o f am inoglycosides is unusual as these drugs are 

inhibitors of bacterial protein synthesis and agents which attack by this means are 

usually static agents.

A m inoglycosides contain am ino sugars linked to an am inocyciitol ring by giycosidic 

bonds.

aminocyciitol ring

HO
OH

HO‘

They are polar and therefore oral absorption via the gut is universally poor. 

Resistance is plasm id and transposon mediated (genetic) and there is also a decreased 

transport across the cell.

All am inoglycosides are ototoxic and nephrotoxic.

The drugs antibacterial action depends on decreasing translation of m RNA at 

R ibosom es (Shannon and Phillips 1982).

The resulting faulty proteins are inserted into the plasm a m em brane allowing more 

am inoglycoside into the bacterium  (Bryan and Kwan 1995).
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The precise mechanism for their rapidly lethal effect is currently unknown.

The drugs appear to diffuse through porin proteins in the outer membranes o f  gram 

negative and some gram positive bacteria to the periplasmic space.

Toxcicity

The use of aminoglycosides in cases of chronic supporitive otitis media places them 

into the very region of the body which is most sensitive to their toxic effects -  

adjacent to the inner ear, while systemic administration places both the inner ear and 

the kidneys at risk.

Since the 1950s we know that in the inner ear different aminoglycisides have different 

toxicity profiles with respect to the cochlea and vestibule.

Gentamicin for example, is less cochleotoxic than vestibulotoxic. The definition of 

cochlear toxicity is not uniform with respect to drugs however. Using a bilateral 

sensorineural hearing loss of 10 dB or more at one or more frequencies as 

has been advocated is not practical as often patients are too sick to be tested in sound 

proof booths. Using this somewhat unrealistic criterion there are reported ototoxicity 

incidences of 5 -  10 % with respect to gentamicin, amikacin and tobromycin.
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Mechanism of gentamicin toxicity

The reason why a particular am inoglyciside preferentially dam ages the cochlea or the 

vestibular apparatus is unknown.

The concentration o f am inoglycoside in the inner ear fluids is persistently higher as 

the half life is 5-6 times as long in these fluids as in the plasm a (Hardm an and Lee 

1996). The concentration o f the drug in inner ear fluids is the same as it is in the fluids 

of other organs but it appears that they are much more slowly rem oved from the inner 

ear. Therefore the toxic effects seem not to be due to the accum ulation o f the drug in 

the inner ear fluids per se. (Tran Ba Huy P et al 1986).

The precise m echanism of am inoglyciside induced ototoxcity is unclear but the three 

stage model o f Schacht ‘ 86 (Schact J 1986) seems to offer the best explanation.
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Three stage model of Schacht

Stage 1.

CM

o NHO h

HO
IH .O H

NH

r. r. .y/«  A A  A A A  7 \ A  A  A

The aminoglyciside molecule enters the environment of the cell and there is 

competitive binding of calcium and the aminogliciside at negatively charged receptors 

on the surface of the plasma membrane. This binding is fully reversible.

Some papers report up to 50 % recovery from cochlear toxicity which has been 

induced during treatment of an illness with aminoglycisides. This is hard to credit as 

no study to date has shown a recovery of damaged cochlear hair cells in an adult 

mammal. Perhaps these recoveries were due to a synergistic effect of the patients 

illnesses or more probably from the reversible effect of this first stage of 

aminoglyciside ototoxicity described above. The use of transient evoked otoacoustic 

emissions ( TEOAE ) to detect outer hair cell functional changes will almost certainly 

change our measuring of the true level of detection of the problem.

Otoacoustic emissions are measured by placing a probe with a seal in the ear canal.
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O toacoustic em issions are not electrical m easurem ents but acoustic m easurem ents 

which are m easured in the ear canal with a tiny microphone. C licks are transm itted 

into the ear and the first 3 m illiseconds o f the response is ignored as the stimuli 

traverse the middle ear apparatus. By analysing the response thereafter the response o f 

the cochlea is identified. This data can even be broken down into frequency specific 

data. Transient evoked otoacoustic em issions can tell us about the quality o f the 

cochlea, for exam ple w hether there is am inoglyciside induced damage.

As far as m easuring the changes in vestibular function, the problem is infinitely more 

difficult as there is an extrem ely wide range o f variables for any standard test in the 

norm al population.

Stage 2
I

'<

y
'Jt  ] 7  J

Energy dependent transport into cell.
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Stage 3 2"^ messenger stage

PhiP l )

This action interferes with a fundamental transmembrane signalling system which 

mobilises intracellular calcium and causes cytoskeleton contraction.

There is irreversible binding of the aminoglyciside to PhIP2 ( Phosphatidylinositol 

bisphosphate). The binding occurs on the inner aspect of the plasma membrane.

This prevents PhlP2 from being hydrolysed and therefore there is no biochemical 

response where there should be. Diacyl glycerol ( DAG) and inositol phosphate 

(IP3) formation is prevented. Cell permeability increases and further aminoglycisides 

enter the cell. Cell death eventually occurs.

Other effects of aminoglycisides inside the cell include a prevention of polyamine 

induced cellular responses (Schact J 1986).

Aminoglycisides block hair cell calcium activated potassium channels and 

transduction channels, both reversibly and both with no obvious hair cell 

degeneration. Therefore this method of interference with the function of the inner ear 

must be independent of  its long term toxic effects which are not reversible. 

Aminoglycisides also bind to free iron to form free radicles. It has been shown that 

gentamicin ototoxicity in guinea pigs is decreased in the presence of free radical 

scavengers and iron chelators (Song and Scahact 1996)). Research into the
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potential beneficial effect o f taurine as a cytoprotectant is currently being undertaken. 

A m inoglyciside effects on the peripheral vestibular system and the cochlea 

sensory cells are much more sensitive than supporting cells.

As previously m entioned different am inoglicisides are more potent than others at 

different ratios with respect to the vestibular aparatus and the cochlea. The pattern o f 

effects is how ever the same.

Peripheral Vestibular Apparatus.

Hair cell loss is first seen in the strioiar area o f the macula of the utricle and saccule 

and the central part o f the crista. It progresses radially from there with time.

C rista hair cell loss is greater than the utricle m aclua hair cell loss which in 

turn is greater than the saccule m acula hair cell loss.

Type 1 hair cells have a greater sensitivity than type 2 hair cells. Therefore regions 

which have a predom inance o f type I hair cells are m ore susceptible to dam age than 

areas with a predom inance of type 2 hair cells. The epithelium becom es flattened akin 

to an im age of a first world war battlefield.
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Scanning electron micrograph of the surface of an 
aminoglycoside damaged macula ( Mag x 500)

B oth  photographs reproduced with tcind perm ission o f  Trinity C ollege Dublin
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Cochlea

The specific arrangem ent o f the organ o f Corti m eans that it can function as a highly 

sensitive organ to different frequencies and it also allows it to be highly frequency 

specific. These abilities are due to the existence of the cochlear amplifier.

It is possible that the cost o f  these abilities may be an inability to repair dam age.

The outer hair cells bear the brunt o f the dam age inflicted by am inoglicisides. The 

row adjacent to the Tunnel o f Corti is first to receive the insult. The dam age 

progresses through the m iddle and outerm ost outer hair cells later.

The basal turn of the cochlea is most easily dam aged and the dam age spreads tow ards 

the apex from there depending on the dose and length o f tretm ent. High frequency 

hearing loss therefore occurs first and with increasing doses and lengths o f treatm ent 

spreads to the lower frequencies.

The inner hair cells last until their neighbouring outer hair cells die.

The order o f cell death /  dam age is outer hair cells. Pillar cells, Deiter cells follow ed 

by Hensons cells. This is the same in vitro as it is in vivo and seem s therefore to be 

due to an inherent tissue sensitivity and not an indication o f the ease with which 

am inoglycosides can gain entry to the cells in question.

Interestingly even after chronic exposure to am inoglycosides for up to one month the 

tight junctions of the reticular lam ina at the apex o f the hair cells rem ains intact. In 

contrast the junctions between adjacent supporting cells becom e severely dam aged 

(M cDowell et a l.l989).
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Hair cell ultrastructural changes

These are the same in the cochlea and the utricle. The degree o f dam age is 

proportional to the particular am inoglyciside, method of adm inistration and dose.

First blisters appear on the apical surface of the hair cell and dense lipid bodies appear 

on the subcuticular region and along the sides of the hair cells.

Early changes

The interspace between the pairs o f m em branes on the inside hair cells becomes 

irregular with fusing of regions to form a single dense layer.

Irregular interspace between cells

M itochondria swell and accum ulate lam ellar bodies or disintegrate, ribosom es 

decrease in number, the endoplasm ic reticulum  accum ulates and lysosomes and 

vacuoles form.
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T E M  showing niilcvhondrial swcllini; al the culicular plate (black 
arrow ) and vacuoles (yellow  arrow) (X  5.()()()). A normal 
niilochoiidrium (Itisel) is shown lor comparison.

Later the nuclear density increases, pyknosis occurs and cell disintegration occurs. 

Stereocillia finally fuse, starting with the kinocillium.

There are two theories as to how this happens

1. The cationic charge o f an aminoglycoside antibiotic attaches to the negative 

charges on the surface o f the hair stereocillia, so surfaces o f adjacent 

stereocillia fuse.

2. Damage and subsequent loss o f the hair cells glycocalyx.
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Cell death

This occurs by apoptosis and by extrusion.

Transmission electron microscopy of a utricle 
showing apoptosis of an aminoglycoside damaged 
vestibular hair cell ( Mag x 2,500)



Both processes are active and believed to be a specific repair attem pt the inner ear 

has acquired to prevent further damage. The aim is to maintain the perm eability 

barrier o f the reticular lamina.

This separates the potassium  rich endolym ph at the cells apex from the relatively 

potassium  poor perilym ph which bathes the cell bodies and nerve fibres.

In the vestibule one study suggests that apoptosis predom inates (Forge and Li L 

2000). W here extrusion occurs, the apical fragm ent o f the hair cell in the reticular 

lam ina is retained until tight junctions are established between the expanded 

supporting cells.

A fferent nerves degenerate in a retrograde fashion. Efferent nerves stay for as long as 

several weeks.
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Topical ear drops for chronic supporative otitis media

The use of aminoglyciside ear drops to treat chronic supporative otitis media has 

caused much debate. It seems ludicrous to instill toxic drops through a perforated 

eardrum into the very region of potential damage despite the fact that frequent 

offending microorganisms in otorrhoea of chronic otitis media include klebsiella, 

pseudomonas and proteus species which are sensitive to aminoglycosides. 

Transtympanic injection of aminoglycisides has caused complete destruction of hair 

cells in the inner ear of guinea pigs. The drug is absorbed through the round and oval 

windows to access the inner ear. The round window (and oval window) is thicker in 

humans and seems to prevent entry into the inner ear. Supporting this observation, the 

British Association of Otolaryngologists have succeeded in dampening the fear of 

using the drops for chronic supporative otitis media.

R ound w in d ow

Perroralion o l'lh c  right eardrum  o f  a patienl w h ere the round w in d ow  can  be seen . A n y  
a m in o g ly c o s id e  drops w h ich  are in stilled  w ill be in direct contact w ith  the m etiibranc o f  the  

round w in d o w
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Changes in dosing of aminoglycosides

W here the am inoglycoside is adm inistered intravenously there has been a recent 

change in dosing regim es aim ed at reducing their oto and nephrotoxicity.

Target concentrations with therapeutic concentration m onitoring has been em ployed 

to minim ise toxcity while m aintaining adequate serum concentrations to m aintain a 

cidal action. Recently dosing regim es have tended towards a larger single dose being 

given daily ( Forge et al. 1996, Freeon CD et al 1997 ).

Num erous studies have established under different clinical settings that a once daily 

dose is as safe and as efficacious, costs less and is easier to administer.
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Hair cell regeneration in fish and amphibians 

Introduction

Sensory hair cells are found in both the inner ear and in the lateral line of fish.

The lateral line runs down the side of a fish’s body and relays information about both 

electrical currents and micro movements in the water about their bodies.

The line contains neuromasts which are discrete hair cell containing organs below the 

sk in’s surface.

Lateral line in the cod.

The lateral line is highly developed in the blind cave fish to compensate for total 

visual blindness in an environment where no light exists (Repass and Watson 2001). 

These cave fish depend almost entirely on the lateral line sensory system to detect 

nearby objects and when there are even minute vibrations in the water a response is



Because the lateral line and its neurom asts are so well developed in the cave fish it 

has served as a good model for exam ination o f regenerating hair cells.

The neurom asts within the lateral line o f fish are known to regenerate hair cells which 

have been lost and although the fish cannot hear through the lateral line it was 

reasonable to hypothesise that if the hair cells in the neurom asts can regenerate then 

so could the inner ear o f fish regenerate.

The am phibians also possess the lateral line system and these anim als can regenerate 

sensory cells here as well.

The m echanisms that lead to the production o f sensory hair cells during regeneration 

have been investigated by using two different procedures to ablate hair 

cells in the sensory epithelia o f  individual neurom asts in the lateral line o f 

o f salam ander tails, then m onitoring the responses of the rem aining cells (Balak 

et al. 1990 ).

In one series o f experim ents, fluorescent excitation was used to kill hair 

cells. In another study the ultraviolet output o f a pulsed laser was focused to 

a m icrobeam  through a quartz lens and used to selectively kill individual 

hair cells. The cells were sim ultaneously im aged by transm itted light m icroscopy.
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W ith  the light m icroscope, observation o f  the treated neurom asts  in vivo w as possible. 

T hese  experim en ts  dem onstra ted  that the mature sensory  epithelia  o f  neurom asts  that 

have  been com ple te ly  depleted  o f  hair cells can genera te  new hair cells.

Im m ed ia te ly  after the ablations the only resident cells  in the sensory epithelia  were 

supporting  cells. Therefore  preexisting hair cells w ere  not necessary for regeneration. 

T he  support ing  cells were observed to d ivide at rates that were increased over 

control values, and eventually  those cell d ivisions gave rise to progeny that 

d ifferen tia ted  into hair cells, replacing those that had been killed. M acrophages  were 

active in these epithelia  where removal o f  the destroyed hair cell debris was taking 

place, and their phagocytic  activity had a significant influence on the population  o f  

cells. T he  first new hair cells appeared 3-5 days after the treatments, and additional 

ha ir  cells usually  appeared every 1 -2 days for at least 2 w eeks (Balak et al. 1990).

T he  fate o f  the progeny produced by supporting  cell d ivisions was plastic to a degree, 

in that these progeny  differentiated either as supporting  cells o r  as hair cells in 

epithe lia  w here  hair cells were m issing o r  depleted.

It had thus been  established that fish and am phib ians can regenerate  hair cells in the 

lateral line. T h is  structure is a different organ to the inner ear, how ever  it transpires 

tha t fish and  am phib ians possesses this regenerative ability with respect to hair  cells 

in the inner ea r  also. This was dem onstra ted  in the oscar fish (Astronotus oceliatus). 

Sensory  ha ir  cells  in the striolar regions o f  this f ish ’s utricle were dam aged  by 

in tram uscu lar  injections o f  gentam icin  sulfate. In o rder to determ ine  w hether the fish 

cou ld  regenerate  hair cells, the course o f  dam age and recovery  was fo llowed over 

a period o f  four  w eeks by scanning electron m icroscopy o f  the rem oved utricles. 

M ax im u m  loss o f  ciliary bundles occurred  at about day 10 after the first o f  four daily 

in jections o f  gentam icin. The  striolar regions were a lm ost totally denuded  o f  ciliary
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bundles, and there was considerable evidence o f hair cell loss. The time course for 

dam age was longer in larger fish, but the recovery o f the ciliary bundles appeared to 

be com plete about 10 days after maximal dam age was seen. This indicated that the 

oscar is able to repair dam age to inner ear hair cells in the post-em bryonic period 

(Lom barte et a l.l993).

A dvancing one step up the evolutionary tree from fish to the am phibians, regeneration 

o f hair cells in the inner ear is also observed. In the bullfrog which has been treated by 

ablation of the inner ear with am inoglicosides, the vestibular system has regenerated 

new hair cells also. Interestingly the regenerated hair cells in the bullfrog developed 

an afferent nerve supply . These nerves have since been shown to be active when 

stim ulated and this supports the notion of functional and not ju st structural recovery 

o f the sensory organ (H em andes et al. 1995).

The Oscar (Astronotus ocellatus)

Reproduced with kind permission of Simon and Schuster.
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Bullfrog

It transpires that the hair  cells in the inner ear  and lateral line in fish and am phib ians 

are continuously  produced throughout life (Corwin 1981). These  regenerated  cells 

arise from  supporting  cell mitosis. For instance eighty percen t o f  the cells in the 

m acula  neglecta  o f  the shark are produced postem bryonically  (Corw in  1981). This 

a llow s im proved  sensitivity o f  hearing as the shark matures. This  m eans that fish and 

am ph ib ians  have a distinct advantage over  m am m als  in term s o f  potential to self  

repair  d am aged  or destroyed hair  cells.

Phylogenetica lly  fish evolved  into am phib ians, am phib ians into reptiles and 

subsequendy  reptiles into birds. The  ability to repair dam aged  hair cells in the post 

em bryon ic  period has been retained th roughout this lineage.
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Hair cell degeneration and subsequent regeneration in birds

The organ o f hearing in avian species is the basilar papilla, the equivalent of our 

organ o f Corti. It consists o f a regular m osaic like m ake up o f hair cells and 

supporting cells. It contains both long and short hair cells. Like our organ o f Corti it is 

dam aged by excessive sound exposure.

Excessive noise causes predom inantly short hair cell loss in an area o f  the papilla 

related to the frequency o f the sound (tonotropic distribution). Damage, as in hum ans 

is related directly to the duration and intensity of the sound (Cotanche et al. 1994). 

The degenerative sequence following acoustic traum a is as follows. The dam aged hair 

cells are either extruded or undergo apoptosis. The tectorial m em brane is dam aged 

which exposes the underlying sensory epithelium  at the site of dam age. Furtherm ore 

the endocochlear potential is reduced. There is hair cell loss across the basal half of 

the basilar papilla with a corresponding high frequency hearing loss (Cotanche 1994). 

A m inoglyciside induced dam age is m ediated in a different way. It does not affect 

the tectorial mem brane, dam ages both long and short hair cells and is much slow er to 

recover, taking 2 - 2 0  weeks depending on the am inoglycoside (Hashino et al. 1991). 

For example gentam icin induced dam age takes approxim ately 1 0 - 2 0  weeks to 

recover (Duckert and Rubel 1993) while kanamicin induced dam age takes about 2 

weeks to fully recover (structurally) (Hashino et al. 1991).The reason for the 

difference in response to the different am inoglycosides is that hair cell recovery starts 

basally and progresses apically. There is a delay in the form ation of a kanamicin 

transm em brane transport system so even though the kanam icin rem ains locally for 

som e time, it cannot be transported into the cell (Hashino and Saivi 1996).
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Hair cells can recover a second and third time after noise induced or aminoglyciside 

induced damage. The degree of loss after a second kanamicin induced damage is less 

than that initially experienced, however results o f  studies suggest metabolic changes 

occur in response to the initial dose of kanamycin which do not necessarily involve 

changes in hair cell resistance to ototoxicity so the resistance may be systemic.

Birds, as stated, regenerate auditory hair cells when original hair cells are lost.

The regenerative sequence is as follows.

Regeneration of the tectorial membrane usually begins within 24 hours. At 10 days 

there is a honeycomb like matrix present which fuses with both the adjacent normal 

tectorial membrane and establishes a connection with the stereocillia o f the newly 

forming hair cells (Cotanche 1987 ( b ) ).

Regeneration of hair cells in birds was first discovered in 1987 (Cotanche 1987 (a)) 

Immature looking hair cell were discovered in the inner ear following noised induced 

hair cell loss. Subsequently the same observations were made after aminoglyciside 

induced hair cell loss ( Cruz et al. 1987 ).

This was an unexpected finding as the inner ear of birds unlike fish and amphibians 

was believed to be quiescent after embryonic development (Katayama and Corwin 

1989). The subsequent discovery that there was functional recovery was 

greeted with excitement.

As in fish and amphibians studies, avian studies have shown that the reason there is 

functional recovery is the formation of regenerated neural connections to the 

regenerated hair cells. One study found regenerated hair cells identified by 

autoradiography ([3H]thymidine) in ears from mature quail exposed to pure tone 

overstimulation. W hen analyzed for their neural contacts using transmission electron 

microscopy the results provided conclusive evidence of both efferent and afferent
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synaptic regeneration on regenerated hair cells o f all types 10 days following the 

traum a (Ryals and W estbrook 1994).

In a separate study forty day old quails were given kanam ycin daily for ten days.

Evoked potential thresholds were obtained at 1 day or I, 2, 3, 4 and 6 weeks 

respectively after the last injection, and com pared with the thresholds o f age- 

matched control animals. The cochleas o f the anim als were removed and exam ined by 

scanning electron m icroscopy (SEM ). The results showed that the application of 

kanam ycin for 10 days produced massive destruction of the basilar papilla at 1 day 

post treatment. The dam aged region began at the base and extended apically to the 

position about 50-70%  of the total distance along the papilla, with most severe 

dam age in the basal end. The auditory thresholds m easured at the same time revealed 

a significant elevation at 2 and 4 kHz. However, the num ber of hair cells in the 

dam aged region recovered rapidly with time, and so did the function. By the end o f 3 

weeks post injection, alm ost all the hair cells reappeared in the dam aged region and 

the function im proved further, with nearly norm al thresholds at all frequencies but 

4kHz. Six weeks after treatm ent, the basilar papilla showed a nearly normal 

appearance. The results of the study dem onstrated that structural recovery was faster 

than functional one (Lou et al. 1994).

At least one study how ever suggests that a direct com parison o f structural and 

functional recovery indicates that auditory thresholds recover maxim ally before a full 

com plem ent o f hair cells has regenerated in Bengalese finches (W oolley et al. 2001).
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Bengalese finch

It has been established that the regeneration of inner ear hair cells and neural 

connections to these hair cells following trauma is therefore accompanied by a repair 

of the sensory organ as a functional unit (Lou et al. 1994).

Put simply the results of regeneration correspond to a functional recovery.

Functional recovery during hair cell regeneration is particularly interesting in animals 

that depend on hearing for communication and perhaps this dependence on 

hearing for identification o f  a mate and other forms of communication in avian 

species has meant that regeneration of inner ear function following trauma was a 

distinct advantage for survival and propogation of the species.

Once it was established that inner ear hair cell regeneration in mature birds 

occurred the next logical question was where did the regenerated hair cells originate ? 

It is now known that postembryonic production of sensory hair cells occurs both in 

normal and aminoglycoside-damaged avian inner ears (Jorgensen and Mathiesen 

1988), (Robbertson et al. 1992). If hair cells are formed at a steady rate under normal 

circumstances, the origin of the new hair cells was almost certainly going to be the 

same cells from which regenerated hair cells originate.

The cellular source and mechanism that resulted in new hair cells was investigated in 

the avian vestibular epithelia using three distinct cell-cycle-specific labeling methods 

to identify proliferating sensory epithelial cells.
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Mitosis phase ( M)

M itosis

I'' growth phase (Gl)
2"*' growth phase (G2)

Quiescence

Damage
Synthsels phase (S)

The cell cycle. Supporting cells can reenter the mitosis / differentiation cycle

First, im m unocytochem ical detection o f the proliferating cell nuclear antigen, an 

auxiliary protein o f DNA polym erase, allowed labeling o f cells in late G l, S, and 

early G2 phases o f the cell cycle.

Second, a pulse-fix tritiated thym idine autoradiographic protocol was used to identify 

cells in S phase o f the cell cycle.

Finally, Hoechst 33342, a fluorescent DNA stain, was used to identify epithelial cells 

in mitosis. The distribution o f cells active in the cell cycle within the norm al and 

dam aged vestibular epithelium  suggested that supporting cells within the 

sensory epithelia are the cellular precursors to the regenerated hair cells. D ifferences 

between the proliferation m arker densities in control and dam aged end organs 

indicated that the upregulation of mitotic activity observed after streptom ycin 

treatm ent was due prim arily to an increase in the num ber o f dividing progenitor cells.
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The differences between the extent o f  ototoxic damage and the level o f  the reparative 

proliferative response suggested a generalized stimulus, such as a soluble chemical 

factor, plays a role in initiating regeneration. Finally, after DNA replication was 

initiated, progenitor cell nuclei migrated from their original location close to the 

basement membrane to the lumenal surface, where cell division occurred.

This pattern of intermitotic nuclear migration was analogous to that observed in 

the developing inner ear and neural epithelium ( Tsue et al. 1994).

A further experiment measured the changes that occurred in expression of mRNA for 

the hair cell-specific cytoskeletal proteins fimbrin and class III beta-tubulin, along 

with that for beta-actin, in the utricle of chicks after gentamicin and neomycin 

induced hair cell damage both in vitro and in vivo.

The total RNA was extracted from single utricles, reverse transcribed to cDNA and 

the cD N A amplified by PCR for beta-actin, fimbrin and class III beta-tubulin. 

Co-amplification allowed quantitative comparison of fimbrin, class III beta-tubulin 

and beta-actin mRNA from the same utricle.

The experiment concluded that the cells o f  the sensory epithelium of the chick utricle 

subjected to aminoglycoside-induced damage undergo a process in which mRNA 

expression is switched away from the production of functional proteins and towards 

proteins necessary for structural re-organisation. Therefore there must be up 

regulation o f  hair cell production relative to the basal rate of  hair cell turnover 

following the damage (Stacey and McLean 2000).
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What causes this up regulation in birds ?

M essenger RNAs (m RNA) o f  several growth factor receptors and relate genes were 

exam ined with reverse transcriptase polym erase chain reaction in normal and noise- 

dam aged chicken basilar papillae. Analysis o f  the am plification products 

indicated the presence o f m RNA s for epiderm al growth factor receptor (EGFR), 

fibroblast factor receptor (FGFR), insulin-like growth factor receptor (IGFR), insulin 

receptor (IR), retinoic acid receptor beta (RAR beta), retinoic acid receptor gam m a 

(RXR gam m a), and basic fibroblast growth factor (BFGF) in both norm al and 

noise-dam aged BP. The PCR products generated were characterized by size and 

sequencing analysis to confirm  the identities o f the target molecules. The subcellular 

localization o f the mature protein analogs for EGFR, FGFR, IGFK,RAR beta, and 

BFGF were identified using fluorescence im m unocytochem istry and confocal laser 

scanning microscopy.

These experim ents indicated that EGFR is present in the stereociliary bundles in the 

hair cells, IGFR is not present in the cells o f the basilar papilla, BFGF localizes in the 

nuclei o f supporting cells in the basilar papilla, but not hair cells, and that RAR 

beta localizes in the perinuclear regions of hair cells. The subcellular distributions of 

these proteins were consistent in both noise-dam aged and control basilar papilla. 

FGFR, in contrast, changed its distribution in the tissue after noise dam age. In normal 

basilar papilla, FGFR is concentrated in the stereocilia of hair cells. However, in 

dam aged regions o f noise-exposed chick cochleae, FGFR was heavily expressed in 

the expanded apical regions o f the supporting cells. These findings suggest that BFGF 

and retinoic acid may potentially play a role in the m echanisms which regulate the 

regeneration o f chicken cochlear hair cells (Lee and Cotanche 1996).
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Functional recovery in birds

Follow ing  noise induced hair  cell dam age, auditory thresholds  and frequency 

selectivity returns within 3 days after exposure  in line with the first appearance  o f  the 

im m ature  hair cells (N im iec et al. 1994). A s the tall hair cells appear  to be unaffected, 

the recovery o f  the tectorial m em brane  overly ing  them  allow s these hair cells to be 

s tim ula ted  when the basilar m em brane  is m oved  (Saunders  et al. 1992).

A lm ost  all the innervation o f  the basilar papilla  is from the tall hair  cells. 

A m inog lyc is ide  dam age  dam ages  both the tall and the small hair cells. Therefore  

functional recovery takes much longer, depend ing  on the particu lar  am inoglycoside, 

again  gentam icin  taking far longer than kanam icin . Functional recovery depends on 

hair  cell recovery. There is how ever a continuous deficit in function such as a high 

frequency  defcit in chicks due to disorientation  in the a rrangem ent o f  the hair cells at 

the basal end o f  the papilla  ( M arean  et a l . l9 9 5  )

C uriously  this is a low frequency  deficit  in the budgerigar (H ashino  et a l . l9 9 1 ) .
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Vestibular system in birds

The avian vestibular system is structurally, developm entally and functionally similar 

to the m am m alian vestibular system. The vestibular sensory epithelium  does not 

continue to grow after the em bryonic period but hair cells are produced (unlike 

the auditory system ) in the postem bryonic period (Jorgensen and M athiesen 1988.) 

and (Robbertson et al. 1992). Therefore there must be a turnover of hair cells in the 

vestibular system. O ngoing supporting cell proliferation in the post embryonic period 

has been shown (Osterle and Rubel 1993).

There is a functional recovery o f the avian vestibular system after am inoglyciside 

induced dam age and vestibular evoked potentials are normal at 10 weeks whereas the 

vestibulo -  ocular reflex returns at 8 -  9 weeks (Jones and Nelson 1992).
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M ammals

The Immature hair cell bundle

The regenerative hair ce il unit o f  the m am m alian  utricle is the im m ature hair ce ll 

bundle.

Short, thin stereocillia with 
a relatively low density of 
microfllaments

Absence of a constriction of 
the proximal end of the 
stereocillia or an obvious 
rootlet

O '

Absence of synapses ].?. 4  |
depending on m aturity  ^

^  ■ A poorly developed or
, absent cuticular plate

'■  V .  ' '  J

There is a subjective element to the identification of im m ature hair 
cell bundles a t Transm ission electron microscopy (Mag X 3000).
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This ensem ble gets its nam e from the fact that it resem bles the im mature hair cell 

bundles seen in norm al developm ent o f o ther mammals.

The auditory epithelium  in m am m als has evolved separately from that in birds and its 

structural organization differs from those o f lower vertebrates. In contrast, the 

vestibular epithelia, present in the saccule, utricle, and the cristae o f the three 

sem icircular canals, are m orphologically sim ilar in all vertebrate classes. These 

sim ilarities have led to the speculation and discovery that hair cell regeneration takes 

place in the m am m alian vestibular system (Forge et al. 1993).

The most widely studied sensory epithelium  is the utricle. Large num ber o f cells with 

im m ature hair bundles in m ultiple stages o f developm ent can be identified in the 

utricle o f guinea pigs which has experienced am inoglycoside induced hair cell loss. 

Thin sections show that lost type I hair cells were replaced by cells with a 

m orphology sim ilar to that o f type 2 hair cells. These results indicated an unexpected 

capacity for hair cell regeneration in vivo in the mature m am m alian inner ear. At least 

som e o f the new hair cells becom e innervated, making it likely that they could 

contribute to a recovery o f sensory function (Forge et al. 1993).

Sim ilar observations have been m ade in cristae and saccules,

which suggests that these phenom ena occur throughout the whole mam m alian

vestibular system.

The structure o f an im mature hair cell bundle consists o f short thin stereocillia of 

alm ost equal height and a single longer koinociliium .

The m ost im mature looking consist o f these stereocillia which cover alm ost the entire 

cell apex and are angled tow ards a central kinocillium . The apical surface is sm aller 

than that o f mature hair cells. The more m ature im mature hair cell bundles have 

regularly arranged stereocillia which are longer and have cross links at their tips. They
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have an eccentrically  p laced  kinocillium.

T he im m ature  hair  cell bundles  are found in greatest num bers  4  w eeks after t reatm ent 

with gentam icin  (Forge et a l . l993 ) .

T he ir  densities  decline in the fo llow ing ten m onths  (Q uin t 1996).

T here  is a subjective e lem ent to the identification o f  im m ature  hair  cell bundles.

T E M  o f  the im m ature  hair cell bundles  show

1. Short, thin stereocillia  with a relatively low density  o f  m icrofilam ents

2. A bsence  o f  a constric tion o f  the proxim al end o f  the stereocillia  o r  an

obvious rootlet

3. A poorly developed  or absent cu ticu lar  plate

4. A bsence  o f  synapses depending  on maturity

Innervation o f  the im m ature  hair cell bundles has been confirm ed. H air cell coun ts  o f  

thin sections suggest that there is a recovery o f  hair cell m um bers  over 12 weeks. The 

n u m b er  o f  type 1 hair cells increases with time. (Forge and Li 1994)

T he  origin o f  the im m ature  hair cell bundles in m am m als  is unknow n  and currently  

the m echan ism  underly ing  the regenerative process is still under debate.
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There are four possible sources.

1. Supporting ceil mitosis (Warchol)

The main evidence to support this theory comes from cultures of mature 

guinea pig and human utricles which had been exposed to 

neomycin in titrated thymidine and subsequently showed labled nuclei in the 

basal part of the sensory epithelium at 2 -  6 days following treatment. These 

cells were consistent with supporting cells. However by 4 weeks a proportion 

had migrated to the lumenal stratum where the hair cells would be found. 

Some of these labled cells subsequently developed immature hair bundles 

(Wachol et al. 1993).

2. Transdifferentiation of supporting cells or stem cells

This theory is based on the belief that immature hair cell bundles arise 

from transformation of another cell type. The evidence in support of this 

theory is based on the observation that following transtympanic 

injection of gentamicin into guinea pig ears the number of immature hair cell 

bundles was considerably greater than the number of labled supporting cells 

seen on Scanning Electron Microscopy and the nuclei of the immature hair 

cell bundle cells were not labled with tritiated thymidine.

3. A combination of 1 and 2 (Sobkowicz) (Warchol e ta l . l9 9 3 ) , (R u b e l  et a l . l9 9 5 ) .

4. Cell repair (Sobkowicz) (Zheng).
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In tracellu lar  repair  o f  partially dam aged  hair  cells  can be an im portant contribu tor 

to spon taneous hair  cell recovery in m am m alian  inner ears. Im m unocytochem ical,  

h istological, e lec tron  m icroscopic , and au torad iographic  ev idence in cultured 

postnatal rat utric les suggest that a substantial nu m b er  o f  hair cells can survive 

gen tam ic in  insult and regrow  their stereocilia  (Z heng  et a l . l9 9 9 )

A lthough  the n u m b er  o f  stereocilia-bearing hair cells  increases over  t ime after 

gen tam ic in  insult, hair  cell and supporting  cell num bers  rem ain  essentially 

unchanged . Trit ia ted  thym idine autorad iography and brom odeoxyurid ine  

im m unocy tochem is try  o f  the cultures dem onstra ted  that cell proliferation in the 

sensory  ep ithe lium  was very limited and far be low  the num ber  o f  recovered hair 

cells. T h is  seem s to support the previous studies (Rubel E .W , Dew, L.A. et al 

1995).

Further  ev idence  for self  recovery  o f  hair cells by repair com es  from studying the 

kinocill ia  in cell cultures.

A uditory  hair cells  o f  m ice  that survived m echanical injury in culture began their 

recovery  by re fo rm ing  the kinocilium . N orm ally , the kinocilium  lasts only about 

10 postnatal days; how ever,  post-traum atic  ha ir  cells re form ed their k inocilia  

regard less  o f  age. C oncom itan t  with the regrow th o f  the kinocilium , the basal 

body and  its c il ium  took a central location in the cu ticu lar  plate and the stereocilia  

regrew. T he  reform ation  o f  the kinocilium  in recovering  hair cells indicates 

the possib le  role o f  its basal body in the m orphogenesis  and differentiation o f  

cu ticu la r  plates and  stereocilia  ( Sobkow icz  et a l . l9 9 5 )

C onsidered  together, in tracellular repair  o f  partially dam aged  hair cells can  be an 

im portan t con tr ibu to r  to spontaneous hair  cell recovery  in m am m alian  inner ears.
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Functional recovery in mammals

Evidence for functional recovery com es from two sources.

1. Nystagam us and decarboxylase activity have been shown to return in guinea 

pigs treated with streptom ycin at 22 days (M eza et al 1992.)

2. The return o f vestibular function in an ear treated with streptom ycin for 

M enieres disease in a patient (G lascock et al. 1989).
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What is the up regulating stimulus for hair cell regeneration ?

There are currently two theories as to the origin of the regeneration stimulus.

Removal o f lateral inhibition (Corwin, Lewis).

Examination of the vestibular sensory epithelium reveals a classical alternating hair 

cell /  supporting cell arrangement. The junctions between neighbouring cells possess 

signalling molecules which are believed to mutually inhibit the growth of a cell 

identical in function to itself. When hair cells are lost this means that a supporting cell 

must divide and differentiate into a new hair cell to restore the balance ( Corwin et al.

19 9 1), (Lewis 1991). Avian vestibular hair cell regeneration has been demonstrated 

in serum free conditions and this supports this theory (Osterle et al. 1993)

Removal of cellular lateral inhibition may allow supporting cells to 
re-enter the division stage of the cell cycle
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Growth factors in the epithelium (Contache)

This theory suggests that a sensory epithelium  produced growth factor induces m itosis 

and differentiation o f supporting cells into hair cells. Avian vestibular hair cell 

regeneration has been dem onstrated in serum free conditions and this is why the 

origin o f the growth factor is believed to be in the epithelium  itself (Cotanche 1997) 

The proliferative process is mediated by cA M P ( N avaratam  et al. 1996).

Growth factors specific to m am m alian vestibular hair cell regeneration following 

am inoglyciside induced dam age include transform ing growth factor alpha 

( TGFA) and Epiderm al grow th factor ( EOF) which both m ediate their effects 

through the EGF receptor (Y am ashita and O esterle 1995).

TGFA is much more potent than EGF. The com bination of TGFA, insulin growth 

factor 1 ( IGF - I ) and retinoic acid increased the rate o f hair cell regeneration in vivo 

in the guinea pig utricle (Lefebvre et al. 1993).

Recently the list o f m am m alian vestibular growth factors has expanded.

Brain derived neurotropic factor ( BDNF) (Lee et al 1997), Fibroblast growth 

factor 2 ( FGF -  2) (Zheng et al. 1997) and Recom binant hum an glial growth 

factor 2 ( rhGGF -2 )  (Gu et al. 1997) are all im plicated in the growth o f im m ature 

hair cell bundles.
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Stem Cells and Mammalian Inner Ear Regeneration

The recent interest in stem cell research has yielded som e  p rom ising  results in the 

field o f  inner ear  regeneration  in m am m als . It was know n  that foetal dorsal root 

ganglion neurons can extend functional connections in the rat spinal cord.

Em bryonic  stem cells and adult neural stem cells have a lso  shown the potential to 

differentiate into neurons.

Em bryonic  foetal m ouse stem cells from the dorsal root ganglia  and adult m ouse  

neural stem cells have been injected into the injured ves t ibu locochlear  nerve o f  adult 

rats and gu inea  pigs. The foetal cells were labled with Enhanced  Green  F luorescent 

Protein (E G FP) and the adult neural stem cells with lac Z  reporter genes. Survival o f  

the implants  at 2 to 4  weeks later has been assessed.

E G F P  identifying a stem cell. Reproduced  with perm ission o f  University  C o llege  Dublin

By labelling the em bryonic  stem cells with the m ouse-specific  neuronal antibody Thy 

1.2. and by looking for lacZ-express ing adult neural s tem  cells the stem  cells were 

identified as having differentia ted  into neuronal tissue.

E G FP-positive  nerve fibers were seen g row ing  within the proxim al vestibu locochlear  

nerve at the site o f  injection but also in the brain stem in both the rats and gu inea  pigs. 

(R egala  C, Duan M, et al. 2005 ).
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This suggests that the vestibulocochlear nerve o f adult rats and guinea pigs will 

support xenotransplants o f em bryonic dorsal root ganglia and em bryonic stem cells. 

The same should apply to adult neural stem cells.

In addition to their innate potential to reform  dam aged neuronal tissue, the ability of 

nerve stem cell-derived cells to produce neurotrophins in the inner ear has also been 

dem onstrated (N akagaw a T, Ito J. 2005). R esults from studies using autologous bone 

marrow stromal cells indicate a high survival and m igration potential also 

suggesting that these cells can be used as a drug delivery vehicle to the inner ear. 

These cell transplantation findings may provide a sound foundation for the 

developm ent o f therapies to treat inner ear disorders.

To more efficiently drive the im planted adult mouse neural stem cells into a neuronal 

fate when transplanted into dam aged guinea pig inner ears nerve stem cells have been 

transduced with neurogenin 2 (ngn2) before transplantation. The surviving cells were 

found close to the sensory epithelium  and adjacent to the spiral ganglion neurones and 

their peripheral processes (Hu Z, Wei D et al 2005).

It is not ju st nerve growth factors which show prom ise in m anipulating im planted 

stem cell. By profiling gene expression in developing m ouse vestibular organs, the 

retinoblastom a protein (pRb) was identified as a possible candidate regulator o f cell 

cycle in hair cells (Sage C. Huang M 2005).

Sage et al have shown that differentiated adult mouse hair cells with a

targeted deletion o f R etinoblastom a I gene ( R b l ) undergo mitosis, divide, and cycle

to become highly differentiated and functional. Acute loss o f R bl in

postnatal hair cells caused cell cycle re-entry. M anipulation o f the Rb pathway may

ultim ately lead to m am m alian hair cell regeneration.
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Taurine as an immunomodulator and cellular protectant

Taurine or P - aminoethane sulfonic acid is a p -amino acid with plasma 

concentrations of 74 + / - 21\\L  in humans (Vinton et al ’86). This is similar to other 

plasma amino acid concentrations. The intracellular concentration however is very 

high, up to ten times higher than the other amino acids.

Total body taurine is as much as 100 -  1.50 mmol. Fifty percent is present as a free 

amino acid pool in the heart. Large amounts are also found in the skeletal muscle, 

brain and bile.

It is found in high concentrations particularly in mammalian electrogenic tissue 

(Huxtable, Sebring 1986). From here it is taken into platelets and leukocytes and 

transported to organs.

Taurine is an essential amino acid which is not utilized in protein synthesis, but rather 

is found free or in simple peptides. Clinically, taurine has been used with varying 

degrees of success in the treatment of a wide variety of conditions, including: 

cardiovascular diseases, hypercholesterolemia, epilepsy and other seizure disorders, 

macular degeneration, Alzheimer's disease, hepatic disorders, alcoholism, and cystic 

fibrosis (Birdsall TC. 1998)

In humans taurine is absorbed through the gut and plasma levels are controlled by the 

kidney. An efficient uptake system is required to overcome the low dietary intake of 

taurine. In the gut, the intramucosal concentration of taurine is 90 times the plasma 

concentration. The overwhelming majority however is produced by the body itself.

As it is made chiefly in the liver and brain and remains for the most part intracellular, 

the membrane transport system in the gut must be responsible for maintaining the 

high intracellular mucosal concentrations there.
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The small portion o f taurine obtained from the diet com es alm ost exclusively from 

animal foodstuffs - meat, offal and seafood.

Taurine was initially viewed as an end product o f sulphur containing am ino acid 

m etabolism  with no physiological role except bile conjugation (Hastlew ood '64).

Now its com plex physiological role is being more com pletely understood.

It has a role in many different cellu lar protective m echanism s such as

1. Osm oregulation (Heacock AM , Kerley D. et al. 2004) (Ito T, Fujio Y et al. 2004)

2. Antoxidation (Bidri M, C hoay P. 2003)

3. Detoxication (Birdsall TC. 1998)

4. M em brane stabilisation ( Gaull and Rossin 7 9 ) ( Huxtable '92)

5. Neurom odulation ( Kuriyam a et al '80) (Barbeau A (1975)).

6. Retinal and cardiac function ( W right et al ' 86)

7. Brain developm ent ( Sturm ann et al '86)

8. Im m unity (W atson et al 1995)
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Immunity

Given taurine’s established role in membrane stabilisation, osmoregulation and 

antoxidation, it is reasonable to suggest that it has a positive effect on cell viability. 

The effects of taurine on apoptosis and necrosis has been studied.

In hepatocytes taurine has attenuated apoptosis and reactive oxygen intermediate 

induced necrosis. Since free redical oxygen scavengers have been shown to have 

some effect on modulating aminoglycoside induced cochlear damage, then in theory 

taurine may prevent such damage.

It has also attenuated apoptosis related to nitric oxide inhibition and attenuation of 

necrosis caused by free radical concentrations has been described.
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Basic science

T aurolid ine is B is  (1,1,  D ioxop erh yd ro  -  1 ,2 ,4  -  th io iazin y l -  4 )  m ethane. The  

ch em ica l structure is C H 2 H 16N 4 O 4 S 2 and the m o lecu le  has a m olecu lar w eigh t o f  

2 8 4 .3 6 . It has a pH  o f  6 .9  -  7. and is a w hite crysta llin e  pow der. It is up to 2% w ater 

so lu b le.

SO

Taurolidine

T aurolid ine co n sis ts  o f  2 m o lecu les  o f  taurinam ide. In so lu tion  it y ie ld s  taurine. 

In so lu tion  taurolid ine is in equilibrium  w ith  tauraitam  and m ethyl-taurultam  and 

con ta in s on ly  trace am oun ts o f  form aldehyd e ( <  0 .0038% ). ( K night et al 1983).

Taurolid ine

- H20 +  H 2 0

M ethylol-taurultam + Taurultam

M ethylo l-taurin am id e

i
Taurine

The equilibrium and transformation of taurolidine to taurine in vivo



Methionine S - adenosylmethionine 

\
cystathione

i
cysteine

Homocysteine S adenosyl homocysteine

Cysteine sulfonic acid hypotaurine 

■*----------

CSAD
Cysteic acid Taurine

Vit B6

oxygen

CO

Taurine biosynthesis from methionine and homocysteine.
CSAD ( cysteine sulphinic acid decarboxylase ) catalyses the main portion of the 
conversion of methionine to taurine.
It requires vitamin B6 as a co-enzyme
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Method of administration

It has been shown that intraperitoneal and intravenous taurilodine (taurolin) 

adm inistration produces sim ilar results with regard to distribution in the body and 

safety (W aser 1985). The approved recom m ended daily dose range for hum ans is 2 -  

10 gram s per day. M ore than 10,000 patients have received intravenous or 

intraperitoneal regim es (W aser and Sibler E. 1986). Further studies provide evidence 

o f the safety o f intraperitoneally adm inistered taurolidine.
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Cytotoxicity

Cyotoxic testing has been performed on taurolin prior to its use on humans. This was 

performed using using monolayers of tissue culture. Human embryonic lung 

fibroblasts and two reference strains of human skin fibroblasts were selected as 

normal, non neoplastic control cell lines. The monolayers were examined by direct 

light and phase contrast microscopy at 1 hour and 18 hours after exposure for 

cytotoxicity.

The results suggested that taurolidine and its derivative taurine are non toxic to 

normal tissues. Subsequent to this taurolin was used in many clinical trials involving 

humans without side effects.

A 2 % Taurolin solution has been shown to be non toxic to the middle ear muco.sa 

and the inner ear (Handrock and Mathews 1985).

In one study 2% taurolin was perfused through the eardrum of guinea pigs at a rate of 

0.21 ml per minute and then rinsed with physiological saline. The auditory thresholds 

o f  the guinea pigs were checked daily up to day 14. The amplitudes and latency times 

o f  responses showed no change from their original values.

Taurolidine and its metabolites (except taurine) cannot cross the blood brain barrier as 

shown by autoradiographic studies (Steinbach-Lebbinn 1982).

Taurine however crosses the blood brain barrier via the sodium and chloride ion 

dependent carrier sysyem (Kang 2000), (Benrabh et al. 1995).

Further evidence that taurine crosses the blood brain barrier and that the rate is 

dependant on plasma levels until saturation is reached has been shown ( Stummer et 

al. 1995 ). Therefore the only metabolite of consequence to enter the 

perilymph of the inner ear via the cerebrospinal fluid is taurine.
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The Ear

Taurine entry into the perilym ph by passive diffusion from the blood has also been 

established (Angelini et al 1998). It is known to be the m ost abundant free am ino acid 

in the inner ear although its exact function is unknown. Studies have shown that 

localisation o f taurine in the organ o f Corti is consistent with taurine being involved in 

the osm otic equilibrium  o f the normal organ o f Corti and perhaps in the 

restructuration o f the pathological organ o f Corti. (Horner and Auousseau 1997). 

Evidence points to taurine having no role as a neorom odulatory am ino acid in the 

inner ear (Usami and ottersen 1995).

In the cochlea a functional study exam ining auditory evoked brainstem  responses in 

guinea pigs after intraperitoneal taurine adm inistration suggested that taurine actually 

increases am inoglycoside toxicity at least in the concentrations used by the study 

(100 mg/ kg/ day for 21 days). This potentiation of ototoxicity is 

believed to be due to its effect of decreasing the am m ount o f  extracellular calcium, 

possibly by simple chelation. This allows increased binding and uptake into hair cells. 

It may also stimulate uptake into hair cells. The study concluded how ever that any 

changes in calcium  concentration in the inner ear due to taurine are reversible and in 

the absence of this specific ototoxic insult no cochlear dam age would occur ( Kay and 

Davies 1990).

A sim ilar study in m ice showed that taurine (N -Chlorotaurine) infusion into the 

middle ear is well tolerated w ithout adverse effects ( N eher et al 2001).

Interestingly a study (Reissner at al 1994) using a 2% solution o f taurolin instilled into 

the ear to treat purulent otitis m edia in 10 (hum an) patients showed that the 

antibacterial effects o f taurolin elim inated 12 o f 13 bacterial species isolated before
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the trial.

O f  particular interest w as the fact that audiom etric  testing show ed  no ototox ic  side 

effects in a fo llow  up period o f  30 m onths  (Reissner C et al. 1994).

Thus there is conflic ting  ev idence on the o totoxicity  o f  Taurolin.

The effect o f  taurine on the vestibular function o f  the inner ear  has not been clinically 

investigated and the ultrastructural changes induced by am inog lycosides  in the 

presence o f  supp lem entary  taurine as ev idenced  by transm ission electron m icroscopy 

has not been investiga ted  either.

Therefore  this study exam ined  the effects o f  taurine supplem enta tion  (via 

adm inistra tion  o f  taurolin) on the ultrastructural changes in the gu inea  p ig  utricle 

induced by am inog lycoside  ototoxicity.

93



Methods

The aims of this study are

Aim 1. To document the relative extrusion to apoptosis rate as a mode of cell 

death in gentamicin induced damage.

Aim 2. To assess the reliability of light microscopy in cell counts. This was done by 

comparing light microscopy specimens (at X 100 magnification) to the same 

specimens at Transmission electron microscopy with Formvate 

covered copper grids.

Aim 3. To document the light microscopic and ultrastructural degenerative and

regenerative changes in the guinea pig utricle at 1, 2 and 4 weeks following 

gentamicin exposure by measuring the relative supporting cell : hair cell ratio 

changes. The hair cell counts included not only regenerating hair cells 

identified but also hair cells which were in a state of degeneration, 

ranging from moderate to severe.

Aim 4. To identify regenerating hair cells.

Aim 5. To identify type 1 and type 2 regenerating hair cell numbers at 1, 2 and 4 

weeks post gentamicin damage.

Aim 6. To identify the source of regenerating hair cells by identifying supporting 

cell nuclear changes or activity around any regenerating hair cells.
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An important facet o f  this aim is to identify supporting ceil mitosis at Light 

Microscopy and Transmission Electron Microscopy. In order to appreciate the 

changes we need to firstly highlight features of the nucleus of a cell and also the 

features which indicate that a cell is dividing.

By doing so and understanding these changes any TEM evidence of dividing 

supporting cells could be identified.

The nucleus contains chromatin which is coiled strands of DNA bound to 

proteins called histones.

Identiflable features of the nucleus of a cell at TEM

Euchrom atin  is p ale on T E M  and LM

Schematic cell
Heterochromatin is dark on TEM and Light microscopy

Nucleolus

 ̂ ' i% Nucleolus assosciated chromatin

The layer of Heterochromatin under the 
nuclear envelope is called the nuclear 
membrane

The nuclear envelope merges 
with the endoplastic reticulum

Actual cell
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The term ^Mitotic F ig u re’ is used as a general term to describe features seen at Light 

M icroscopy and Transm ission Electron M icroscopy when a cell is undergoing 

mitosis.

The term covers features such as

a. N uclear envelope dissolving.

b. The presence o f identifiable chrom osom es.

c. Spindle fibres forming from the centrioles to chromosom es.

d. Changes in the shape o f a cell.

In many cases a cell changes shape (Eg. ‘rounding’)

e. In som e cases changes in the position o f the cell.

In sim ple epithelia the cell rounds, apparently moves tow ards the 

surface losing its connection with the basal lam ina (Leeson, Leeson, 

Papano 1985).

f. The classic appearance o f the four phases o f cell division.

96



The phases of propahse, metaphase, telophase and anaphase are
dynamic and continuous but are subdivided to aid identification.

Photos of light micrographs showing from left to right prophase, metaphase, anaphase and telophase. 
Reproduced with kind permission from Appleton and Lang.

In Prophase the chromatin condenses and the chromosomes become dari< and short. 

The two halves of each chromosome are attached at the centromere.

The nuclear membrane dissolves, the nucleolus disappears and the chromosomes 

become visible.

In Metaphase the chromosomes arrange themselves at the equator.

Under TEM microtubules running from the centrioles at each pole can be seen 

running to the chromosomes.

TEM taken at Metaphase showing spindles (Microtubules) running from the centrioles (white arrow) 
to the chromosomes at the equator (Black arrow). Reproduced with kind permission from Appleton 
and Lang.
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In Anaphase the cell splits with each copy receiving a set of chromosomes.

In Telophase the chromatin condenses to chromosomes, the nucleolus reforms as 

does the nuclear envelope. The centriole also duplicates.

Aim 7. To investigate whether intraperitoneal Taurolin ® is either cytoprotective 

or potentiates aminoglycoside induced damage to the mammalian 

peripheral vestibular system.

Aim 8. Finally a new technique for atraumatic removal of the utricle is described. 

Any damage induced accidentally by microforceps or other instruments 

is eliminated and thus any imperfections in the collected specimens 

avoided.
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Taranstymanic gentamicin injection.

Gentamicin was chosen as the lesioning agent as it is known to be a primarily 

vestibuiotoxic agent.

The right side was the side chosen for treatment with gentamicin in all o f  the animals. 

Commercially available gentamicin sulphate 2mg per ml was used. This preparation 

contains preservatives which have been shown to be non toxic to the inner ear of 

guinea pigs and humans.

Duncan Hartlett guinea pigs of  both sexes and aged 8 weeks at the time of injection 

were used in this study.

The weights of the individual guinea pigs were assessed using an electric scales.

The animals were anaesthetised with intramuscular xylazine ( Rompum ® 0.2ml/kg) 

and ketamine (Ketalar ® 1.5 ml/kg) injected into the thigh of the hind leg and the hair 

around the right ear was shaved to facilitate access to the tympanic membrane.

An operating microscope (magnification X 40) and a dental needle was used to inject 

the gentamicin into the middle ear cavity.

The middle ear cavity was filled via a small injection site through the antero-superior 

part of the tympanic membrane to prevent escape of the gentamicin.

Specific care was taken to avoid tearing the tympanic membrane and to avoid 

ossicular damage.

The injection was performed over fifteen seconds to prevent mechanical injury to the 

middle and inner ears.
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Injcction o f the gcntamicin through the tympanic membrune
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The guinea pigs were placed on their left side with the head tilted in the upright 

direction during recovery from anaesthesia to further prevent escape of gentamicin. 

During this time their bodies were covered with straw and placed under a heating 

lamp for the half hour or so that it took to recover from the anaesthetic.

The animals were observed intermittently for a further four hours upon 

recovery.

Gentamicin can be delivered to the middle ear cavity by sustained release, by a once 

off  injection or series of injections (Hoffer et al. 2001). The drug is absorbed from the 

middle ear through the thin membrane covering the round window.

The concentration of gentamicin in the spiral ganglion and the hair cells o f  the inner 

ear is significantly greater in the transtympanic method o f  administration than if the 

drug was introduced systemically (Hoffer et al. 2001).

With transtympanic administration there is a high peak at 24 hours and a rapid falloff 

with total elimination from the middle ear in 48 hours (Hoffer et al. 2001).

In the sustained release administration there is a long plateau with a peak 

approximately 1/3 of the size of the transtympanic method of administration.

The reliability of sustained release administration decreases functional and 

morphological variation between animals but while perilymph kinetics differ, the 

results are the same from a functional and morphological viewpoint.

(Hoffer et al. 2001). Therefore for ease of administration and in order to limit stress to 

the guinea pigs, a once off dose of transtympanic gentamicin injection was preferred.
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Taurine injections

The taurolin (200 mg/kg body weight) solution was injected intraperitoneally under 

sterile conditions one hour before gentam icin injection to ensure that it was in the 

plasm a and hence the cerebrospinal fluid and perilym ph o f the inner ear. This dose 

had been injected intraperitoneally in m ice before so the same dose was used in the 

guinea pigs. Thereafter it was injected intraperitoneally at the same dose every third 

day except day 13 until the guinea pigs were harvested. This m eant that in total 

four doses were given to each guinea pig.

F ive anim als were treated in this fashion with the right ear being the side to receive 

the gentam icin and the left serving as a control.

The guinea pigs were harvested at 14 days post gentam icin injection.
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Removal of the utricle

The Duncan Hartlet guinea pigs aged 8 weeks at the time of gentam icin 

adm inistration were first anaesthetised with a halothane /  oxygen m ixture via a 

specially prepared cham ber in order to avoid the discom fort o f the injection of 

intram uscular xylasine (0.2 ml/kg) and ketam ine (1.5 ml/kg).

S A G A T A i

The anaesthetic chamber on the left and intramuscular 
anaesthetic agents with pentobarbitone (Sagatal ®) on the right

Then a lethal dose o f pentobarbitone was given intraperitoneally to sacrifice the 

anim als under the observation of the animal experts in the research laboratory. 

This ensured a hum ane and painless harvesting o f the utricles.
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Upon repeated demonstration o f a loss o f the paedal reflex by two observers, the 

guinea pigs were decapitated. The mandible was removed by cutting the rami with 

a heavy duty scissors. Next a horizontal cut with a scissors was made 

perpendicular to the spine to remove any tissue obscuring the foramen magnum. 

Using the scissors a midline cut was made along the base o f the skull continuing 

through the hard palate. This released the bony restraints to facilitate removal o f the 

bullae.

To establish a system the right and left bullae were harvested in a rotating 

manner. This meant that i f  the right bulla was harvested first on a particular 

guinea pig, then the left was harvested first on the next.

Midline cut through skull and palate

Muscles ovei

Cut perpendicular to spine
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The bullae shelled out in a clean manner from the skull allowing complete 

removal of the middle and inner ears from the animals without damage.

Immediately upon removal the convex side of the bulla was entered with the aid 

of a scissors and the bony cochlea exposed. Immediately following this, the basal 

turn of the cochlea was removed with a forceps and several drops of 2.5 % 

glutaraldehyde with phosphate buffer were instilled into the specimen under the 

microscope. This was to ensure that no air bubbles were present in the specimen. The 

bulla was than immersed in the same solution for preservation.

The whole procedure from decapitation to immersion of both of the prepared 

bullae in gluteraldehyde / phosphate buffer took less than two and a half 

minutes in most ca.ses and less than three minutes in all cases.

This ensured that no hypoxic damage would interfere with LM or TEM examination 

of the utricles.

105



Removed bulla with its convex surface removed to show the cochlea

Access to the utricle

The utricle is found in the vestibule. It can usually be identified by the fact that it 

is white and heart shaped or kidney shaped whereas the saccule is com m a 

shaped.

The right utricle faces left and visa versa. Both the basal turn of the cochlea and 

the stapes footplate allow access to the vestibule once removed.
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During harvesting  o f  the bullae  the basal turn o f  the coch lea  is partially rem oved 

(white arrow).

1 CM
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With the time constraints on tissue immersion in gluteraldehyde / phosphate 

buffer solution it is not possible to carefully dissect the whole basal turn and any 

attempt to remove the basal turn in its entirety would leave the utricle 

susceptible to hypoxic damage. Therefore at a later stage during dissection ( in 

gluteraldehyde / phosphate buffer solution ) the remaining bony strut o f the 

basal turn was removed. The utricle is now visible in the solution but not without 

the solution as diffraction allows identification below the stapes footplate.

I MM

4

$

Basal turn o f the right cochlea has been fu lly  removed
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The malleus / incus assembly (which is fused in rodents) is dislocated from the 

stapes head and the stapedius tendon is cut.

Malleus / incus
complex Stapes

Pyramid for stapedius 
tendon

Utricle

[— I M M  —I
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Removal of the stapes



The malleus / incus complex and the pyramid, a bony attachment for the 

stapedius tendon are removed to facilitate access to and removal of the utricle.
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Area o f  attachment o f  
neurovascular bundle

Utricle

Saccule

Using two bent dental needles, the utricle is freed of its membranous attachments 

and then is removed from its attachments to the neurovascular bundle.

1 1 2



Finally the bulla was now inverted in a perfectly clear glass petri dish containing 

gluteraldehyde / phosphate buffer solution and the utricle, when properly freed 

from its membranous attachments falls gently to the bottom of the dish 

where it is removed with the aid of the gentle action of a large bore suction 

pipette. This method of atraumatic removal has not been previously described.

Upturned bulla immersed in 
glutaraldehyde / buffer solution to 
release the utricle
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Ten guinea pigs iciiled humanely for utricle harvesting at 1 week after 

gentamicin injection.

Ten guinea pigs killed humanely for utricle harvesting at 2 weeks after 

gentamicin injection.

Ten guinea pigs killed humanely for utricle harvesting at 4 weeks after 

gentamicin injection.

Five guinea pigs underwent transtympanic gentamicin injection one hour after 

intraperitoneal injection of Taurolin ®. They had intraperitoneal taurolin 

injections every third day except day 13. They were humanely killed at 2 weeks after 

the gentamicin injection for utricle harvesting.

The harvesting of utricles at 1, 2 and 4 weeks post gentamicin administration meant 

that the damage caused by the gentamicin was at its greatest level and previous 

studies have shown that the density of regenerating hair cells is greatest at 4 weeks 

post gentamicin exposure ( Forge et al. 1993, Quint 1996, McConn-Walsh 2000). 

Therefore maximum examination of degeneration and regeneration processes could 

be studied.
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Preparation of tissue for transmission electron microscopy

Step 1.

Epon is a resin wiiich is m ade up from its com ponents and allowed to mix on an 
electric mixer.

Step 2

The tissue is stored in 
gluteraldehyde / buffer solution 
and must not be allowed to dry 
as this causes distortion.

I 15



Step 3

The tissue is removed from the 
gluteraldehyde and placed in a 
phosphate buffer solution for 10 
minutes. This buffer solution 
is made from the addition o f 
Sorenson A and B solutions.

Sorensen 
Buffer 

solution

Sorense 
 ̂ Buffer 
solutio

Step 4

The tissue is then placed in a 
1% solution o f Osmium tetroxide 
for 1 hour. Osmium is a potent 
tissue fixative and is used in the 
fume cupboard only.

1 %

Step 5

The tissue is placed in phosphate buffer solution for a further 10 minutes at this stage.

Sorensei 
Buffer I  
solution

porenM n
Buffer"

solution
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Step 6

The tissue is now placed into a 70 % ethanol solution for 10 minutes to dehydrate it. 

Step 7

Step 5 is repeated 

Step 8

The tissue is now placed into a 90 % ethanol solution for 10 m inutes to dehydrate it. 

Step 9

Step 5 is repeated.

Step 10

The tissue is now placed into a 100 % ethanol solution for 20 minutes to dehydrate it. 

Step 11

Step 5 is repeated.

Step 12

Step 10 is repeated.

Step 13

The tissue is placed into a propylene 
oxide solution for 15 minutes.
Propylene oxide is an organic solvent 
and must be used in a fume cupboard.
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Stage 14

The tissue is placed into a propylene oxide solution for a further 15 m inutes.

Stage 15.

The tissue is placed into a solution made 
from  equal parts Epon and propylene 
oxide solution for one hour.

Step 16

The tissue is now placed into Epon 
and incubated at 37 degrees centigrade 
for 2 hours to evaporate the propylene 
oxide and allow the resin to fully replace 
it at a m olecular level. It is therefore 
im portant to have the solution uncovered.

Finally the tissue is placed in Epon 
and incubated at 60 Degrees Centigrade 
overnight.
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T he resin is now  hard enough to facilitate u ltram icro tom y sectioning and 

staining.

Utricle em bedded  
in the resin
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Making the glass knives

This task was perform ed using a glass knife maker.

First the pre-prepared glass rods are placed in position on the device and locked in 

place. The glass is scored with a tungsten tip and then carefully fractured along the 

score line to form a square shaped piece o f glass. The glass fractures with two 

identifiable dim ples on one side o f the square. These dimples are placed at the lower 

left quadrant and the square piece of glass further scored and fractured to produce two 

knives each with one cutting surface. The fracture line makes a knife with a sharp 

edge on the left hand side o f the knife surface and it is with this edge that the 

specim en should be cut.

Sharpest edge of 
the knife



Shaping the specimens

The specimen is orientated in the correct plane in the Epon before cutting light and 

electron m icroscopy specimens.

This required the utricle to be approached in the horizontal plane perpendicular to the 

striola. The utricle was sam pled in three separate locations along its length and at each 

location one section was exam ined by light m icroscopy and one by electron 

m icroscopy. The ideal and useable specimen yielded a cross section o f the utricle with 

clearly identifiable supporting cells and hair cells cut as close as was possible to the 

perpendicular plane to the striola.

3 2 1

Ik
R epresentation o f how the utricles were sectioned (above) and how the specim ens 
were exam ined on com puter for cell counts (below). The hair cells nuclei were 
m arked with a red dot. The supporting cell nuclei were marked with a green dot.

The epoxy resin (Epon) was shaped as a pyram id with the top rem oved in order to 

facilitate collection o f the specim ens at ultram icrotom y.
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The ultramicrotome The diamond l^nife

Firstly  a light m icroscopy  slide w as prepared  using  a 2 m icrom eter section  and 

exam ined  under a L eica  light m icroscope. O nce the layers o f  the utricle could  be 

clearly  iden tified , the u ltram icro tom e w as used to cu t sec tions o f  the sam e spot for the 

elec tron  m icroscope.

The light m icroscopy  slide is stained 
'  ̂ w ith to lud ine  blue fo r one m inute and

heated  gen tly  to fix  the specim en, a 
process ca lled  annealing .
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Collecting specimens for transmission electron microscopy staining

Specim ens

C opper grid with 200 
viewing windows

Preparation of the Formvar grids

Form var is a chemical consisting of a 0.5 % solution of form vate in chloroform . A 

glass slide is dipped into the form var after polishing the slide with oil to produce a 

perfectly smooth surface. The form var dries and is scored on the glass slide. It is then 

placed into a bowl o f distilled w ater where the form var floats on the surface as an 

ultrathin clear film. The copper grids are placed onto this film. Next the film is 

collected with the aid o f a bioplastic film and the grids cut out with a blade. The 

specim ens are collected, stained in the sam e way and dried upright with the aid of 

blue tac to produce a fine window which allows specim ens to be exam ined without 

fear o f a view obstructed by grid bars at transm ission electron microscopy.
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Form var film

Specimen

C opper grid disc

The specim en can now be exam ined by Transm ission electron microscopy
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Results

Assessment of the major method of cell death after Aminoglycoside 
induced damage

Light microscopy examination and subsequent TEM examination showed that most 

ceils which died underwent death by apoptosis. Definite extrusion was only 

identified clearly in thirteen cells despite close examination of all specimens at 

Formvar TEM.

It is possible that one example of extrusion was identified at light microscopy. 

Therefore using the strict criterion of clear evidence of extrusion occurring at TEM it 

appears that over 99.99 % o f  cell death after gentamicin induced toxicity occurs by 

apoptosis. Note that the supporting cells remained undamaged.

Supporting cells have also shown to be unaffected by gentamicin in cultured 

vestibular cell experiments (Forge A. Li L. 2000).

Light microscopy specimen 
showing widespread apoptosis of 
hair cells ( X 100).
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•  * *

The same specimen exam ined at 
TEM  showing apoptosis o f three 
hair cells (Black arrow). Note that 
the supporting cells remain 
undam aged and that their nuclei 
are unusually high in the m acula 
(Red arrow) (x 2500).

Light m icroscopy exam ple showing 
extrusion o f a gentam icin dam aged hair 
cell (x 100).

Exam ples of extrusion identified 
at TEM  ( X 3000)
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TEM  image showing a 
com bination o f extrusion and 
apoptosis in an irreparably 
dam aged hair ceil ( X 2,500)

TEM  showing an apoptotic hair 
cell which is undergoing 
extrusion (x 3000)

This study dem onstrates that apoptosis is by far the m ajor cause o f cell death.

The study does show how ever that extrusion does occur and that a com bination of 

extrusion and apoptosis also occurs.

It also confirm s that supporting cells are not affected by gentam icin toxicity in the 

doses used in this study.
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Formvar and Light microscopy count correspondence

The supporting ceil counts and the hair cell counts o f the same specim ens viewed at 

light microscopy and Form var grid transm ission electron microscopy corresponded 

although not precisely. On fifteen single sections of the utricles exam ined there was 

a discrepancy between the counts o f supporting cells and hair cells at light 

m icroscopy and Form var TEM counts. This was never more than two cells 

indicating that the light microscopy is sufficient for cell counts.

It was found how ever that Form var has two specific advantages.

I . The area where cell counts begin is where the epithelial surface o f the 

m em brane which attaches to the m acula becom es the macula. This is where the first 

hair cell is identified. This is much easier to identify under TEM  especially where 

there has been dam age to the apical stereocillia. This accounted for the rare 

discrepancies between the light m icroscopy and Form var counts.
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T he point is illustrated here.
This T E M  with F o rm var show s a hair cell at 
the far  extrem ity  o f  the m acula. Such a hair 
cell w hich  w hen dam aged  has no identifiable 
stereocillia  m ay well be m issed  at light 
m icroscopy  causing  a subtle m isreading  in 
hair  cell /  supporting  cell counts. N ote  the 
overly ing  o toconia  indicating  the presence of  
prev ious hair  cell p rocesses being  present 
underneath . This problem  is easier  to identify 
at T E M  (M ag  x 2,000).

2. W hen  using cell nuclei to identify supporting  cells and hair  cells, the 

nuclei o f  the hair cells are found in the upper 2/3 o f  the m acula. The  nuclei 

o f  the supporting  cells are norm ally  found in the low er 1/3. In gentam icin  dam aged  

m aculae  the supporting  ceil nuclei are often found in the upper tw o thirds o f  the 

m aculae  and therefore  w hen relying on nuclear counts  at light m icroscopy  supporting  

cells can m im ic hair cells. At Form var  T E M  the cell m em b ran es  can be accurately 

fo llow ed and hence it is easy  to identify w hether a nucleus belongs to a distorted 

supporting  cell or an ad jacent severely apoptotic hair  cell

T E M  show ing  supporting  cells and 
hair  cells in a dam aged  macula.
N ote  the position o f  the supporting  cell 
nuclei which  could  be m istaken for  hair 
cell nuclei in such specim ens at light 
m icroscopy  (TEM  X 2,500).

H C =  H air Cell 
SC = Supporting  Cell 
A = Apical end 
B = Basal end
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The use o f Form var prepared transm ission electron m icroscopy specim ens hence 

yields the same data albeit slightly more accurate than light microscopy with respect 

to cell counts. It is therefore the preferred m ethod o f exam ination for this type o f 

study and future studies o f this nature. For these reasons the Form var counts were 

used to identify supporting cell : hair cell ratios.
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Results of supporting cell and hair cell counts over 1 to 4 weeks post 
gentamicin.

Cell counts were made by counting nuclei for supporting cells and hair cells at 

Formvar Grid TEM

A ll o f the left maculae from the guinea pigs sacrificed at weeks 1, 2 and 4 were 

included in the graph and figure below.

The ratios o f all ten maculae at each week were averaged to give a mean ratio o f 

supporting cells ; hair cells in the left ( untreated ) maculae at weeks 1, 2 and 4 after 

gentamicin damage to the right ear.

Average Changes in Supporting C ell: Hair Cell 
ratios in the Left ( Untreated ) maculae over time

1.22

g 1.2

2  1.18 
O
^  1.16 
O
w  1.14 

1.12 m
2 3

Time in weeks

Mean SC : HC Ratios 1.15 :1 1.2 : 1 1.15 : 1
O f all 10 untreated
maculae

(week 1) (Week 2) (Week 4)
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A ll o f the right maculae from the guinea pigs sacrificed at weeks 1, 2 and 4 were 

included in the graph and figure below.

The ratios o f all ten maculae at each week were averaged to give a mean ratio o f 

supporting cells : hair cells in the right ( treated ) maculae at weeks 1, 2 and 4 after 

gentamicin damage to the right ear.

Average Supporting C ell: Hair Cell changes in the 
right ( treated) maculae over time

1.4

----
11II ii II —

1 2  3 4

Time in Weeks

Mean
Ratios SC : HC 1.17 : 1 1.2 : 1 1.16: 1

(week 1) (week 2) (week 4)

There was no TEM evidence o f supporting cell death after exposure to gentamicin 

toxicity. This is important in interpreting the results.

There was an increase in the supporting cell : hair cell ratio in both maculae at 1 

week. This ratio should be 1 : 1.

There was a relative increase in the number o f supporting cells in both the treated 

maculae and the untreated maculae the follow ing week, ie 2 weeks post gentamicin 

induced damage.
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The ratio of supporting cells to hair cells was largest at 2 weeks in both the treated 

and untreated maculae. Interestingly the relative ratios at this time were equal in the 

treated and untreated maculae.

At four weeks the SC : HC ratio remained high in the treated maculae but declined to 

the same level as was found at 1 week in the untreated maculae.

These results suggest that systemic absorption of gentamicin from the right ears 

occurred and subsequently caused damage to the left ears.

Hence both the Formvar TEM  counts and absence of any supporting cell deaths taken 

together provide evidence to support supporting cell mitosis or supporting cell 

transdifferentiation as origins to hair cell regeneration in the mammalian inner ear. 

Due to systemic absorption this occurred in both treated and untreated ears.
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Regenerating cells

The total num ber of regenerating Hair Ceils identified at TEM  using the Immature 

Hair Cel! Bundle identification criteria in the treated ears was 87.

This was from a total o f 105 separate sections o f the treated m aculae (3 x 35). This 

figure included the Taurolidine treated group.

The total num ber of regenerating Hair Cells identified at TEM  using the Immature 

Hair Cell Bundle identiflcation criteria in the untreated ears was 36. This was 

from a total o f 105 separate sections of the untreated m aculae (3 x 35). This figure 

included the Taurolidine treated group.
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Type 1 and 2 counts and differences between Lm and TEM

The accuracy of identifying the total type 1 and 2 regenerating hair cells is 

vastly improved when examining Formvar TEM specimens. Therefore these 

Formvar specimens were exclusively used when counting the identifiable type 

1 and type 2 regenerating hair cells.

Regenerating type 1 (left) and type 2 (right) Hair Cells 
(TEM Mag. X 1,500)

Total number of identified regenerating hair cells was 123 .

15 were identified as regenerating Type 1 hair cells.

108 were identified as Type 2 regenerating hair cells.

All of the type 1 regenerating hair cells were identified only at 4 weeks 

post gentamicin damage.
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The changes in the number o f hair ceils over time after the gentamicin damage is 
shown below.

Changes in Regeneraing hair cell types over time

Weeks after
gentamicin damage

■ Type 1 hair cells
■ Type 2 Hair cells

Week 1 Week 2 Week 4

Type 2 cells 16 59 33

Type 1 cells 0 0 15

The type 2 hair cells peaked at 2 weeks, then tailed off.
The type 1 hair cells only appeared between 2 and 4 weeks 
post gentamicin damage.
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Supporting cell changes or nuclear activity identified about a 
regenerating hair cell at TEM and LM

The term ^Mitotic F igu re’ is used as a general term to describe features seen at light 

microscopy and Transmission Electron Microscopy in a cell undergoing 

mitosis.

As previously mentioned the term covers features such as nuclear envelope 

dissolution and the presence of identifiable chromosomes and spindle fibres forming 

from the centrioles to chromosomes.

Other much less reliable changes which may indicate mitosis is about to occur are 

changes in the shape of a cell and in some cases changes in the position of the cell.

In no supporting cell seen at LM or TEM were deflnitive features of mitosis 

identified in this study.

Of the less reliable changes there was evidence of supporting cell nuclear 

migration towards the upper strata of the macula seen in all treated and in most 

untreated ears.

This was not dependant on the presence of a regenerating hair cell.

There was also a change of the shape of the supporting cells seen in almost all 

treated ears and most untreated ears.
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Lack of evidence of supporting cell Mitosis at TEM and LM

This regenerating hair cell has more supporting cells 
adjacent to it than is usually found or is necessary for 
metabolic stability (LM X 100).

There appears to be a m igration of 
supporting cell nuclei to the upper 
stratum o f the macula (TEM X 1,000).

138



The migration o f nuclei o f the 
supporting cells was seen where 
there was a disruption o f space 
around the cells caused by Hair cell 
apoptosis (TEM x 1,000)

This feature was far from consistent 
and ju st because there was space 
around supporting cells did not mean 
that there was supporting cell nuclear 
migration. (TEM x 1,500)

In other cases there was a suggestion o f 
artifactual changes to explain the nuclear 
changes. Here the nucleus o f a supporting cell 
but not the cytoplasm  is distorted superiorly 
due to a space above the cell appearing when 
an adjacent hair cell underwent apoptosis 
(TEM X 1,000).

The red arrow indicates the 
area o f m agnification 
(TEM X 3,000).
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Despite the apparent nuclear migration, there was no evidence of supporting cell 

mitosis at LM and TEM which would be necessary to support the premise that 

supporting cells nuclei migrate to the upper strata of the macula in order to 

undergo mitosis.

There was indirect evidence to support transdifferentiation of supporting cells to 

hair cells.
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Taurine (Taurolidine) results on cell counts and mechanism of cell

death

The 5 animals were sacrificed 2 weeks after the intratympanic gentamicin injection as 

at 2 weeks the maximal amount of damage to the ears can be expected (McConn- 

Walsh et al 2000).

The results of TEM counts of supporting cells to hair cells ratios in the guinea pigs 

treated with intratympanic gentamicin to the right ears show that intraperitoneal 

tauroline is not protective to the ear.

It shows however that it appears at least morphologically to cause no increase in the 

cytotoxicity to the ear as suggested by previous studies.

The supporting cell : hair cell absolute counts were different from the cell counts in 

the bulk of this study however this is to be expected as the exact same areas of the 

maculae cannot be compared. The ratios however can be compared regardless of their 

site as a cross sectional representative section was taken in all cases.
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Average macular supporting c e ll: hair cell ratios in 
the taurolidine treated animals

RIGHTLEFT

2 weeks post gentamicin injection to the right 
ear

The figure above represents the graphic data o f the taurolidine treated 

group (5 animals) harvested at 2 weeks.
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Average maculae supporting ce ll: hair cell ratios 
in the right ( Gentamicin damaged ) ears at 2 

weeks post treatment. The red column represents 
the animals that recieved and the blue the animals 

that did not recleve intraperitoneal Taurolidine

o
(0

1.215
o 1.21

a>O) “5 1.205
(3 o 1.20) X>
< 1.195

B  No taurolidine rec ie \ed  

□  Taurolidine recieved

1

2 weeks post gentamicin

The figure above represents the graphic data o f both the taurolidine treated 

group (5 animals) and the 10 animals harvested at 2 weeks from the bulk data 

o f this study. The mean ratio o f supporting cells : hair cells in the right ears 

maculae (treated ears) o f both groups are compared at 2 weeks post 

gentamicin damage.

Maximal ultrastructural damage is expected at 2 weeks in gentamicin damaged 

ears. Higher ratios indicate greater hair cell loss at 2 weeks.
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Average maculae supporting c e ll: hair cell ratios 
in the left (No gentamicin injected) ears at 2 

weeks. The red column represents the animals 
that recieved and the blue the animals that did not 

recieve intraperitoneal taurolidine

I No taurolidine recieved 

I Taurolidine reciewd

2 weeks post gentamicin to the 
right ear

The figure above represents the graphic data o f both the taurolidine treated 

group (5 animals) and the 10 animals harvested at 2 weeks from the bulk data 

o f this study. The mean ratio o f supporting cells : hair cells in the left ears 

maculae (untreated ears) o f both groups are compared at 2 weeks post 

gentamicin damage.
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T h e  graph be low  show s the changes in the left sided (untreated  ears) and right s ided 

( treated ears) supporting  cell : hair cell ratios in the g roup  treated with taurolidine 

(red line) and with no taurolidine (yellow line).

N o  animal w as sacrificed at the outset o f  the study and therefore  no supporting  

cell : hair  cell ratios in the normal untreated  utricles counted. This  ratio how ever 

should  be 1:1.

It was hoped that the untreated left ears w ould  be unaffec ted  by the gentam icin  and 

therefore  an inbuilt control for  reference for an changes  from  the normal expected  

ratio  would  be present.

U nfortunate ly  som e dam age  to the untreated m aculae did occu r  through systemic 

absorption. Despite  this a com parison  betw een the gen tam icin  treated and non treated 

ears was still possible. The slopes o f  the graph in ascent is the key to 

interpreting the graph. W here  the lines are parallel the relative ratios o f  supporting  

cells  to hair cells  are identical, where they diverge or  converge  significant d ifferences 

are found.
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Both graph plots have an equal rate of ascent (Slope).
The ratios changed in the Taurolidine group from 1.16 to 1.21 indicating a loss of hair cells 
when the left (untreated) and right (treated) were compared.
The same ratios of the non taurolidine group changed from 1.15 to 1.2 over the same period. 
Therefore the taurolidine and non taurolidine changes between the left (untreated) and right 
(treated) utricles at 2 weeks are similar.

Thus there was no evidence based on cell counts that taurolidine was either 

cytoprotective or potentiated the potency of gentamicin on the treated ears at 2 

weeks post gentamicin damage, the time when most hair cell loss is expected.
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Technique of removing the utricle in an atraumatic fashion

This has been described on page 110.
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Discussion

Method of Hair Cell death.

Hair cell loss in response to gentam icin induced toxic dam age is known to occur in 

two ways - by apoptosis and extrusion.

In this study the TEM  evidence refutes extrusion as even a m inor but rather an 

incidental m ethod o f cell death. Apoptotic death is the fate o f  the majority of hair cells 

affected by the drug.

In both m odes of hair cell loss, it appears that deletion o f hair cells occurs without 

disruption o f apical or basal tissue architecture or integrity. This may be important for 

subsequent repair and regeneration processes to operate ( Li and Nevile 1995).

A third method o f cell death - a com bination o f apoptosis and extrusion also occurs as 

is shown in this study.

We have confirm ed that apoptosis is the m ajor method o f cell death.

O f particular interest in the field of hair cell death follow ing initiation o f the apoptotic 

pathway is the recent research on capsase inhibitors. C apsases are proteins 

specifically involved in the cell death pathway.

The fact that other recent research shows that hair cells exposed to gentam icin in the 

presence o f caspase inhibitors appear to be preserved intact indicates that there may 

be a clinical role for these inhibitors in the future (Forge and Li 2000) (Van de W ater 

TR, Lallem end F, Eshraghi AA et al 2004).

In the same way that capsase inhibitors protect cells from apoptotic death the future 

may reveal other agents which inhibit the apoptotic pathway.

This study suggests that by doing so they could in theory protect 99.99 % of all Hair 

Cells killed by gentam icin toxicity.
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Taurine

Because the active metabolite of Taurolidine (Taurolin ® ) is taurine, the terms 

taurolidine and taurine are used interchangabiy in the discussion. The exact function 

of taurine in the inner ear is unicnown. It is however the most abundant amino acid in 

the perilymph of the inner ear and it is found in high concentrations in human 

electrogenic tissues such as the inner ear.

Taurine may be involved in the normal osmoregulation of the Organ of Corti and may 

function as a buffer when an osmotic insult is encountered.

It has also reduced apoptosis in damaged hepatocytes and has reduced reactive 

oxygen species which are known to induce necrosis. Because taurine has been shown 

to reduced reactive oxygen species and free radical oxygen scavengers have been 

shown to modulate the effects of  aminoglycoside induced damage to the cochlea the 

hope was to see less damage in the form of supporting cell to hair cell ratios over 

time (a ratio of one to one being maintained over time indicating total protection). 

The effect o f taurine on the vestibular function of the inner ear has not been clinically 

investigated and the ultrastructural changes induced by aminoglycosides in the 

presence of supplementary taurine as evidenced by transmission electron microscopy 

has not to date been investigated either.

The mean ratio of supporting cells to hair cells changed in the Taurolidine group from 

1.16 to 1.21 (the left side being the control ratio of 1.16. Ideally this should have 

been 1:1 however sytemic absorption meant that the left untreated side suffered some 

damage also). Taking the left side as the control the changes indicate a relative loss of 

hair cells in the right (gentamicin treated) utricle over the two week period. The 

supporting cells as in the rest of this study remained undamaged.
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The supporting cel! : hair cell ratios o f the non taurolidine group ie. the group form ing 

the m ajor com ponent o f this study changed from 1.15 to 1.2 in the treated ears over 

the same period when the mean ratios for the left and right sides were examined.

The supporting cells rem ained undam aged in this group also.

Therefore despite absorption o f the gentam icin and subsequent unexpected dam age to 

the untreated ears, when we regard the lesser dam age sustained by the untreated ears 

as a baseline, the taurolidine and non taurolidine changes are sim ilar with regard to 

the hair cell loss at 2 weeks post gentam icin treatm ent. As maximal hair cell dam age 

is expected at this time (M cConn W alsh et a! 2000), this study suggests that there is 

no effect of taurine supplem entation (via adm inistration o f tauroiin) on the rate o f hair 

ceil death and ultrastructural changes in the guinea pig utricle induced by 

am inoglycoside ototoxicity.
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Regeneration

Proposed m ethods o f  inner ear regeneration  in the m am m al include cell repair, 

supporting  cell m itosis  and differentiation and transdifferentiation  o f  supporting  cells 

from their  original p rogeny to hair cells.

U sing hair  cell and supporting  cell im m unocy tochem ica l m arkers  in the Bullfrog, the 

fate o f  dam aged  hair  cells and the origin o f  im m ature  hair cells after gentam icin  

treatm ent in mitotically  blocked cultures o f  the saccule has been exam ined.

Hair cells can undergo  the early stages o f  apoptosis  but not die after losing their 

stereocillia  bundles. Sublethally  dam aged  hair cells in this species rem ain  in the 

epithelium  for long periods, acquiring supporting  cell-like m orphology  and 

im m unoreactiv ity  (Baurd et al 2000).

Ultrastructural analysis  by T E M  has show n that m ost im m ature  hair cells  in the 

Bullfrog sacules had autophagic  vacuoles, im plying that they orig inated  from 

dam aged  hair cells rather than supporting  cells (Baurd et al 2000).

Interestingly these autophagic  vacuoles were present in 74 o f  the 108 regenerating  

type 2 hair cells hair  cells (69 %) and in only  4  o f  the fifteen regenerating  type 1 hair 

cells (27 % ) in this study.
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TEM showing a 
regenerating type 2 hair 
cell with autophagic 
vacuoles 
Mag. X 3000

This study did not show conclusive evidence to support the theory of recovery of 

damaged hair cells in the mammalian inner ear, however in most type 2 regenerating 

cells there were autophagic vacuoles on TEM. The implications of this finding are 

discussed later.

Interestingly in almost all regenerating hair cells, the nerve terminals were intact.

TEM showing the nerve terminals in 
type 1 (red arrow) and type 2 (yellow 
arrow) are still intact.
Wallerian degredation has not yet 
occurred by the time regeneration has 
begun.
Mag X 2000

152



Supporting cell migration and mitosis

In both the treated ears and non treated ears, the ratio o f supporting cells to hair cells 

was greatest at two weeks post treatment. In both groups the relative num ber of 

supporting cells was largest at 2 weeks post gentam icin dam age only to decrease 

at 4 weeks post treatment.

It is known that at 4 weeks post gentam icin traum a to the inner ear the num ber of 

regenerating cells identified is greatest. Therefore it is likely that either the hair cells 

increased in num ber or the supporting cells decreased in num ber at 4 weeks post 

gentam icin or possibly both.

As previously stated the supporting cells were undam aged by the gentam icin induced 

toxicity as evidenced at TEM in this study. Therefore the only explanation for these 

findings is an increase in num ber o f hair cells at 4 weeks.

Since no single mitotic cell was identified at Form var © TEM  then the explanation 

for these findings is either hair cell repair or transdifferentiation o f supporting hair 

cells occurs.

Interestingly m any of the regenerating hair cell in m am m als studies to date use 

Scanning Electron M icroscopy (SEM ) with regard to cell counts.

It would appear from this study however that many cells which at SEM may be 

regarded as possible regenerating cells or cells capable o f repair are non viable when 

seen at TEM . M any cells cannot be regarded as regenerating cells due to the severity 

o f dam age identified.

This study showed some evidence to support the theory o f cell repair as a method of 

inner ear hair cell regeneration in the mammal in the form o f autophagic vacuoles.
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Non viable hair cell with stereocillia 
that look viable. This cell is 4 weeks 
post dam age by gentam icin. The cell 
may appear relatively healthy at SEM 
but is surely incapable o f repair.

W ith regard to supporting cell nuclear m igration in the m acula the findings were 

highly variable.

Possible explanations for the finding of nuclei of supporting cells in the upper 

stratum o f the m acula include

1. The weakest evidence to support mitotic activity.

Therefore the suggestion that supporting cells were re entering the mitotic cycle is 

not supported in this study. The ability to identify proliferating supporting cells in the 

future studies may be enhanced by Key 67 stain shows cells dividing. In com bination 

with Form var TEM  this stain could highlight exact positions on light microscopy 

specim ens to search for ultrastructural changes at the same TEM exam ined specimen.

2. A nother possible explanation is that the finding o f nuclei o f supporting cells 

in the upper stratum o f the m acula is that it is artifactual.

Often the m igration was seen about apoptotic irreparably dam aged hair cells 

which had created space for the supporting cell nuclei to flow into. This would 

seem unlikely as in such cases it would be expected that the whole cell 

including its cytoplasm  would bulge or migrate also. This was not the case.
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There was no actual bulging of the whole supporting cells seen.

Even after chronic exposure to aminoglycosides for up to one month the 

tight junctions of the reticular lamina at the apex of the hair cells remains intact.

TEM showing intact tight junction at the 
reticular lamina. Mag x 10,000

In contrast the junctions between adjacent supporting cells have been shown to be 

severely damaged (McDowell et al.l989). This study confirmed this. This means that 

the apex of the supporting cells are anchored whereas the junctions between them are 

loosened. Under such conditions the contents of supporting cells may 

be found in areas such as is found in gentamicin damaged cells.

It has been shown that in invertebrates and birds hair cells are regenerated by the 

mitotic division of supporting cell progenitors and the differentiation of the resulting 

progeny into new hair cells and supporting cells (Baurd et al 2000).

Therefore it is likely that supporting cell transdifferentiation is a source of 

regenerating hair cells in birds. Further experimental findings in birds have suggested 

that direct transdifferentiation is a simpler, more rapid process that produces the first
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new hair ceils, and that m itotic regeneration is som ewhat slower but ultim ately 

produces most new hair cells (Robertson DW, Alosi JA, Contache DA. 2004). The 

identical m orphology o f regenerating hair cells from both pathways suggests that once 

hair cell fate is established, all new hair cells follow sim ilar cellular processes during 

differentiation and reorganization into the regenerated epithelium.

It has been shown in Bullfrogs that transitional cells which express hair cell and 

supporting cell m arkers are seen near scar form ations left behind when hair cells 

undergo gentam icin induced apoptosis. They seem to be created by some change in 

the supporting cells which are left behind when adjacent hair cells die.

M ost o f these cells have m orphology and im m unoreactivity sim ilar to that of 

sublethally dam aged hair cells (Baurd et al 2000). Indeed it is possibile that 

transitional form s o f hair cell and supporting cell precursors may reside in the inner 

ear in a quiescent state until stimulated by dam age (M erest DA, Contache D 2004). 

Further evidence in support of transdifferentiation in am phibians was gathered when 

supporting cells from gentam icin dam aged newt vestibules were prevented from 

entering m itosis and new hair cells were still generated. The results suggest that direct 

conversion o f supporting cells into hair cells without an intervening m itotic event is a 

m ajor mechanism  o f hair cell regeneration in the newt (Taylor RR, Forge A 2005).

A sim ilar mechanism  has been proposed for the hair cell recovery phenom enon 

observed in the vestibular organs o f mammals.

This would mean that in mam m als hair cells could regenerate from supporting cells 

w ithout an interm ediate mitotic phase with som e supporting cells undergoing 

phenotypic conversion into hair cells without an intervening mitotic event.

This means that in gentam icin dam aged inner ear maculae for example, supporting 

cell counts shortly after dam age should significantly outnum ber the hair cell counts
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initially but over time and without ev idence  o f  m itosis  the supporting cell counts 

should  decrease  and hair cell counts  increase.

Such a situation would  explain  this s tu d y ’s experim enta l findings.
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Type 1 and type 2 regenerating hair cells and the signiHcance

Previous studies have suggested that regenerating hair cells have the m orphology of 

type 2 hair cells (Forge et al 1993). From the cell counts in this study no type 1 

regenerating hair cells were identified at I and 2 weeks post gentam icin ablation.

All fifteen were identified in the sam ples exam ined at 4 weeks post gentam icin 

ablation

O f the 108 type 2 regenerating hair cells identified sixteen were seen at 1 week, fifty 

nine at 2 weeks and thirty three at 4 weeks post gentam icin ablation.

This data suggests that type 1 regenerating hair cells may regenerate later than type 2 

cells how ever a more plausible explanation is that type 2 regenerating cells may 

som ehow  acquire the m orphology o f type 1 cells in time.

Type 2 hair cells are phylogenetically older than type 1 cells and thus the 

latter explanation for the findings would support a theory o f regeneration.

This study’s findings suggest that some of the type 2 regenerating hair cells which 

m ay arise from transdifferentiation o f supporting cells may further differentiate into 

type 1 regenerating hair cells.

158



Conclusion

T his  study did not find ev idence  o f  actively d iv id ing supporting  cells to

support the theory o f  supporting  cell m itosis  and differentiation as a source o f  hair cell

regeneration  in m am m als .

N o  specific ev idence  o f  hair cell repair  was found how ever  the autophagic  vacuoles 

found in regenerating  cells may indicate an attem pt at cell repair.

T h is  study does how ever  provide indirect evidence to  support the m ethod  o f  

transdifferentiation as the source o f  m am m alian  inner ear hair cell regeneration.

The ev idence  in support o f  direct supporting  cell transdifferentiation as a m eans o f  

hair  cell regeneration  in this study includes

1. The fact that these autophagic  vacuoles are significantly  more c o m m o n  in type 

regenera ting  hair cells (suggesting that by the time type 1 regenerating  hair 

cells appear  the vacuoles are beginning  to disappear).

2. The supporting  cell : hair cell ratio changes observed at 1, 2 and 4  w eeks post 

gentam icin  dam age.

3. The  lack o f  ev idence  o f  supporting  cell mitosis.
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The study’ s conclusions are therefore

1. That the new Technique for atraum atic removal o f the utricle is the best 

m eans o f ensuring good sam ples for study by TEM . The new m ethod of 

atraum atic utricle dissection will decrease the incidence o f dam age artifact 

in future studies o f this nature as indeed it did in this study.

Because it means that the utricle is never actually touched with a 

m icroforceps there is no possibility o f crush dam age to any specim en. Also 

as no specimen actually left the gluteraldehyde solution prior to TEM 

preparation, then the potential for drying artifact was elim inated. This 

technique should be utilised in all future studies of this nature.

2. That Form var TEM  is the best method for studying the cells both in terms 

o f cell counts and ultrastructural exam ination in any future studies.

3. That this study shows non specific evidence to support hair cell repair as 

a m ethod o f regeneration (autophagic vacuoles in regenerating cells).

160



4. That the migration of supporting cell nuclei in response to gentamicin

induced inner hair cell death appears to be nothing more than artifactual.

5. That regenerating type 1 hair cells may develop from a more primative 

precursor which has the morphology of a type 2 hair ceil.

6. That Taurolidine does not increase or decrease the TEM evidence for 

potentiating hair cell loss in gentamicin induced toxicity.

7. That direct transdifferentiation of supporting cells appears to be a potential 

origin to hair cell regeneration in mammals.
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Future Studies

Future studies are already underway at the time of writing this thesis.

The five research fields which may lead to a breakthrough in inner ear hair cell 

regeneration in the mammal are growth factors, gene m anipulation, heat shock 

protein, capsase inhibitors and stem cells.

R ecent studies have shown the potential for geranylgeranylacetone (GGA) which can 

induce heat shock protein (HSP)70 in the vestibular organs o f the guinea pig and 

reduce gentam icin ototoxicity. A dm inistration o f GGA may therefore protect 

vestibular sensory cells from gentam icin ototoxicity (Takum ida M, A nniko M 2005). 

The induction o f HSP70 by GGA may be a useful adjunct for the treatm ent o f 

vestibular disorders.

The most exciting research into m am m alian inner ear H air Cell regeneration revolves 

around the possibility o f stem cell induced recovery.

The vestibulocochlear nerve o f adult rats and guinea pigs will probably 

support transplants o f embryonic dorsal root ganglia and em bryonic stem cells.

Even more exciting is the research around adult nerve stem cells. In addition to their 

innate potential to reform  dam aged neuronal tissue, the ability of nerve stem cell- 

derived cells to produce neurotrophins in the inner ear has also been dem onstrated 

(N akagaw a T, Ito J. 2005).

It is not just nerve growth factors which show prom ise in m anipulating im planted 

stem cells. It has been shown that differentiated adult m ouse hair cells with a 

targeted deletion o f Retinoblastom a 1 gene ( Rb l )  undergo mitosis, divide, and cycle 

to becom e highly differentiated and functional. M anipulation o f the Rb pathway may 

ultim ately lead to m am m alian hair cell regeneration (Sage C. Huang M, et al. 2005)
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Appendix

Stains and staining

Staining for electron microscopy

T h e  specim en rests on its copper  grid and this is floated specim en side dow n on a 

d rop  o f  2%  Uranyl acetate, a derivative o f  uranium for 20 minutes.

T h e  specim en is then rem oved and w ashed  with distilled water.

A fter  thoroughly dry ing  the specim en on clean filter paper specim en side up it is then 

floa ted  on a solution o f  lead citrate for 10 minutes. These two agents are electron 

dense  and act synergistically  as heavy m etals  to stain the epon conta ined  tissue but not 

the Epon. T he  specim en is then rem oved  and rew ashed  with distilled water.

T he  specim en is then dried and stored for examination.

T he  copper  grid specim ens were dried on filter paper but the Form var ®  specim ens 

w ere  dried upright in blue tac. W hen  dry all specim ens were stored safely for later 

exam ination.
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A 2% lead citrate solution is made by

1. Place 1.33 gms o f lead nitrate (Pb(No3)2), 1.76 gms sodium citrate 

and 30 ml distilled water in a flask and ultrasonicate for 30 minutes.

2. Add 8 ml IM sodium hydroxide (NaOH) and make up to 50 ml using 

distilled water.

3. Centrifuge for 15 minutes at 3,000 RPM.

A 2% urinyl acetate solution is made by

1. Add uranyl acetate powder 0.04 g to 2 ml 70 % ethanol.

2. U ltrasonicate until clear.

3. Centrifuge at 300 RPM  for 15 mins

4. Pipette top 2 thirds o f fluid to a clean container for future use.
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staining for light microscopy

T he specim en is rem oved  from  the glass knife with a single  small hum an  hair 

m ounted  on a cocktail stick

It is then placed on a drop o f  distilled w ater  on a g lass slide and heated  on a heating 

plate to cause the specim en to unfold in the evapora ting  water.

The specim en was then annealed  (stuck to the glass slide) by passing  the slide over a 

naked flam e to prevent it from being flushed aw ay w hen w ashing  the slide.

To lud ine  blue tissue stain is added and left on the slide until the rim o f  the to ludine 

blue drop turned green ( several seconds).

The specim en is then w ashed  in distilled w ater  and dried  over the heater.

Finally  the specim en is covered  with m icroscopy glue and a glass cover  slip for 

exam ination.
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Making Toludine blue

1. Dissolve 10 % toludine blue in distilled water.

2. Add 1 % Borax

3. F ilter through filter paper before each use.

166



References

Ando and Nyhan 1974.
Propionic acidemia and tiie ketotic hyperglycinemia syndrome. 
In heritable disorders o f  amino acid metabolism.
William L nyham. John 
Wiley and sons. New York.

Angekini E, Teixeira M, Aran JM, Ferray E. (2000)
Taurine entry into the perilymph of the guinea pig.
European archives o f  Oto-Rhino-Laryngology 2000 255(7) : 331 -  3

Anken RH, Kappel T, Rahmann H (1999).
The asymmetrical growth of otoliths in fish affected by hypergravity. 
Acta Astronautica 1999 45(3); 167 - 70 .

Anken RH, Werner K, Breuer J, Rahmann H. (2000)
Fish otolith growth in IG and 3G depends on the gravity vector.. 
Advances in space research 2000 25(10) : 2025 - 9

Bagger - Sjoback D, Takumida M (1988)
Geometric array of the vestibular sensory hair bundle.
Acta otolaryngologica ( Stockholm ) 1998 106 : 393 -4 0 3 .

Balak KJ. Corwin JT. Jones JE. (1990)
Regenerated hair cells can originate from supporting cell progeny: evidence 
from phototoxicity and laser ablation experiments in the lateral line system. 
Journal o f  Neuroscience. 1990 10(8):2502-I2,

Barbeau A, Inair N, Tsukada Y, Butterworth RF. (1975).
The neuropharmacology of taurine 
Lifesci. 1975 : 17: 669 - 677.

167



Barza M, loannidis JP, Cappelleri JC, Lam J. (1996)
Single or multiple dose delivery of aminoglycoside - a metanalysis 
British M edicalJournal 1996 312; 338 - 345.

Baurd RA , Burton MD, Fashena DS, Naeger RA. (2000)
Hair cell recovery in mitotically blocked cultures of the bullfrog saccule. 
Proc. Natl Acad Sci U S A .  2000 Oct 24;97(22): 11722-9.

Begg EJ. Barclay ML. (1995)
Aminoglycosides —50 years on
British journal o f  clinical pharmacology 1995 39 (6): 597 - 603, Jun.

Benrabh H, Bourre JM, Lefauconnier JM (1995)
Taurine transport at the blood brain barrier : an in vivo brain perfusion study. 
Brain research 1995 692 (1-2) : 57 -65.

Berg K (1949)
The toxic effect of streptomycin on the eighth cranial nerve Histological 
investigations A preliminary report
Annals o f  Otology, rhinology and laryngology 1949 58: 448 -  456

Bidri M., Choay P. 2003
Taurine: a particular aminoacid with muhiple functions 
Ann Pharm Fr. 2003 Nov ; 61(6):385-91.

Birdsall TC. (1998)
Therapeutic applications of taurine. 
Altern Med Rev. 1998 Apr;3(2): 128-36

Bryan LE, Kwan S. (1995)
Roles of ribosomesal binding membrane potential and electron transport in bacterial 
uptake of streptomycin and gentamicin.
Antimicrobial Agents chemotherapy 1995 23; 835 -  845

168



Campos A, Crespo PV, Garcia JM, Sanchez-Quevedo MC, Ciges M. (1999)
The crystalline pattern of calcium in different topographical regions of the otoconial 
membrane. An electron probe and spectroscopic diffraction study.
Acta Oto-Laryngologica 1999 119(2):203 - 6

Carey J.P, Fuchs A.F., Rubel E.W. (2004)
Hair cell regeneration and recovery of the vestibulo -  ocular reflex in the 
avian vestibular system.
Journal of neurophysiology 2004 76 : 3301 -  3312.

Causse R. (1949)
Action toxique vestibulaire et cochleaire de la streptomycin au point de vue 
Experimental
Annals otularyngologie ( Paris) 1949 66 : 5 18 -  538

Corwin J.T. (1981)
Postembryonic production and ageing of inner ear hair cells in sharks. 
Journal o f  comparative neurology 1981 201 : 541 —553.

Corwin J.T., Jones J.E., Katayania, A., Kelley, M.W., Warchol M.E. (1991)
Hair cell regeneration : the identities of progenitor cells, potential triggers and 
instructive cues. In regeneration of vertebrate sensory receptor cells. Ciba 
foundation symposium 160 ( Bock, G.R., Whelan J.)
John Wiley and sons, Chichester pp 103 -  130.

Cotanche D.A. 1987 (a)
Regeneration of the tectorial membrane in the chick cochlea following severe acoustic 
trauma.
Hearing research 1987 30 : 1 8 1 -1 9 6

Cotanche D.A. (1987) ( b)
Regeneration of the tectorial membrane in the chick cochlea following severe acoustic 
trauma.
Hearing research 1987 30 : 197 -  206

169



Cotanche DA. (1997)
Hair cell regeneration in the avian cochlea.
Annals o f  Otology, Rhinology, cfe Lary«gc>/og v - Supplement. 1997 168:9-15,

Cotanche DA. Corwin JT. (1991)
Stereociliary bundles reorient during hair cell development and regeneration in the 
chick cochlea.
He&ring Research. 1991 52(2):379-402.

Cotanche DA. Lee KH. Stone JS. Picard DA. (1994)
Hair cell regeneration in the bird cochlea following noise damage or ototoxic drug 
damage.
Anatomy & Embryology. 189( 1): I -18.

Cotanche DA, Petrell A, Picard DA. (1991)
Structural reorganisation of hair cells and supporting cells during noise 
damage, recovery and regeneration in the chick cochlea. In Regeneration o f  
the verebrate sensory cells. GIB A Foundation Symposium 160 
Bock, GR. Whelan J.
John Wiley and sons, Chichester pp 131 -  150.

Cruz M., Lambert P.R., Rubel E.W. (1987)
Light microscopic evidence of hair cell regeneration after gentamicin 
toxicity in the chick cochlea.
Archives o f  Otolaryngology Head and neck surgery. 1987 113: 1058 -  1062.

Deaney NB, Tate H. (1996)
A metanalysis of clinical studies of imipnem - cilastatin for empirically treating 
neutropenic patients
Journal o f  antimicrobial chemotherapy 1996 37; 975 - 86.

Demmemes D, Dechesne CJ, Venteo S, Gaven F, Raymond J. ( 2001)
Development of the rat efferent vestibular system on the ground and in microgravity. 
Brain research Developmental brain research 2001 128 (1): 35 - 44 .

170



Denman-Johnson K, Forge A. (1998)
Postnatal development of type 1 and II hair cells in the mouse utricle; acquisition of 
voltage gated conductances and differentiated morphology.
Journal o f  neuroscience 1998 18( 18) : 7487 -  501

Denman-Johnson K, Forge A. (1999)
Establishment of hair bundle polarity and orientation in the developing vestibular 
system of the mouse.
Journal o f  Neurocytology. 1999 28 ( 10 - 11) : 8 2 1 -  35 .

Deschene C, Sans A (1985)
Development of vestibular receptor surfaces in human foetuses 
American journal o f  Otolaryngology 1985 6 ; 378 -  387.

Diaz ME, Valera-RamirezA, Serrano EE. (1995)
Quantity, bundle types and distribution of hair cells in the sacculus of the Xenopus 
Laevis during development.
Hearing research 1995 91( 1 -2) : 33 - 42

Duckert LG. Rubel EW. (1995)
Current concepts in hair cell regeneration.
Otolaryngologic Clinics o f  North America. 1995 26(5):873-901.

Engstrom H, Ades HW, Hawkins JE. (1962)
Structure and function of the sensory hairs of the inner ear.
Journal o f  the Acoustical Society o f  America 1962 34; 1 3 56 - 1363.

Fermin CD, Lovett AE, Igarashi M, Dunner K Jr. (1990)
Immunohistochemistry and histochemistry of the inner ear gelatinous membranes and 
statoconia of the chick (Callus Domesticus)
Acta Anatomica 1990 138 (I); 75 - 83.

Flock A, Jorgensen M, Russell I (1973)
The physiology of individual hair cells and their synapses. 
In Basic mechanisms of hearing. ( Moller A Ed.)
New York Academic press Inc. p 273 -  302.

171



Forge A, Li L (2000)
Apoptotic death of hair cells in mammalian vestibular sensory epithelia. 
Hearing research 2000 139 (1 -  2): 97 -  1 15

Forge A. Li L. Corwin JT. Nevill G.(1993)
Ultrastructural evidence for hair cell regeneration in the mammalian inner ear. 
Science. 1993 259(5101): 1616-9,

Forge A, Schact J . (2001)
Aminoglycoside antibiotics
Audiology and neuru-Otology 2001 5 (1 ); 3-22

Forge A., Li. L. (1994)
Replacement of hair cells in the guinea pig vestibular organs after losses 
induced by local application of gentamicin.
Procedings o f  the seventeenth midwinter meeting o f  the association fo r  
research in otolaryngology, Florida Abstract 1994 523 : 131.

Freeon CD, Nicolan DP. Bellineam pp, Nightingale CH (1997)
Once daily dosing of aminoglycoside Review and reccomendations for clinical 
practice
Journal o f  antimicrobial chemotherapy 1997 39; 677 - 686.

Fritzsch B, Pirvola U, Ylikoski J (1999)
Making and breaking the innervation of the ear: neurotropic support during inner ear 
development and its clinical implications.
Cell tissue research 1999 295(3) 369 -82.

Gaull GE, Rossin DK (1979)
Taurine and brain development: human and animal correlates 
In Meisami E, Braziers MA, eds.
Developmental neurobiology 
New York.
Raven press : 461 - 77.

172



Glascock, M.E., Johnson G.D., Poe, D.S. (1989)
Streptomycin in Menieres disease : a case requiring many treatments. 
Otolaryngology, Head and neck surgery 1989 100 (3) : 237 -  241.

(loodm ans The pharmacological basis of therapeutics 10th edition
Joel G. Hardman and Lee E. Limbird 1996 
McGraw and Hill publishing ch 46 p 1227

Gu. R., Marchionni M., Corwin J.T. (1997)
Age related decreases in proliferation within isolated mammalian vestibular 
epithelia cultured in control and glial growth factor 2 media.
In Procedings o f  the twentieth midwinter meeting o f  the association fo r  
research in otolaryngology, Florida Abstract 1997 390 : 98

Hackney CM, Furness DN. (1995)
Mechanotransduction in vertebrate hair cells: The structure and function of the 
stereocilliary bundle.
American journal o f  physiology 1995 268 ( cell physiology 37): Cl -  Cl 3.

Handrock M and Mathews R (1985)
A comparitive study of the local ototoxicity of taurolin and other antibiotic agents. 
In : Taurolin , a new concept in antimicrobial chemotherapy for surgical infections. 
Ed. Bruckner WL and Pfirrman RW 120-30 
Urban and Schwarzenberg, Munich, Vienna, Baltimore

Hashino E, Saivi R.J. (1996)
Regenerated hair cells exhibit a transient resistance to aminoglycoside toxicity 
Brain research 1996 720 ( 1-2) 1 7 2 -1 8 2

Hashino E., Tanaka Y,, Salvi RJ, Sokabe M. (1992)
Hair cell regeneration in the adult budgerigar after kanamicin ototoxicity. 
Hearing research 1992 59: 46 -  58.

173



Hashino E. Tanaka Y. Sokabe M. (1991)
Hair cell damage and recovery following chronic application of kanamycin in the 
chick cochlea.
Hearing Research. 1991 52(2):356-68,.

Hastlewood GAD ( 1964)
The biological significance of chemical differences in bile salts. 
Biol. Rev. 1964 3 9 :5 3 7 -7 4 .

Heacock AM, Kerley D, Gurda GT, VanTroostenberghe AT, Fisher SK (2004)
Potentiation of the osmosensitive release of taurine and D-aspartate from SH-SY5Y 
neuroblastoma cells after activation of M3 muscarinic cholinergic receptors.
J. Pharmacol Exp Ther. 2004 Dec;311(3): 1097-104. Epub Aug 3.

Hernandes J.D., Hoffmann L.F., Lopez I., Honrubia V. (1995)
Recovery of vestibular afferent responses associated with hair cell 
regeneration following gentamicin ototoxicity in the bullfrog.
Procedings o f  the nineteenth midwinter meeting o f  the association fo r  research 
in otolaryngology, Florida Abstract 1995 30 : 8.

Hinshaw HC, Feldman WH ( 1945)
Streptomycin in the treatment of clinical tuberculosis a preliminary report 
Procedings o f  s ta ff meetings at the Mayo Clinic 1945 20 : 3 13 -  3 18

Hoffer ME, Allen K, Kopke RD, W eisskopf P, Golffshall K, Wester D. (2001)
Transtympanic versus sustained release administration of gentamicin : kinetics, 
morphology and function.
Laryngoscope 2001 111(8): 1343 -57.

Honrubia V, Kuruvilla A, Mamikunian D, Eichel JE. (1987)
Morphological aspects of the vestibular nerve in the squirrel monkey. 
Laryngoscope 1987 97 (2) 228 -  38

Horner KC, Aurousseau C. (1997)
Immunoreactivity for taurine in the cochlea: its abundance in supporting cells. 
Hearing research. 1997 109 (1-2) : 135 - 42, 1997.

174



Hu Z, Wei D, Johansson CB, Holmstrom N, Duan M, Frisen J,
Ulfendahl M. (2005)
Survival and neural differentiation of adult neural stem cells transplanted into the 
mature inner ear.
Exp Cell Res. 2005 Jan 1 ;302( 1 );40-7.

Huxtable R J( 1992)
Physiological actions of taurine. 
Physiological reviews 1992 72: 01 - 163.

Huxtable RJ, Sebring LA (1986)
Towards a unifying theory for the actions of taurine 
TIPS 1986 7 481 -85

Ito T, Fujio Y, Hirata M, Takatani T, Matsuda T, Muraoka S, Takahashi K, 
Azunia I (2004)
Expression of taurine transporter is regulated through the TonE (tonicity-responsive 
element)/TonEBP (TonE-binding protein) pathway and contributes to cytoprotection 
in HepG2 cells.
Biochem J 2004 Aug 15;382(Pt 1): 177-82.

Jones T.A., Nelson R.C. (1992)
Recovery of vestibular function following hair cell destruction by streptomycin. 
Hearing research 1992 62 : 18 1 -  186.

Jorgensen J.M., Mathiesen C. (1988)
The avian inner ear ; continuous production of hair cells in vestibular sensory 
organs but not in the auditory papilla.
Natturwissenschaflen 1988 75 : 3 19 -  320.

Kang YS (2000)
Taurine transport mechanism through the blood brain barrier in spontaneously 
hypertensive rats,
Advances in experimental medicine and biology 2000 483 ; 321 - 4

175



Katayama A., Corwin J.T. (1989)
Cell production in the chick cochlea.
Journal o f  Comparative neurology 281: 1 2 9 -1 3 5 .

Kawomata S, Igarashi Y. ( 1993)
The fine strucure of the developing otolithc organs of the rat. 
Acta otolaryngologica (StocV\\o\m) 1993 (Supp.504): 3 0 -3 7 .

Kay IS, Davies WE (1990)
The effect of taurine supplementation on the ototoxixity of neomycin in guinea pigs 
European Archives o f  Oto-Rhino-Laryngology 1990 247 (1) : 37 - 9

Kirkegaard M; Jorgensen JM (2000)
Continuous hair cell turnover in the inner ear vestibular organs of a mammal, the 
Daubenton's bat (Myotis daubentonii).
Naturwissenschaften 2000; 87(2); 83-6

Kelley MW, Ochiai CK, Corwin JT. (1992)
Maturation of kinocillia in amphibian hair cells : growth and shortening related to 
kinocilliary bulb formation.
Hearing research 1992 59( 1): 108 -  15

Kessel RG, Kardon RH. (1979)
The shape, polarisation and innervation of sensory hair cells in the guinea pig crista 
ampullaris and macula utriculi.
In Scanning electron microscopy Vol. 2 1979 SEM Inc., O ’Hare, Illinois : 967 - 97

Kiluchi T, Takasaka T, Tonosaki A, Watanabe H ( 1989)
Fine structure of guinea pig vestibular kinocillium.
Acta Otolaryngologica (Stockholm) 1989 60: 207 -  222

Kiriyama K (1980)
Taurine as a neuromodulator 
Fed. Proc. 1980 39: 2680 - 84.

176



Knight BI, Skellan GG, Smail GA (1983)
NMR studies and GC analysis of the antibacterial agent taurolidine. 
Journal o f  pharmaceutical science. 1983 7 2 ( 6 ) 7 0 5 - 7

Lavigne-Rebillard M, Pujol R. (1990)
Auditory hair cells in human fetuses: synaptogenesis and ciliogenesis. 
Journal o f  Electron Microscopy Technique. 1990 15 (2): 115-22.

Lee KH. Cotanche DA. (1996)
Potential role of BFGF and retinoic acid in the regeneration of chicken 
cochlear hair cells.
H earing Research. 1996 94( 1 -2): 1-13.

Lee S.C., Honrubia, V., Lopez I, Li, G., Micevych, P.E., Beykirch K. (1997)
BDNF improves the process of hair cell recovery after local application of GM 
in the chinchilla crista ampullaris.
In Procedings o f  the twentieth midwinter meeting o f  the association fo r  
research in otolaryngology, Florida Abstract 1997 394 : 99.

Leeson, Leeson and Papano.
A Textbook of Histology 5"̂  Edition 1985 
W.B. Saunders and Co.

Lefebvre PP. Malgrange B. Staecker H. Moonen G. Van de Water TR. (1993)
Retinoic acid stimulates regeneration of mammalian auditory hair cells.
Science. 1993 260(5108):692-5.

Lewis J. (1991)
Rules for production of sensory cells.
In Regeneration o f  vertebrate sensory receptor cells. Ciba foundation symposium 
160
Bock, G.R., Whelan J.
John Wiley and sons, Chichester pp 1025 - 53.

177



Lewis ER, Li CW (1973)
Evidence concerning the morphogenesis of saccular receptors in the bullfrog (Rana 
catesbeiana)
Journal o f  Morphology 1973 139: 351 - 361

Li CW ,(1978)
Hair cell development in the inner ear
\n Sacnning electron microscopy Vol 2 1978 Sem Inc.,
O ’ Hare Illinois p967 - 974

Li, L Nevile G, Forge A. (1995)
Two modes of hair cell loss from the vestibular sensory epithelia of the guinea pig 
inner ear.
J. Comp Neurol. 1995 May 8;355(3):405-17.

Lim Dj. (1977)
Ultra anatomy of sensory end organs in the labyrinth and their functional 
implications.
In Procedings o f  the Shambaugh 5 th international workshop on middle ear 
microsurgery and fluctuant hearing loss. ( Shambaugh GE, Shea JJ eds.) Strode Pub. 
Huntville pp l6  -  27.

Lim DJ, Anniko M (1985)
Developmental morphology of the mouse inner ear. A Scanning electron microscopic 
observation.
Acta Otolaryngologica ( Stockholm) 1985 (Supplement 422) : 1 - 69

Lindeman HH. (1973)
Anatomy of the otolith organs,
Advances in Oto-Rhino-Laryngology 1973 20 :405 -  433.

Lins U, Farina M, Kurc M, Riordan G, Thalmann R, Thallmann 
I Kachar B. (2000)
The otoconia of the guinea pig utricle : internal structure, surface exposure and 
interactions with filament matrix.
Journal o f  structural biochemistry 2000 131 (1) 67 - 78

178



Lombarte A, Yan HY, Popper AN, Chang JS. Platt C. (1993)
Damage and regeneration of hair cell ciliary bundles in a fish ear following treatment 
with gentamicin.
Hearing Research. 1993 64(2): 166-74.

Lou W. Dong M. Dong M. (1994)
Hair cell damage and regeneration in the quail cochlea following kanamycin 
ototoxicity.
Chung Hua Erh Pi Yen Hou Ko Tsa Chih - Chinese Journal o f  
Otorhinolaryngology. 1994 29(2):85-8.

Lowenstein O, Wersall J, ( 1959 )
A functional interpretation of the electron-microscopic structure of the sensory hair 
cells in the cristae of the elasmobranch Raja clavata in terms of directional sensitivity. 
Nature 1959 470 ; 1807- 1808

Mazzoni A. (1990)
The vascular anatomy of the vestibular labyrinth in man. 
Acta otolaryngologica -  1990 Supp. 472 : 1 - 83

Marean GC. Cunningham D. Burt JM. Beecher MD. Rubel EW. (1995)
Regenerated hair cells in the European starling: are they more resistant to 
kanamycin ototoxicity than original hair cells?
Hearing Research. 1995 82(2):267-76.

Mathiesen C, Popper AN. (1987)
The ultrastructure and innervation of the ear end organs of the gar, Lepisosteus 
Osseus.
Journal o f  morphology 1987 194 (2) : 129 -42.

Mbiene JP, Favre D, Sans A (1984)
The pattern of cilliary development in fetal mouse vestibular receptors. 
A qualititive and quantitive SEM study.
Anatomy and Embryology 1984 170: 229 -  238

179



McDowell B, Davies S, Forge A. (1989)
The effect of gentamicin induced hair cell loss on tight junctions of the reticular 
lamina.
Hearing research 1989 40 (3) :221 -  32

Walsh RM, Hackney CM, Furness DN (2000)
Regeneration o f the mammalian vestibular sensory epithelium follow ing  
gentamicin-induced damage.
J Otolaryngol. 2000 Dec; 29 (6):351-60.

Meza, G., Solano -  Flors, L.P., Poblano A. (1992)
Recovery of vestibular function in young guinea pigs after streptomycin 
treatment. Glutamate decarboxylase activity and nystagamus response assessment. 
International journal o f  developmental neuroscience 1992 10 (5) : 407 -4 1 1 .

M erest DK, Colanche DA. (2005)
Regeneration of the inner ear as a model of neural plasticity. 
J. Neurosci Res. 2005 Nov 15;78(4):455-60.

Nakagawa T, Ito J. (2005)
Cell therapy for inner ear diseases. 
Curr Pharm Des. 2005 ; 11 (9): 1203-7.

Navaratam D.S., Su H.S., Scott G.P., Oberholtzer J.C. (1996)
Proliferation in the auditory receptor epithelium mediated by a cAM P dependant 
signalling pathway.
Nature Medicine 1996 2 (10) : 1136 - 1139.

Neher A, Nagl M, Schrott-Fischer A, Ichiki H, Gottardi W, Gunkel AR, Stephan 
K. (2001)
N- Chlorotaurine, a novel endogenous antimicrobial agent; tolerability testing in a 
mouse model.
Archives o f  Otolaryngology-Head and Neck surgery 2001 127(5): 5 3 0 -3

180



Nimiec A.J., Raphael Y., Moody D B. (1994)
Return of auditory function following structural regeneration after acoustic 
trauma : behavioural measures from quail.
Hearing research  1994 79 : 1 - 1 6 .

Osbourne MP, Comis SD, Pickles JO. (1984)
Morphology and cross linkage o f  stereocillia in the guinea pig labyrinth examined 
without the use of osmium as a fixitive.
Cell tissue research 1984 237: 433 -  48.

Osterle E.C., Rubel E.W. (1993)
Post natal production of supporting cells in the chick cochlea. 
Hearing research 1993 66 ; 213 -  224.

Osterle E.C., Tsue T.T., Reh T.A., Rubel E.W. (1993)
Hair cell regeneration in organ cultures o f  the post natal chicken inner ear. 
Hearing research 1993 70 : 85 -  108.

Quint E. (1996)
An investigation of hair cell degeneration and regenerationin the guinea pig ear in 
vivo and in vitro.
PhD thesis, Keele university, Keele, U.K.

Regala C, Duan M, Zou J, Salminen M, Olivius P. (2005)
Xenografted fetal dorsal root ganglion, embryonic stem cell and adult neural stem cell 
survival following implantation into the adult vestibulocochlear nerve.
Exp Neurol. 2005 Jun;193(2):326-33.

Reissner C, Mielenz H, Junemann K. (1994)
Initial clinical experience with taurolidin instillation into the area of the middle ear 
HNO. 1994 42 (10): 643 -  6 1994 Oct.

Repass JJ. Watson GM. (2001)
Anemone repair proteins as a potential therapeutic agent for vertebrate hair 
cells: facilitated recovery of the lateral line of blind cave fish.
Hearing Research. 2001 154( l-2):98-107,.

181



Robbertson D.F., W eisleder P., Bohrer P.S., Rubel E.W. (1992)
Ongoing production of sensory ceils in the vestibular epithelium of the chick. 
Hearing research 1992 57 ; 166 -  174.

Robertson DW, Alosi JA, Cotanche DA . (2004)
Direct transdifferentiation gives rise to the earliest new hair cells in regenerating avian 
auditory epithelium.
J. Neurosci Res. 2004 Nov 15;78(4):461-71

Rosenhall U (1972)
Vestibular mapping in man.
Annals o f  Otology 1972 81: 339 -  351.

Rubel E.W., Dew, L.A., Roberson, D.W. (1995)
Mammalian vestibular hair cell regeneration. 
Science 1995 267 : 701 -  703.

Rubin RJ.(1967)
Development of the inner ear of the mouse: a radioautoghraphic study of terminal 
mitosis.
Acta Otolaryngologica (Stockholm) 1967 (Supp 220): 5 - 4 4 .

Rusch A, Lysakowski A, Eatock RA. (1998)
Postnatal development of type 1 and type ii hair cells in the mouse utricle: acquisition 
of voltage gated conductances and differentiated morphology.
Journal o f  neuroscience. 1998 18 (18): 7487 - 501.

Russell IJ, Richardson GP, Cody AR. (1986)
Mechanosensitivity of mammalian auditory hair cells in vitro. 
Nature 1986 321 : 5 1 7 -5 1 9 .

Ryals BM. Westbrook EW. (1994)
TEM analysis of neural terminals on autoradiographically identified regenerated hair 
cells.
Hearing Research. 1994 72 (l-2):81-8

182



Sage C. Huang M, Gutierrez G, Vollrath MA, Zhang DS, Garcia -  Anoveros J, 
Hinds PW, Corwin JT, Corey DP, Chen ZY (2005).
Proliferation of functional hair cells in vivo in the absence of the retinoblastoma 
protein.
Science 2005 Feb 18; 307 (5712); 1056 - 8

Sans A, Chat M, (1982)
Analysis of temporal and spatial patterns of rat vestibular hair cell differentiation by 
tritiated thymidine radioautography.
Journal o f  Coinparitive Neurology 1982 206 ; 1 -  8.

Saunders J.C., Adler H.J., Pugliano F.A. (1992)
The structural and functional aspects of hair cell regeneration in the chick as a 
result of exposure to intense sound.
Experimental neurology 1992 115: 13 -  17.

SchactJ ( 1986)
Molecular mechanisms of drug induced hearing loss 
Hearing research 1986 22 297 -  304

Schatz A, Bugie E, Waksman SA (1944)
Streptomycin- a substance exhibiting antibiotic activity against Gram positive and 
gram negative bacteria
Procedings o f  the society fo r  experimental biological medicine 1944 55 : 66

Shannon K, Phillips I. (1982)
Mechanisms of resistance to aminoglycosides in clinical isolates. 
Journal o f  antimicrobial chemotherapy 1982 9 : 9 1 -  102.

Sobkowicz HM. Slapnick SM. August BK. (1995)
The kinocilium of auditory hair cells and evidence for its morphogenetic role 
during the regeneration of stereocilia and cuticular plates.
Journal o f  Neurocytology. 1995 24(9):633-53.

183



Song BB, Scahact J. (1996)
Variable efficacy of radical scavengers and iron chelators to attenuate gentamicin 
ototoxicity in guinea pigs in vivo 
Hearing research 1996 94 : 87 -  93

Stacey DJ. McLean WG. (2000)
Cytoskeletal protein mRNA expression in the chick utricle after treatment in 
vitro with aminoglycoside antibiotics: effects of insulin, iron chelators and 
cyclic nucleotides.
Brain Research. 2000 871(2):319-32.

Steinbach-lebbinn C, Ganz AJ, Chang A. (1982)
The pharmacokinetics of Taurolin ®.
Arzneimittel Fortschritte 1982 32 (12) 542-62

Stummer W, Betz AL, Shakui P, Keep RF (1995)
Blood -brain barrier taurine transport during osmotic stress and in focal cerebral 
ischemia.
Journal o f  cerebral blood flow  and metabolism. 1995 15 (5) : 852 -  9.

Sturmann JA, Gorgano AD, Messing JM, Imakih (1986)
Feline maternal taurine deficiency: effect on mother and offspring 
J.N utr. 1986 1 1 6 : 6 5 6 - 6 6 7

Takumida M, Anniko M. (2005)
Heat shock protein 70 delays gentamicin-induced vestibular hair cell death. 
Acta Otolaryngol. 2005 Jan; 125( 1 ):23-8.

Taylor RR, Forge A. (2005)
Hair cell regeneration in sensory epithelia from the inner ear of a Urodele amphibian. 
J. Comp Neurol. 2005 Mar 28;484(1): 105-20.

Thalmann R, Ignatowa E, Kachor B, Ornitz DM, Thalmann I. (2001)
Development and maintenance of otoconia : Biochmical considerations. 
Annals o f  the New York academy o f  Sciences 2001 942 : 162-78

184



Joel G. Hardman and Lee E. Limbird (1996)
The pharmacological basis of therapeutics 9* edition 
McGraw and Hill publishingch 46 pp 122

Tilney LG, TilneyMS, Contache DA. (1988)
Actin filaments, stereocillia and hair cells of the bird cochlea. How the staircase 
pattern of stereocilliary lengths is generated.
Journal o f  cell biology 1988 106: 355 -  365.

Tran Ba Huy P, Bernard P, Schact J 1(1986)
Kinetics of gentamicin uptake and release in the rat. A Comparison of inner ear
tissues aand fluids with other organs
Journal o f  clinical investigations 1986 77 1492 -  1500.

Tsue TT. Watling DL. Weisleder P. Coltrera MD. Rubel EW. (1994)
Identification of hair cell progenitors and intermitotic migration of their nuclei 
in the normal and regenerating avian inner ear.
Journal o f  Neuroscience. 1994 14(1): 140-52.

Usami S, Ottersen OP (1995)
The localisation of taurine like immunoreactivity in the organ of corti: a 
semiquantitive, post embedding immuno - electron microscopic analysis in the rat 
with some observations in the guinea pig.
Brain research 1995 676(2): 277 - 84.

Van Der Water TR. (1976)
Effects of removal of the stato acoustic ganglion complex upon the growing otocyst. 
Annals o f  Otology, Rhinology and Laryngology 1976 85 (Suppl. 33): 1 -  32.

Van der Water TR, Wersall J, Anniko M, Nordeman H. (1978)
Development of the sensory receptor cells in the utricular macula. 
Otolaryngology 1978 86 : 297 -  307

185



Van De Water TR, Lallemend F, Eshraghi AA, Ahsan S, He J, Guzman J, Polak 
M, Malgrange B, Lefebvre PP, Staecker H, Balkany TJ. (2004)
Caspases, the enemy within, and their role in oxidative stress-induced apoptosis of 
inner ear sensory cells.
Otol Neurotol. 2004 Jul;25(4):627-32

Vinton NE, Laidlaw SA, Ament ME, Kopple JD (1986)
Taurine concentration in plasma and blood cells of patients undergoing long term 
parenteral nutrition.
Am.J. Clin. Nutr. 1986 44 :398 -  404

Waksman SA, Bugie E, Schatz A (1944)
Isolation of antibiotic substances from soil micro organisms with special reference to 
strepthrocin and streptomycin
Vvocedings o f  sta jf meetings at the Mayo Clinicl944  19 537 -  548

Warchol M.E., Lambert P.R., Goldstein B.J., Forge, A., Corwin J.T. (1993)
Regenerative proliferation in inner ear sensory epithelia taken from adult 
guinea pigs and humans.
Science 1993 259 : 1619 -  1622.

Waser PG, GanzAJ, Steinbach C (1985)
Pharmacokinetics and metabolism of tauroiin: a new antimicrobial and antiendotoxin 
agent. In recent Advances in Chemotherapy. Ed. Ishigami J 255 -  6.
University of Tokyo Press.

Waser PG, Sibler E. (1986)
Taurolidine -  a new concept in antimicrobial chemotherapy. In Innovative 
approaches in drug research. Ed. Harms A. F. 155 -  69.
Elsevir science publishers BY. Amsterdam.

Watson RW, Redmond HP, Me Carthy J, Bouchier-Hayes D (1995)
Taurolidine, an antilipopolysaccharide agent, has immunoregulatory properties that 
are mediated by the amino acid taurine.
J Leukoc Biol. 1995 Sep;58(3):299-306

186



Weiderhold ML, Gao WY, Harrison JL, Hejl R. (1997)
Development of gravity sensing organs in altered gravity.
Gravitational and space biology bulletin: Publication of the American society fo r  
gravitational and space biology. 1997 10 (2): 91-96.

Weiderhold ML, Yamashita M, Larsen KA, Batten JS, Koike H,
Asashima M. (1995)
Development of the otolith organs and semicircular canals in the Japanese red bellied 
newt Cynops pyrrhogaster.
Hearing research 1995 84( I 2): 41 -51 .

Weinstein ML, Leudemann GM, Oden EM, Waginan GH (1963)
Gentamicin a new broad spectrum antibiotic complex 
Antimicrobial agents and chemotherapy 1963 3 : 1 - 7

Wersall .1 (1956)
Studies on the structure and innervation of the sensory epithelium of the cristae 
ampullares in the guinea pig.
Acta Otolaryngologica (Stockholm) 1956 (Suppl. 126) : 5 -  85.

Woolley SM. Wissman AM. Rubel EW. (2001)
Hair cell regeneration and recovery of auditory thresholds following 
aminoglycoside ototoxicity in Bengalese finches.
Hearing Research. 2001 153( 1 -2): 181 -95.

Wright CE, Tallon HH, Lin YY (1986)
Taurine biological update.
Annu Rev. Biochem  1986 55: 427 - 453

Yamashita H., Oesterle E.C. (1995)
Induction of cell proliferation in mammalian inner ear sensory epithelia by 
transforming growth factor alpha. And epidermal growth factor.
Procedings o f  the national Academy o f  Science. USA. 1995 92 : 3152 -  3155.

187



Zheng, J.L., Helbig C., Gao W Q, (1997)
Induction of cell proliferation by fibroblast and insulin like growth factors in 
pure rat inner ear epithelial cultures.
In Procedings o f  the twentieth midwinter meeting o f  the association fo r  
research in otolaryngology, Florida Abstract 1997 389 : 98

Zheng JL. Keller G. Gao WQ. (1999)
Immunocytochemical and morphological evidence for intracellular self-repair 
as an important contributor to mammalian hair cell recovery.
Journal o f  Neuroscience. 1999 19(6):2l61-70.

188


