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Abstract
Hearing impairment is a growing problem in the human population with increased life

expectancy meaning more people will be affected. Much impairment is sensorineural, arising

from loss of receptor hair cells in the inner ear. Work in the neonatal cochlea and the avian

inner ear has suggested that the supporting cells surrounding the hair cells may play a role in

hair cell death. The cell signalling molecules ERK1/2 have been implicated in this, with their

activation localised to supporting cells following hair cell damage. However, the roles of

supporting cells and ERK1/2 signalling in hair cell death remain relatively uncharacterised and

this thesis aims to advance characterisation.

In this work, a new laser-damage paradigm has been developed to target damage to different

cell types within the sensory epithelia of the inner ear. This technique has been used to

demonstrate supporting cell ERK1/2 activation in both neonatal and adult epithelia following

damage. Use of the protocol in MDCK monolayers revealed similar ERK1/2 activation

surrounding a damage site, indicating a potentially conserved mechanism.

The adult utricle preparation has been used to show that aminoglycoside-induced hair cell

damage activates ERK1/2 in the nearest neighbouring supporting cells. Pharmacological

inhibition of the upstream kinase MEK1/2 produced a small but significant protection of hair

cells, suggesting ERK1/2 activation may play a role in hair cell death.

Recent work has shown that adenoviral infection in the same utricle preparation can be used

to manipulate gene activation, specifically in supporting cells (Brandon, Voelkel-Johnson et al.

2012). A constitutively-active MEK1 construct has been used to show that activating ERK1/2

exclusively in supporting cells results in hair cell phagocytosis and death. This finding supports

the idea that supporting cells play a significant role in mediating hair cell death, and that

activation of the ERK1/2 signalling pathway is sufficient for this.



4

Acknowledgements
First and foremost, I would like to thank my supervisor Dr Jonathan Gale for his guidance and

support throughout my PhD. I would not have been successful were it not for his enthusiasm

and patience with my sometimes frequent interruptions.

I also would like to thank Dr Rachel Hardisty-Hughes for introducing me to the world of

auditory research and her support and encouragement to my pursuing a PhD in the first place.

In the lab, thanks to Dr Emily Towers and Dr Dorothy Kuipers for helping me out at the start of

my project, and to Dr Sally Dawson as my second supervisor, who was always willing to listen

to any problems and give another perspective on things.

I appreciated receive funding from UCL on a Bogue Fellowship to work in the US for 3 months,

and I would like to thank Dr Lisa Cunningham and Lindsey May for making my time there both

productive and enjoyable.

I am grateful to Action on Hearling Loss for funding my studentship, and trips to a number of

conferences. I am also grateful to Deafness Research UK for funding a trip to the ARO Mid-

Winter Meeting, and to ARO and the UCL Graduate School for additional funding.

Finally, thanks to all my friends and family for their support throughout the last three years.

Gregory Ball

March 2013



5

Table of Contents
DECLARATION ....................................................................................................................................... 2

ABSTRACT ............................................................................................................................................. 3

ACKNOWLEDGEMENTS ......................................................................................................................... 4

TABLE OF CONTENTS............................................................................................................................. 5

LIST OF FIGURES AND TABLES ............................................................................................................... 8

ABBREVIATIONS AND DEFINITIONS......................................................................................................11

1 INTRODUCTION ...........................................................................................................................13

1.1 DEAFNESS AND HEARING LOSS ......................................................................................................... 13

1.2 THE INNER EAR ............................................................................................................................. 13

1.2.1 Organ of Corti Structure ....................................................................................................... 16

1.2.2 Vestibular Organ Structure................................................................................................... 18

1.2.3 Supporting Cell Function....................................................................................................... 20

1.3 ERK1/2 SIGNALLING...................................................................................................................... 23

1.3.1 Introduction to MAPK signalling........................................................................................... 23

1.3.2 Overview of the ERK Pathway .............................................................................................. 25

1.3.3 Regulation of ERK signalling................................................................................................. 27

1.3.4 ERK1 vs. ERK2 ....................................................................................................................... 29

1.3.5 Manipulation of ERK signalling ............................................................................................ 29

1.4 MAPKS AND HAIR CELL DEATH........................................................................................................ 34

1.4.1 Mechanisms of Hair Cell Death ............................................................................................ 34

1.4.2 Hair cell apoptosis ................................................................................................................ 35

1.4.3 Wound Repair....................................................................................................................... 40

1.4.4 Sensing damage ................................................................................................................... 42

1.4.5 ERK1/2 signalling in supporting cells of the inner ear .......................................................... 43

2 MATERIALS AND METHODS .........................................................................................................45

2.1 ANIMALS...................................................................................................................................... 45

2.2 UTRICLE AND COCHLEA DISSECTION .................................................................................................. 45

2.3 UTRICLE AND COCHLEA CULTURE ...................................................................................................... 46

2.4 PHARMACOLOGICAL ERK1/2 INHIBITORS ........................................................................................... 46

2.5 UTRICLE NEOMYCIN EXPOSURE ......................................................................................................... 46

2.6 UTRICLE AND COCHLEA LASER DAMAGE ............................................................................................. 47

2.7 ADENOVIRUS CONSTRUCTS .............................................................................................................. 48

2.8 ADENOVIRUS INFECTION OF ADULT UTRICLES ....................................................................................... 51



6

2.9 MDCK CELL CULTURE .................................................................................................................... 52

2.10 MDCK CELL UV EXPOSURE............................................................................................................. 53

2.11 MDCK CELL LASER DAMAGE ........................................................................................................... 53

2.12 UTRICLE IMMUNOHISTOCHEMISTRY................................................................................................... 53

2.13 IMAGING AND SAMPLING ................................................................................................................ 55

2.14 PHOSPHO-ERK1/2 ANALYSIS........................................................................................................... 58

2.15 LIVE IMAGING OF ADENOVIRUS INFECTED UTRICLE ................................................................................ 60

3 ERK1/2 ACTIVATION IN LASER-DAMAGED EPITHELIA ..................................................................62

3.1 INTRODUCTION ............................................................................................................................. 62

3.2 RESULTS....................................................................................................................................... 64

3.2.1 The multi-photon system allows targeted damage to individual cells within the hair cell

epithelia............................................................................................................................................. 64

3.2.2 Hair cell ablation activates ERK1/2 in supporting cells of the neonatal cochlea.................. 66

3.2.3 Supporting cell ablation activates ERK1/2 in surrounding supporting cells of the neonatal

cochlea............................................................................................................................................... 67

3.2.4 Hair cell ablation in the adult and neonatal utricle activates a wave of ERK1/2 activation.68

3.2.5 Spontaneous ERK1/2 activation in the neonatal utricle ....................................................... 71

3.2.6 Damage in MDCK monolayers elicits a wave of ERK1/2 activation...................................... 72

3.3 DISCUSSION.................................................................................................................................. 78

3.3.1 Cell ablation using the multi-photon laser ........................................................................... 78

3.3.2 Cell ablation in the cochlea................................................................................................... 80

3.3.3 Hair cell ablation in the utricle ............................................................................................. 80

3.3.4 MDCK monolayer as an alternative model system............................................................... 82

3.3.5 Summary .............................................................................................................................. 84

4 ERK1/2 ACTIVATION FOLLOWING AMINOGLYCOSIDE-INDUCED HAIR CELL DAMAGE ..................85

4.1 INTRODUCTION ............................................................................................................................. 85

4.2 RESULTS....................................................................................................................................... 86

4.2.1 Neomycin induces hair cell loss in adult utricle culture. ....................................................... 86

4.2.2 Neomycin mediated hair cell damage induces ERK1/2 activation in supporting cells of the

adult and neonatal utricle. ................................................................................................................ 89

4.2.3 Inhibition of ERK1/2 activation by MEK1/2 inhibitor U0126 affords hair cell protection..... 92

4.2.4 Inhibition of ERK1/2 activation by more specific MEK1/2 inhibitor PD0325901 .................. 94

4.3 DISCUSSION.................................................................................................................................. 99

4.3.1 Aminoglycoside toxicity in utricle preparation ..................................................................... 99

4.3.2 Aminoglycoside induced damage and ERK1/2 activation .................................................. 100

4.3.3 Probing ERK1/2 function using U0126 and PD0325901 MEK1/2 inhibitors ....................... 102

4.3.4 Summary ............................................................................................................................ 103



7

5 ADENOVIRAL MEDIATED MANIPULATION OF SUPPORTING CELL ERK1/2 SIGNALLING. .............105

5.1 INTRODUCTION ........................................................................................................................... 105

5.2 RESULTS..................................................................................................................................... 106

5.2.1 Adenovirus titre optimisation............................................................................................. 106

5.2.2 Ad-RFP infects supporting cells and does not activate ERK1/2. ......................................... 106

5.2.3 Ad-RFP infection is not ototoxic.......................................................................................... 107

5.2.4 ERK1/2 activation does not correlate with Ad-RFP-CAMEK1 infection, when RFP is under a

separate CMV promoter. ................................................................................................................. 109

5.2.5 Ad-CAMEK1-T2A-RFP reliably activates ERK1/2. ................................................................ 110

5.2.6 ERK1/2 activation alters supporting cell phenotype........................................................... 111

5.2.7 Live imaging confirms phagocytic activity.......................................................................... 114

5.2.8 ERK1/2 activation significantly reduces hair cell number................................................... 115

5.2.9 Hair cell loss is further promoted with increasing duration of ERK1/2 activation.............. 117

5.2.10 Activation of supporting cell ERK1/2 does not alter response to neomycin................... 121

5.2.11 Ad-DNMEK1-T2A-RFP offers no protection against neomycin ototoxicity, but does not

completely block ERK1/2 activation. ............................................................................................... 123

5.3 DISCUSSION................................................................................................................................ 128

5.3.1 Manipulation of ERK1/2 activation in supporting cells ...................................................... 128

5.3.2 The effect of supporting cell ERK1/2 activation.................................................................. 130

5.3.3 DNMEK1 construct is unable to block endogenous ERK1/2 activation............................... 133

5.3.4 Adenovirus infection, sampling and analysis...................................................................... 134

5.3.5 Summary ............................................................................................................................ 136

6 DISCUSSION ...............................................................................................................................137

6.1 ERK1/2 ACTIVATION IN THE INNER EAR............................................................................................ 137

6.1.1 Damage-induced ERK1/2 activation................................................................................... 137

6.1.2 Spontaneous ERK1/2 activation ......................................................................................... 137

6.1.3 ERK1/2 activation is reduced in mature system ................................................................. 139

6.2 FUNCTION OF SUPPORTING CELL ERK1/2 ACTIVATION ........................................................................ 141

6.3 SUMMARY.................................................................................................................................. 144

7 REFERENCES...............................................................................................................................146

8 APPENDIX ..................................................................................................................................162

8.1 HAIR CELL LOSS IN STRIOLAR REGION OF CULTURED ADULT UTRICLES....................................................... 162



8

List of Figures and Tables
Figure 1.1: Structure of the mammalian ear. ............................................................................. 15

Figure 1.2: Structure of the mammalian vestibular system. ...................................................... 16

Figure 1.3: Cell organisation in the organ of Corti ...................................................................... 17

Figure 1.4: Cell organisation in the vestibular organs. ............................................................... 18

Figure 1.5: Regions of the utricle. ............................................................................................... 20

Figure 1.6: MAPK Signalling Cascade. ......................................................................................... 24

Figure 1.7: The ERK1/2 Signalling Pathway................................................................................. 26

Figure 1.8: The Extrinsic and Intrinsic apoptotic pathways. ....................................................... 36

Figure 2.1: Mutant MEK1 Constructs.......................................................................................... 49

Figure 2.2: DUAL-RFP-CCM shuttle vector used by Vector Biolabs in creating custom-made

MEK1 adenoviruses..................................................................................................................... 50

Figure 2.3: Nucleotide and corresponding peptide sequence of the T2A peptide..................... 50

Figure 2.4: Adenovirus Infection Experiments timeline. ............................................................ 52

Figure 2.5: Utricle sampling for hair cell quantification. ............................................................ 56

Figure 2.6: Sampling of a utricle infected with adenovirus for cell quantifications. .................. 57

Figure 2.7: Threshold image of damage-induced ERK1/2 activation in a MDCK monolayer...... 59

Figure 2.8: Threshold analysis to assess correlation between adenoviral RFP marker and

ERK1/2 activity. ........................................................................................................................... 60

Figure 3.1: Schematic comparing the different laser damage protocols.................................... 65

Figure 3.2: Utricle Hair Cell Ablation........................................................................................... 66

Figure 3.3: Specific hair cell ablation activates ERK1/2 in neighbouring supporting cells.......... 67

Figure 3.4: Supporting cell ablation activates ERK1/2 in neighbouring supporting cells. .......... 68

Figure 3.5: ERK1/2 activation in adult and neonatal utricles following hair cell ablation. ......... 69

Figure 3.6: Multi-photon damage is transmitted to underlying supporting cells in neonates... 71

Figure 3.7: Spontaneous ERK1/2 activation in supporting cells of the cultured immature utricle.

.................................................................................................................................................... 72

Figure 3.8: MDCK cell laser ablation. .......................................................................................... 73

Figure 3.9: Damage-induced ERK1/2 activation propagates from the laser ablated site in MDCK

monolayers. ................................................................................................................................ 74

Figure 3.10: Timecourse of ERK1/2 activation in MDCK monolayers following exposure to UV

light. ............................................................................................................................................ 75

Figure 3.11: 20µM U0126 inhibits activation of ERK1/2 in MDCK monolayers.......................... 76



9

Figure 3.12: Quantification of pyknotic cells and actin rosettes present in fixed MDCK samples

in time following UV exposure.................................................................................................... 77

Figure 4.1: Neomycin dose response of adult utricles cultured in suspension. ......................... 86

Figure 4.2: Hair cell phenotypes. ................................................................................................ 87

Figure 4.3: Hair cell nuclei remaining in utricles treated with different doses of Neomycin. .... 88

Figure 4.4: Neomycin-induced hair cell damage activates ERK1/2 in supporting cells

surrounding dying hair cells in the adult utricle. ........................................................................ 90

Figure 4.5: Neomycin-induced hair cell damage activates ERK1/2 in supporting cells

surrounding dying hair cells in neonatal utricle. ........................................................................ 91

Figure 4.6: ERK1/2 activation in control neonatal utricle localised to supporting cells

surrounding dying hair cells. ....................................................................................................... 92

Figure 4.7: Inhibition of ERK1/2 activation promotes hair cell survival in the adult utricle....... 93

Figure 4.8: Inhibition of ERK1/2 activation reduces the proportion of pyknotic hair cells. ....... 94

Figure 4.9: Inhibition of ERK1/2 by U0126 and PD0325901. ...................................................... 95

Figure 4.10: PD0325901 shows an intermediate result and does not significantly protect hair

cells. ............................................................................................................................................ 97

Figure 4.11: Effects of ERK1/2 inhibition on hair cell phenotype. .............................................. 98

Figure 5.1: Adenovirus specifically infects supporting cells and does not activate pERK1/2... 107

Figure 5.2: Quantification of hair cell in control conditions. .................................................... 108

Figure 5.3: Number of hair cells plotted against number of supporting cells infected with Ad-

RFP. ........................................................................................................................................... 109

Figure 5.4: Ad-RFP-CAMEK1 infected support cells do not consistently activate ERK1/2........ 110

Figure 5.5: Ad-CAMEK1-T2A-RFP activates ERK1/2 leading to supporting cell expansion....... 111

Figure 5.6: ERK1/2 activation causes supporting cell expansion and actin relocalisation. ...... 112

Figure 5.7: Ad-CAMEK1-T2A-RFP causes supporting cell nuclei to move above the supporting

cell layer. ................................................................................................................................... 113

Figure 5.8: Ad-CAMEK1-T2A-RFP causes supporting cells to present phagocytic-like projections

around surrounding hair cells. .................................................................................................. 114

Figure 5.9: Live imaging reveals hair cell phagocytosis. ........................................................... 115

Figure 5.10: Ad-CAMEK1-T2A-RFP significantly reduces hair cell number. .............................. 116

Figure 5.11: Number of hair cells plotted against number of supporting cells infected with Ad-

RFP and Ad-CAMEK1-T2A-RFP after 24 hours culture. ............................................................. 117

Figure 5.12: Evidence of hair cell recovery by transdifferentiation in cultured utricle. ........... 118

Figure 5.13: Ad-CAMEK1-T2A-RFP significantly reduces hair cell number at 48 hours............ 119



10

Figure 5.14: Number of hair cells plotted against number of supporting cells infected with Ad-

RFP and Ad-CAMEK1-T2A-RFP after 48 hours culture. ............................................................. 120

Figure 5.15: Infection with Ad-CAMEK1-T2A-RFP leads to reduced supporting cell density after

48 hours culture........................................................................................................................ 121

Figure 5.16: Activation of ERK1/2 does not cause increased ototoxicity in the presence of

neomycin................................................................................................................................... 122

Figure 5.17: Activation of ERK1/2 does not alter progression of hair cell death following

neomycin exposure................................................................................................................... 123

Figure 5.18: Ad-DNMEK1-T2A-RFP does not significantly reduce hair cell number................. 124

Figure 5.19: Ad-DNMEK1-T2A-RFP is unable to block activation of ERK1/2............................. 126

Figure 5.20: Ad-DNMEK1-T2A-RFP does not afford protection hair cells................................. 127

Figure 6.1: Changes in proliferative capacity and apical junction actin concentration as a

function of age in the mammalian utricle. ............................................................................... 139

Figure 8.1: Striolar region does not show ototoxicity as observed in the striolar region. ....... 162

Table 1.1: ATP-noncompetitive MEK1/2 Inhibitors. ................................................................... 31

Table 2.1: Adenovirus titres used in utricle infection experiments............................................ 51

Table 2.2: Antibodies used in immunohistochemistry of utricles and cochlea. ......................... 54

Table 4.1: Phenotypic stages in progression of hair cell death. ................................................. 87



11

Abbreviations and Definitions
Adult animal: animal aged 21-50 days.

ATP: Adenosine 5’-triphosphate

CP: Cuticular Plate

DAPI: 4’,6-Diamidino-2phenylindole

DMEM/F12: Modified Eagle’s medium supplemented with F12

DMSO: Dimethylsulfozide

ERK: Extracellular Regulated Kinase

FBS: Fetal Bovine Serum

HBHBSS: Hepes-buffered Hank’s Balanced Salt Solution

HC: Hair Cell

IHC: Inner Hair Cell

JNK: c-Jun-N-terminal Kinase

LPR: Line of polarity reversal

M199: Medium 199

MAPK: Mitogen activated protein kinase

MAP2K/MAPKK/MKK/MEK: Mitogen activated protein kinase kinase

MAP3K/MAPKKK: Mitogen activated protein kinase kinase kinase

MyoVIIa: Myosin VIIA

Neonatal animal: 2-3 day old animal

OHC: Outer Hair Cell

P1, P3 etc.: Post-natal day 1, Post-natal day 3 etc.

PBS: Phosphate buffered saline



12

PFA: Paraformaldehyde

ROI: Region of Interest

SC: Supporting Cell



13

1 Introduction
1.1 Deafness and Hearing loss

Today in the UK, 10 million people are affected by some form of hearing loss or impairment,

equating to one in six of the population. It is estimated that this will rise to 14.5 million people

by 2031, primarily due to an ageing population, and it is therefore a medical condition of

increasing importance (Davis, Smith et al. 2012).

Much of this impairment arises from the irreversible loss of specialised receptor cells in the

inner ear, the hair cells, which are lost as people age, but also following exposure to loud

noise, and ototoxic drugs. In non-mammalian vertebrates, this loss is reversible, with

supporting cells having capacity to differentiate and replace lost hair cells as part of the

response to damage (Corwin and Cotanche 1988; Ryals and Rubel 1988; Balak, Corwin et al.

1990). In mammals however, such mechanisms are not present, or at least not activated in

response to hair cell death, and therefore loss of these cells causes permanent hearing

impairment.

There are two approaches to the problem of hair cell loss: prevention and replacement.

Understanding of the signalling pathways involved is essential for development of protective

and regenerative therapeutic strategies (Matsui and Cotanche 2004). Aside from reducing

noise exposure, research into prevention focuses on the cell biology and signalling that is

responsible for hair cell loss, with the hope that an increased understanding will inform the

development of therapeutics that will prevent loss of hair cells, and thus maintain hearing. It

is in this area that this PhD is focused. This work seeks to further characterise the role and

impact that a cell signalling pathway - the extracellular regulated kinase 1/2 pathway - plays in

a particular cell type (the supporting cell) of inner ear sensory epithelia during hair cell loss.

1.2 The Inner Ear

The inner ear has two sensory regions: the vestibular region, containing the sacculus, utriculus,

semi-circular canals and their associated ampullae, which are responsible for sensing

movement and gravity; and the cochlea, a coiled structure with the organ of Corti running its

length, which is responsible for sensing sound. In both systems specialized epithelial receptors

- the hair cells - transduce mechanical stimuli into neural signals. Hair cells are named for the

hair bundles that project from their apical cell surface. The bundle consists of many actin-filled

rods, called stereocilia, arranged in an ordered staircase structure, with shorter stereocilia tips
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connected to the sides of taller neighbouring stereocilia by tip links. Mechanical stimuli cause

deflection of the hair cell bundle, with the resulting shearing motion opening

mechanoelectrical transduction channels that are coupled to the tip links. Opening of these

transduction channels allows influx of cations to the hair cell, and a resulting cell

depolarisation, whilst inhibitory deflections close transduction channels and cause

hyperpolarisation of the cell. Such changes in membrane potential elicit the release of

glutamate neurotransmitter at the afferent hair cell synapse with depolarisation increasing

release, and hyperpolarisation reducing release (Gillespie and Walker 2001).

Mechanical stimulation of hair cells in the two sensory regions results from different external

inputs. In the case of hearing, sound is collected by the outer ear and channelled to the

tympanic membrane by the ear canal, where it causes vibration of the tympanic membrane.

This vibration is transmitted and amplified through the air filled middle ear cavity to the fluid

filled inner ear by the ossicular chain, consisting of the three ossicles; the malleus, the incus

and the stapes. The stapes contacts the oval window and transmits the sound vibrations to

the cochlea. This then drives vibration of the basilar membrane and results in the mechanical

stimulation of the hair cells residing in the organ of Corti. The auditory system is illustrated in

Figure 1.1.
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Figure 1.1: Structure of the mammalian ear.
Taken from (Brown, Hardisty-Hughes et al. 2008) a. Diagram showing outer, middle and inner ear. b. Cross section
of the cochlear duct showing the three fluid filled compartments (scala media (endolymph); scala vestibuli and scala
tympani (perilymph)) and the organ of Corti. The fluid in the scala media, also known as the endolymph bathes the
sensory epithelium. c. Diagram illustrating the cellular arrangement in the organ of Corti, with blow up of single hair
cell showing stereocilia and tip-links.

The vestibular organs respond to gravitational force and movement of the head, providing the

sense of balance. The utricle and saccule detect linear motion, whilst the orthogonal

arrangement of the semicircular canals facilitates sensation of rotational movement in the

three planes. Rotational movement of the head causes movement of fluids within the

semicircular canals and this mechanically stimulates the hair cells of the cristae located inside

the ampullae, eliciting neural signals to the brain.

The utricle and saccule are known as the otolith organs, so named for the otoconia found

within the otolithic membrane. The otolithic membrane consists of a gelatinous layer covering

the vestibular hair cells in the sensory epithelium, on top of which a number of small calcium

carbonate crystals, known as otoconia, are located. The otoconia provide inertia to the

epithelium and as a result it is displaced relative to the sensory epithelium following linear

acceleration and movement. This displacement is the stimulus required to open the

mechanotransduction channels in the stereocilia, which causes an influx of cations and release

of neurotransmitter, analogous to the mechanotransduction in the cochlea. The sensory
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epithelia of the saccule and utricle are orientated in different planes to facilitate sensing of

head movements in each plane: the saccule is orientated approximately vertically and the

utricle horizontally (Purves, Augustine et al. 2001).

Figure 1.2: Structure of the mammalian vestibular system.
A. Diagram illustrating the arrangement of the vestibular organs in the labyrinth of the inner ear. The three
semicircular canals and their associated ampullae are indicated brown in addition to the otolith organs, the utricle
and saccule (grey). The cochlea is also illustrated in yellow (adapted from
http://en.wikipedia.org/wiki/File:VestibularSystem.gif). B. Shows the sensory hair cells and support cells covered by
the otolithic membrane and otoliths (adapted from Tortora & Grabowski, Principles of Anatomy and Physiology, 8th
edition).

Whilst the mechanism of sensing mechanical stimulation through deflection of hair bundles on

sensory hair cells is similar, the structure and arrangement of the cells within the specialised

neuroepithelia is specific to each system.

1.2.1 Organ of Corti Structure

The auditory hair cells reside within the organ of Corti. A single row of inner hair cells (IHCs)

and three rows of outer hair cells (OHCs) are surrounded by a number of highly differentiated

epithelial cells, collectively known as the supporting cells. IHCs are surrounded by phalangeal

cells (PhCs) and inner pillar cells (IPCs) whilst OHCs are in contact with both Dieters’ cells (DCs)
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and outer pillar cells (OPCs). Hensen cells and Claudius cells are found laterally to the final row

of Deiters’ cells. Figure 1.3 illustrates this arrangement.

Figure 1.3: Cell organisation in the organ of Corti
(Adapted from (Kelley 2006). The single row of IHCs is in contact with the single row of IPCs on their lateral side.
PhCs form the remaining supporting contacts with the IHCs. A single row of OPCs interacts laterally with the IPCs,
forming the tunnel of Corti (TC). The first row of OHCs are in contact with the OPCs. The three rows of OHCs sit on
three rows of Deiters’ cells. Hensens cells are located laterally to the final row of OHC and Deiters’ cells.

Cochlear supporting cells are highly differentiated and have very specific shapes, which are

maintained by a complex network of cytoskeletal filaments. This is most striking in the long

phalanges of the pillar cells that lead to the formation of the tunnel of Corti. A similar

arrangement to this is seen in the phalangeal process of Deiters’ cells. Deiters’ cells have three

regions; the cell body, a phalangeal process (or stalk) and apical head plate. The main cell

body rests on the basement membrane and has a curved upper region, on which an outer hair

cell rests. The stalk extends apically to the head plate and forms surface contacts with outer

hair cells. The stalk extension is angled apically and laterally from the Deiters’ cell body,

meaning that an individual Deiters’ cell makes contact with five outer hair cells: one sat

directly above the Deiters’ cell body and four at the apical head plate.

The cellular mosaic created from the apical domains of hair cells and supporting cells is termed

the reticular lamina. This mosaic is highly ordered, allowing identification of each cell type

when viewed from above. Hair cells are never located adjacent to one another and so form

only heterologous contacts with the surrounding supporting cells. Supporting cells are in

contact with both hair cells and other supporting cells, thus forming both heterologous and

homologous contacts. Tight junctions and adherens type junctions are found in both types of
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contact, with gap junctions and desmosomes present only in homologous interactions

between supporting cells (Raphael and Altschuler 2003).

1.2.2 Vestibular Organ Structure

An analogous sensory epithelial structure is found in the vestibular system, with vestibular hair

cells surrounded by an ordered array of supporting cells. Vestibular hair cells are classically

divided into two groups based on their afferent and efferent innervation; type I cells are

enclosed by calyceal ending nerve fibres, whilst type II cells are contacted by bouton endings

(Lysakowski and Goldberg 2004). As in the cochlea, hair cells are never found adjacent to one

another and form heterologous contacts with supporting cells. Morphologically there appears

to be a single type of supporting cell in the vestibular organs, with the ordered array of several

different types found in the cochlea not replicated. However, differences in expression of glial

fibrillary acidic protein (GFAP) have been reported in different supporting cells of the

vestibular organs, suggesting that there may be more than a single type of supporting cell (Rio,

Dikkes et al. 2002). This structure is illustrated in Figure 1.4

Figure 1.4: Cell organisation in the vestibular organs.
The diagram illustrates the two types of vestibular hair cell (adapted from Tortora & Grabowski, Principles of
Anatomy and Physiology, 8th edition). A Type I hair cell is shown on the left surrounded by its afferent nerve calyx
and characteristic shape. The Type II hair cell on the right has a ordinary bouton afferent synapse. Both are
surrounded by an ordered array of supporting cells. There is only one supporting cell type in vestibular organs,
differing from the cochlea with its many specialised supporting cell types.

Despite this comparative homogeneity, the saccule and utricule are divided into two broad

regions: the striola and the extrastriola (see Figure 1.5). The definition of these regions arises

from the different densities of the two hair cell types around the line of planar polarity reversal

(LPR). The LPR is a line which runs from one side of the organ to the other along its longest
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axis. The planar polarity of the hair cells, the direction in which the cells ‘point’, is defined by

the kinocilium located at the point of the hair cell bundle. On one side of the line, the kinocilia

point one way, and this is reversed on the other side. In the case of the utricle, the kinocilia

are pointed towards the LPR, whilst in the saccule they are pointed away from the LPR (Purves,

Augustine et al. 2001; Li, Xue et al. 2008).

Surrounding the LPR is a region of lower hair cell density, containing both type I and type II hair

cells. This region is located predominantly medial to the LPR and defines the striola. This

region also correlates with reduced otoconia density in the otolithic membrane above. The

surrounding region, extending to the periphery of the sensory epithelia is then the extrastriola.

The extrastriolar region contains predominantly type II hair cells. Further sub classifications

exist in the description of different hair cell types and type IC and ID have been defined based

on the staining properties of their calyx neurons. Definition of these two regions can be

extended to include the lateral and medial extrastriola, which are located either side of the

LPR, outside of the striolar region, and the juxtastriola, which is interposed between the striola

and medial extrastriola. The definition of the juxtastriolar region is based on the morphology

of its innervations, which are intermediate in size and shape to those found in the striola and

medial extrastriola (Lysakowski and Goldberg 2004; Li, Xue et al. 2008). These regions are

illustrated in Figure 1.5.

Despite these sub-classifications, the broad classifications of striola and extrastriola persist in

much of the literature, perhaps due to difficulty in identifying each region in experiments

where precise definition is not the aim. Identification of the striola and extrastriola is relatively

straightforward due to the availability of a number of type I hair cell specific markers.

Calretinin labels the calyces of type I hair cell (Li, Xue et al. 2008), and calbindin labels the cell

bodies of type I hair cells (Cunningham, Cheng et al. 2002). The distinction of striola and

extrastriola is used throughout this thesis.
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Figure 1.5: Regions of the utricle.
Adapted from (Li, Xue et al. 2008). Individual hair cells are indicated by blue dots, with those lateral to the line of
polarity reversal in dark blue, and those medial in light blue. The region of lower hair cell density medial to the LPR
is marked by red arrows and an approximation of the striola is marked by the red enclosure. The lateral extrastriola
consists of the dark dots outside of the striola, whilst the medial extrastriola consists of the light blue dots outside
the striola. The juxtastriola interposed the two regions, but cannot accurately be defined without consideration of
innervations, it is described as being ‘interposed between the striola and medial extrastriola’ and the yellow region
represents an area satisfying this description.

1.2.3 Supporting Cell Function

Supporting cells have a number of different functions within the sensory epithelium of the

cochlea and vestibular organs, which are reviewed in more detail elsewhere (Wan, Corfas et al.

2013). Structural support to the hair cells is perhaps the most obvious, with the specialised

arrangement providing the structural scaffold in which the sensory hair cells are embedded to

enable mechanical stimulation of the hair cells. Tight junctions are formed between

neighbouring cells at their apical cell membranes which form an impermeable barrier,

separating the endolymph and perilymph. This barrier is essential for auditory function,

separating the different ionic compositions of the K+-rich endolymph and Na+-rich perilymph

on either side of the epithelium, and therefore facilitates mechanotransduction. The

importance of this function is illustrated by mutations in the tight junction component Claudin

14 (Cldn14) which cause altered ionic permeability across the reticula lamina. This leads to

rapid hair cell degeneration and hearing loss (Ben-Yosef, Belyantseva et al. 2003)

In addition to the barrier function, it is thought that supporting cells play a further active role

in maintaining the ionic composition of the fluids in the organ of Corti. Supporting cells are

involved in movement of potassium ions, with K+ taken up by the Deiters’ cells and inner

phalangeal cells after its release from the basolateral membrane of the hair cells. K+ uptake is

mediated by the K+/Cl- co-transporter Kcc4, and the importance of this function is illustrated

in mice in which the Kcc4 channel has been knocked out. Kcc4 knock out animals display a
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rapidly progressing deafness phenotype between 3 and 4 weeks after birth, following the

Deiters’ cell specific expression of Kcc4 2 weeks after birth (Boettger, Hubner et al. 2002).

Potassium ions are then thought to pass through the epithelial gap junction network, made up

of a range of supporting cells linked by gap junctions, to the outer sulcus. Here the potassium

is released into the perilymph and taken up by the fibrocytes, which in turn transport it back to

the stria vascularis through the connective tissue gap junction network, where potassium is

ultimately released into the endolymph (Wangemann 2006) . The importance of this cycling

function is illustrated by the number of deafness causing mutations in channels and gap

junctions which mediate it (Cohen-Salmon, Ott et al. 2002; Hibino and Kurachi 2006).

Gap junctions between supporting cells also facilitate other intercellular communication. For

instance, they allow intercellular diffusion of inositol1,4,5-trisphosphate (IP3), which mediates

propagation of intercellular Ca2+ signalling (Anselmi, Hernandez et al. 2008). Intercellular

Ca2+ signalling is also mediated by ATP which activates purinergic (P2) receptors on supporting

cells. Supporting cells further contribute to long range intracellular signalling by releasing ATP

through connexin hemichannels (Zhao, Yu et al. 2005; Anselmi, Hernandez et al. 2008)

Supporting cells are also involved in the homeostasis of other molecules such as glutamate.

Glutamate accumulation in the synaptic cleft following hair cell stimulation could lead to

excitotoxicity. Cochlear and vestibular supporting cells express the glutamate transporter

GLAST at their basolateral membranes and are likely to regulate uptake of glutamate and

prevent excitotoxicity (Furness and Lehre 1997; Takumi, Matsubara et al. 1997).

A further function of supporting cells in maintaining hair cell epithelia is present in non-

mammalian vertebrates, where hair cells are regenerated following trauma. It is known that

the supporting cells are the source of new hair cells, either through transdifferentation

whereby the supporting cell differentiates to become a hair cell without dividing, or

proliferation, where a supporting cell divides to produce daughter cells of either hair cell or

supporting cell identity (Matsui, Parker et al. 2005). Such mechanisms are not widely present

in the mammal; there is limited regenerative capacity in the mammalian utricle following

damage and they are absent in the cochlea (Forge, Li et al. 1993; Forge, Li et al. 1998;

Kawamoto, Izumikawa et al. 2009). In the adult mammalian utricle, regeneration proceeds

predominantly via transdifferentiation, with the increase in hair cell number reflected by a

reduction in supporting cell number. (Golub, Tong et al. 2012). However in the neonatal

utricle, supporting cells retain proliferative capacity and afford a regenerative phenotype much

more akin to that observed in non-mammals (Burns, Cox et al. 2012).
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The regenerative capacity of different hair cell epithelia correlates with proliferative capacity;

the robust proliferation observed following damage in non-mammalian vertebrates correlates

with robust regeneration (Corwin and Cotanche 1988; Ryals and Rubel 1988). It is known that

the proliferative capacity of the mammalian utricle decreases rapidly after birth, as assessed

by response to proliferation-stimulating growth factors (Gu, Montcouquiol et al. 2007).

Likewise, proliferation decreases rapidly with age in the mammalian utricle, in both the

damaged and undamaged states (Burns, Cox et al. 2012; Burns, On et al. 2012).

A number of features have been correlated with proliferation in hair cell epithelia. In

mammalian vestibular epithelia, apical actin junction thickness between cells increases as the

system matures (Burns, Christophel et al. 2008). The increase in apical junction width is

manifested as increased concentrations of apical filamentous actin and this correlates with the

reduction in proliferative capacity and ability to re-enter the cell cycle (Burns, Christophel et al.

2008).

There is also a correlation with the ability of supporting cell to change shape from a columnar

to spreading form and the ability to re-enter the cell cycle (Meyers and Corwin 2007). It has

also been shown that the wound healing efficiency reduces with age in mammalian utricles

(Collado, Burns et al. 2011).

The involvement of supporting cells in wound healing has long been known, with supporting

cell expansion to form scars, filling the area previously occupied by the hair cell in the

epithelium well described (Forge 1985; Raphael and Altschuler 1991). This is essential in

maintaining the epithelial barrier between endolymph and perilymph. However, the fate of

the dead hair cells during this process was not immediately clear.

There is evidence to suggest that the supporting cell may act as a phagocytic cell, with scar

formation associated with removal of the dying hair. Indirect evidence for this initially came

from electron microscopy studies in the guinea pig, which revealed expansion of supporting

cells, filling the hair cell space following hair cell damage (Li, Nevill et al. 1995). Apoptotic

bodies were also observed inside supporting cells of vestibular sensory epithelia (Forge, Li et

al. 1998). Further evidence suggestive of supporting cell phagocytosis came from the

identification of hair cell proteins, such as prestin, present in the remaining supporting cells

following cochlear hair cell death (Abrashkin, Izumikawa et al. 2006). Subsequently, work in

avian hair cell epithelia has shown more directly, through use of live imaging, that this process

proceeds by phagocytosis of hair cells by supporting cells following hair cell damage (Bird,

Daudet et al. 2010). This function was characterised as removal of the hair cell bundle
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followed by phagocytosis of the underlying hair cell body. Such removal of the bundle was

consistent with previous observations in the frog, however in this system a small number of

hair cells are able to repair after losing their hair bundles (Gale, Meyers et al. 2002).

There is evidence now then that supporting cells play a role in hair cell death, acting as

phagocytes and removing the dying hair cells. The mechanisms driving this have not been

extensively probed, however it has been shown that ERK1/2, a member of the mitogen-

activated protein kinase family, is activated in supporting cells immediately following hair cell

damage, with inhibition of this activity providing some protection of hair cells (Lahne and Gale

2008). This suggests that supporting cells may be playing an active role in promoting hair cell

death under certain conditions and that the ERK1/2 pathway may be important in mediating

this function.

1.3 ERK1/2 Signalling

1.3.1 Introduction to MAPK signalling

Mitogen-activated protein kinase (MAPK) signal transduction pathways are involved in

regulating a huge and diverse range of cellular activities including gene expression, cellular

metabolism, motility, proliferation, survival, apoptosis and differentiation. Cells contain a

range of MAPK pathways that can be activated by different stimuli, allowing a coordinated

response to several different inputs. Mammalian MAPKs are activated by many stimuli

including hormones, growth factors, inflammatory cytokines and environmental stresses.

Different stimuli are coupled to MAPK activity through different receptors and accordingly

there is range of receptors associated with MAPK signalling. Associated receptors include

receptor tyrosine kinases (RTKs), G-protein coupled receptors (GPCRs), cytokine receptors and

Ser/Thr kinase receptors.

The MAPK family is grouped as such due to a core phosphorylation signalling cascade common

to all. This cascade consists of three sequentially acting, evolutionarily conserved kinases; a

MAPK is phosphorylated by a MAPK Kinase (MAP2K), which in turn is phosphorylated by a

MAPK Kinase Kinase (MAP3K). Figure 1.6 illustrates the basic scheme of the MAPK pathways.
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Figure 1.6: MAPK Signalling Cascade.
MAP3Ks are Ser/Thr kinases that are activated via phosphorylation and/or interaction with small GTP proteins of
the Ras/Rho family. Activated MAP3Ks phosphorylate and activate MAP2Ks. MAP2Ks are dual specificity kinases
that phosphorylate and activate MAPKs at threonine and tyrosine residues within the conserved T-X-Y motif.
MAPKs phosphorylate target substrates, including transcription factors, other kinases and proteins at serine and
threonine residues immediately followed by a proline residue.

All MAPKs phosphorylate target substrates at serine or threonine residues that are followed

immediately by proline (S/T-P in Figure 1.6). Signal specificity is achieved through docking

domains, specific to each group of MAPKs. These domains mediate interactions between

MAPKs and many other proteins, including downstream targets (eg. transcription factors),

upstream activators (MAP2Ks), regulatory scaffold proteins and phosphatases. These domains

increase both the specificity and efficiency of signal transduction (Avruch 2007).

The outcome of MAPK signalling depends on the magnitude, duration and cellular localisation

of kinase activation (Ebisuya, Kondoh et al. 2005). As the cellular pool of MAPKs remains

constant, this is regulated by activity of kinases, which phosphorylate and activate MAPKs, and

phosphatases which dephosphorylate and inactivate the MAPKs. Phosphorylation essentially

acts as a switch, facilitating change between the active and inactive states. A number of

different phosphatases down-regulate or ‘switch off’ MAPK activity. These include protein

Ser/Thr phosphatases (PPs), protein tyrosine phosphatases (PTPases), and MAPK phosphatases

(MKPs). MKPs are dual-specificity phosphatases and selectively dephosphorylate the critical

phosphothreonine and phosphotyrosine residues in the active MAPKs.

The nomenclature surrounding these pathways is unfortunately fairly confusing with many

synonyms existing for each kinase. Presumably done in an attempt to improve clarity, often
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this seems to add an extra layer of complexity. MAPK was originally thought of as a single

entity, but is now a more broad term given to the family of related kinases. However, in some

cases it is still used to describe this original entity, which is now referred to as Extracellular

Regulated Kinase (ERK). Currently the convention is to name each MAPK pathway for its

central MAPK. To date, six different groups within the MAPK family have been identified in

mammals: extracellular regulated kinases 1 and 2 (ERK1/2) (previously referred to as MAPK),

Jun NH2-terminal kinases (JNK1/2/3), p38 (p38 α/β/γ/δ), ERK7/8, ERK3/4 and ERK5 (Krishna 

and Narang 2008).

1.3.2 Overview of the ERK Pathway

ERK1/2 were the first members of the MAPK family to be identified and as a result are likely

the most studied of the mammalian MAPKs. The ERK1/2 pathway is activated by a large

number of both extracellular and intracellular stimuli and has been shown to modulate a huge

range of processes including cell cycle progression, proliferation, cytokinesis, transcription,

differentiation, senescence, cell death, migration, gap junction formation, actin and

microtubule networks, neurite extension and cell adhesion (Ebisuya, Kondoh et al. 2005).

The basic structure of the ERK1/2 pathway is illustrated in Figure 1.7. Stimulation of the

ERK1/2 pathway occurs following activation of cell surface receptors, including RTKs, GPCRs

and integrins, leading to the activation of Ras, a small, membrane localised, GTPase.

Activation is commonly through RTKs where autophosphorylation of tyrosine residues within

the RTK’s cytoplasmic tails results in recruitment of Growth factor receptor-bound protein 2

(Grb-2). This in turn binds to, and recruits the guanine exchange factor SOS to the membrane,

promoting interaction between SOS and Ras, leading to GTP loading and activation of Ras. Ras

activation is followed by the sequential recruitment and activation of the core kinases of the

ERK1/2 pathway, Rafs, Dual specificity mitogen-activated protein kinase kinases 1/2

(MAP2K1/2 or most commonly, MEK1/2) and ERK1/2 (Ramos 2008).

Rafs are a group of serine/threonine kinases, consisting of A-Raf, B-Raf and C-Raf, which are

the primary MAP3Ks of the ERK1/2 pathway. Additional kinases including c-Mos, TPL2 and

MEKK1 have been shown to act as the MAP3K components under specific conditions. In the

inactive state, Raf is located in the cytoplasm and bound by a 14-3-3 dimer, at phosphorylated

N- and C-terminal sites (S259, S621). This keeps Raf in a closed, inactive form. Stimulation of

the cell causes recruitment of Raf at the cell membrane and binding to GTP-loaded Ras. This

displaces the N-terminal/14-3-3 interaction, and allows dephosphorylation by protein

phosphatase 2 (PP2A). This dephosphorylation allows the release of 14-3-3 and Raf opening to
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expose its kinase domain. Further phosphorylation of Raf by a variety of kinases, including

protein kinase C (PKC) and src, is involved in full activation.

Activated Rafs phosphorylate and activate MEK1/2 at the two serine residues in the MEK1/2

activation loop motif: Ser-Xaa-Ala-Xaa-Ser (where Xaa is any amino acid). In its inactive form,

MEK1/2 binds to and sequesters ERK1/2 in the cytoplasm. Upon activation, MEK1/2

phosphorylates tyrosine and threonine residues in the conserved Thr-Glu-Tyr motif in the

ERK1/2 activation loop, activating and releasing ERK1/2. Activated ERK1/2 can phosphorylate

many cytoplasmic and cytoskeletal proteins. Alternatively it can translocate to the nucleus and

act on nuclear targets such as transcription factors (Shaul and Seger 2007).

Figure 1.7: The ERK1/2 Signalling Pathway.
Ras activation in response to stimuli arriving at the cell surface leads to downstream activation of the core ERK
pathway kinases. Activated ERK acts on many downstream targets, including cytoplasmic, cytoskeletal and nuclear
proteins.

ERK1/2 preferentially phosphorylate at serine or threonine residues that are followed by a

proline (S/T-P), with an additional proline located two or three positions upstream of the S/T
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associated with increased ERK1/2 phosphorylation (Gonzalez, Raden et al. 1991). In the

absence of a consensus phosphorylation sequence, there are two well-defined docking

domains that further increase specificity by mediating ERK1/2-substrate interaction; the D-

domain and the DEF-domain. The D-domain (also known as the DEJL motif) was first identified

in c-Jun and includes the consensus sequence: Lys-Xaa-Xaa-Arg/Lys-Xaa(x4)-Leu-Xaa-Leu.

Many similar consensus binding sites were subsequently identified on substrates of the other

MAPKs. Small variations in this sequence may assist in directing MAPKs to specific substrates,

for instance some p38 substrates contain three hydrophobic residues in place of the Leu-Xaa-

Leu motif. The DEF-domain (Docking site for ERK-FXF domain) consists of the Phe-Xaa-Phe-Pro

consensus sequence (Biondi and Nebreda 2003). The number, type, position and arrangement

of docking sites within a substrate will determine ERK1/2 affinity, enhance kinase selectivity

and improve phosphorylation efficiency (Fantz, Jacobs et al. 2001).

1.3.3 Regulation of ERK signalling

ERK1/2 signalling has been shown to transmit many different, and sometimes opposing,

signals. This arises from both the fact that ERK1/2 has a huge range of possible substrates with

diverse functions (Yoon and Seger 2006), and also from the regulation of duration, strength

and cellular localisation of ERK1/2 activity (Murphy and Blenis 2006).

The importance of duration of ERK1/2 signal is classically illustrated by the kinetics of ERK1/2

activation in PC12 cells following stimulation with different growth factors. Stimulation with

epidermal growth factor (EGF) results in a strong, transient activation in ERK1/2 and the cells

proliferate; however stimulation with nerve growth factor (NGF) results in an equally strong,

yet sustained ERK1/2 activation and the cells differentiate (Nguyen, Scimeca et al. 1993). Both

outcomes are dependent on ERK1/2 activity as shown by the fact that overexpression of EGF

receptors, and the sustained ERK1/2 activation arising from this, resulted in the cells

differentiating, mimicking the NGF response (Traverse, Seedorf et al. 1994).

Deregulation of ERK1/2 signalling, leading to sustained activation is regularly associated with

carcinogenesis and is part of the reason behind the amount of work carried out in search of

suitable inhibitors (Murphy and Blenis 2006). Regulation of the duration and strength of the

ERK1/2 signal is therefore crucial in determining its outcome.

Both positive and negative feedback loops are present in the ERK1/2 pathway and play an

important role in regulating signal intensity and duration. For example, ERK1/2 has been

shown to phosphorylate and downregulate activity of upstream pathway members including
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MEK1/2 (Eblen, Slack-Davis et al. 2004), Raf (Dougherty, Muller et al. 2005) and SOS (via the

ERK1/2-activated downstream kinase RSK2) (Douville and Downward 1997). Negative

feedback can also be exerted through ERK1/2 mediated phosphorylation or transcriptional

upregulation of phosphatases, as illustrated in the ERK-mediated stabilisation of the

phophatase MKP-1 (Brondello, Pouyssegur et al. 1999). A number of positive feedback

mechanisms have also been identified. ERK1/2-mediated phosphorylation of Raf can not only

act to decrease activation, but can also promote Raf activity (Balan, Leicht et al. 2006).

Positive feedback is also demonstrated in the down-regulation of the dual specificity

phosphatase DUSP6. This phosphatase normally acts to dephosphorylate and inactivate

ERK1/2. However, phosphorylation of DUSP6 by ERK1/2 targets it for degradation, thus

mediating increased ERK1/2 activity (Marchetti, Gimond et al. 2005). The positive and

negative feedback signals active in a given context seem to be responsible for controlling the

intensity and duration of ERK1/2 signalling. The signal is further regulated through accessory

proteins that assist in modulating the kinetics, localisation and components of the signalling

cascade, thus enhancing specificity.

A major class of accessory proteins involved in ERK1/2 signalling is the scaffold proteins. These

are defined as proteins interacting with two or more components of the cascade and have

many functions, primarily arising from their ability to recruit specific proteins of the signalling

cascade into close proximity to one another. Scaffold proteins can mediate recruitment of

different substrates to cascade components, thereby controlling different functions.

Furthermore, expression levels of scaffold proteins are important in regulating function. An

increase in scaffold protein concentration enhances formation of signalling complexes, until it

reaches an optimum level. Further increase in scaffold concentration, to the point where it

exceeds that of substrate, results in binding of substrates individually to each scaffold, thus

inhibiting signaling (Kolch 2005). One of the best studied scaffolds of the ERK pathway is

Kinase suppressor of Ras 1 (KSR1) which seems to serve as a general scaffold in most

situations. KSR1 is able to bind Raf, MEK and ERK, bringing them into close proximity and

facilitating their phosphorylation and activation (Shaul and Seger 2007).

Scaffolds also play an important role in the subcellular localisation of ERK.  For example, the β-

arrestin scaffold associates with Raf, MEK1/2 and ERK1/2 and prevents nuclear translocation of

ERK1/2, thereby increasing cytoplasmic signaling and reducing nuclear signaling (Tohgo, Pierce

et al. 2002). A large number of proteins regulating subcellular ERK localisation have been

identified. This is not only between the nucleus and cytoplasm, but also to specific organelles

and regions of the cell (Ebisuya, Kondoh et al. 2005). The complex regulatory mechanisms
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associated with ERK1/2 signalling explain how a single core signalling cascade can be

associated with many functions and outcomes.

1.3.4 ERK1 vs. ERK2

The two main ERK isoforms, ERK1 and ERK2 are commonly grouped together as a single entity;

they are however 43 and 41kDa proteins respectively, with 83% identity between them.

Despite their high identity, ERK1 and ERK2 are not entirely functionally redundant with the

different phenotypes seen in the knockout mice illustrating this. ERK1-/- mice have a generally

normal phenotype; they are viable, fertile and of normal size (Pages, Guerin et al. 1999),

suggesting that perhaps ERK2 is able to compensate in many situations. This is however in

marked contrast to ERK2-/- mice which display embryonic lethality early in embryogenesis due

to a defect in trophoblast development, with homzygote embryo resorption occurring

between E7.5 and E8.5 (Saba-El-Leil, Vella et al. 2003). ERK1 is clearly unable to compensate

for ERK2 absence in this early, essential process. Recent work has further enhanced the notion

that ERK1 and ERK2 have distinct functions. The observation, both in vitro and in vivo, of

enhanced ERK2 activation in ERK1-/- systems could suggest that ERK1 acts antagonistically to

ERK2. It has been proposed that ERK1 and ERK2 compete for interaction of the upstream

MEK1/2, supported by the fact that a kinase inactive form of ERK1 will restore normal ERK2

activity in the ERK1-/- system (Mazzucchelli, Vantaggiato et al. 2002; Vantaggiato, Formentini et

al. 2006). ERK1 and ERK2 are co-expressed in virtually all tissues. However, differences in

relative abundances of the two isoforms in different cells may be important in determining the

cellular response. Additional evidence has indicated differential rates of nuclear trafficking

between the two isoforms, arising from differences in their N-termini, are important in

determining the cellular outcome (Marchi, D'Antoni et al. 2008). These studies illustrate the

differences between ERK1 and ERK2 are functionally important, and as such grouping total

ERK1/2 activity together may be an oversimplification. Whether ERK1 and ERK2 activate

different substrates, or differentially activate the same substrates remains to be seen (Lloyd

2006).

1.3.5 Manipulation of ERK signalling

Experimental manipulation of the ERK pathway, both in vitro and in vivo, is necessary to glean

information on its function within different systems. Such manipulation can be achieved in a

number of ways, including use of pharmacological inhibitors and genetic manipulation. The

method of manipulation will be dependent on the system being used. Issues regarding both
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the specificity and localisation are inherent to each mechanism of manipulation, and are

worthy of consideration given the importance of these features in cell signaling pathways.

Many pharmacological MAPK inhibitors have been developed, primarily in the search for drug

candidates. Much effort has been put into the development of ERK1/2 pathway inhibitors due

to the potential therapeutic applications. Deregulation of the ERK1/2 pathway is associated

with many diseases, of which cancer receives the most attention. Many do not progress as

drug candidates due to their poor performance in clinical trials, commonly arising due to issues

of clearance in vivo, and not due to lack of inhibitory activity. Thus they retain their use in

non-clinical investigation of the ERK1/2 pathway, particularly with in vitro experiments that

more closely resemble the conditions in which they were first identified (Kohno and

Pouyssegur 2003)

Inhibitors are grouped as either ATP-competitive or ATP-noncompetitive, depending on their

binding site. Many ATP-competitive inhibitors display poor specificity, and may target many

members of the MAPK family. Given the importance of the MAPK family in many functions,

broad spectrum inhibition of kinase activity is not desirable and there is a need to target a

specific MAPK pathway (e.g. ERK1/2). ATP-noncompetitive inhibitors have provided more

targeted inhibition; however there are still elements of overlap, arising from the similarity

between different MAPKs. For example, specifically targeting ERK1/2 over ERK5 has been an

issue (Kamakura, Moriguchi et al. 1999). Different types of ATP-noncompetitive inhibitors

have been investigated, most commonly small molecule inhibitors, they also include small

peptides that can disrupt MAPK interactions at docking domains (Kelemen, Hsiao et al. 2002).

This also has the potential to produce specific inhibition of a certain subset of targets, through

interference in MAPK-substrate interaction. Similarly, disruption of MAPK-substrate may be

achieved through use of low molecular weight compounds that disrupt specific interactions.

Another factor to consider is that MAPK inhibitors may act at different points in the signalling

cascade, and this may determine both the amount and specificity of inhibition.

Aside from ERK1/2, no other physiological substrates have been identified for their upstream

kinases, MEK1/2. MEK1/2 has therefore been an attractive drug target due to its position as a

downstream point of convergence in the ERK1/2 pathway, which can be activated by many

upstream signals (Spicer 2008). Table 1.1 summarises some of the main ATP-noncompetitive

MEK1/2 inhibitors that have been identified, drawing attention to cross-reactivity with ERK5.
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Table 1.1: ATP-noncompetitive MEK1/2 Inhibitors.
Note that all are able to inhibit ERK5. For the later inhibitors, such cross-inhibition is only seen at high
concentrations of the inhibitor, which are not necessary for ERK1/2 inhibition (Bain, Plater et al. 2007).

Inhibitor IC50 Notes References

PD098059 2-10 μM First ATP-noncompetitive inhibitor 
(Dudley, Pang et al. 1995;
Kamakura, Moriguchi et al.
1999)

U0126 72 nM
Higher affinity than PD98059. Binds in a
mutually exclusive manner to PD098059.

(Favata, Horiuchi et al. 1998;
Kamakura, Moriguchi et al.
1999)

CI-1040
[PD184352]

17 nM
Blocks activation of ERK1/2 at
concentrations where the activation of
ERK5 is unaffected.

(Sebolt-Leopold, Dudley et al.
1999; Mody, Leitch et al. 2001)

PD0325901 1 nM

Second generation Cl-1040 inhibitor.
Blocks activation of ERK1/2 at
concentrations where the activation of
ERK5 is unaffected.

(Bain, Plater et al. 2007;
Spicer 2008)

ARRY-
142886
[AZD6244]

14 nM
Similar in structure to Cl-1040 and
PD0325901

(Yeh, Marsh et al. 2007;
Spicer 2008)

In the vast majority of studies to date, PD098059 and U0126 have been used as inhibitors

when studying the ERK1/2 pathway. However, these inhibitors also inhibit the ERK5 pathway

at concentrations used to inhibit ERK1/2, raising questions as to the contributions of each

pathway to the results obtained when using PD098059 and U0126 (Mody, Leitch et al. 2001).

The inhibition of ERK5 likely arises due to the 83% amino acid identity between MEK1/2 and

MEK5 at the PD184352-like inhibitor binding site (Ohren, Chen et al. 2004). There is also

evidence to suggest that these inhibitors may interfere with other pathways, independent of

any effect on ERK1/2. For example, activation of AMP-activated protein kinase (AMPK) has

been observed using these inhibitors (Dokladda, Green et al. 2005). Use of the newer, more

specific MEK1/2 inhibitors will hopefully circumvent these issues. It is important to note

however that not all ERK1/2 activation occurs through the canonical Raf-MEK-ERK cascade,

and activation can occur through different mechanisms such as via phosphatidylinositol-3-

kinases (PI(3)K) and conventional protein kinase C isoforms (cPKCs), which further complicate

analysis using pharmacological inhibitors (Grammer and Blenis 1997).

Such questions of specificity may be addressed through direct inhibition of ERK1/2 itself. Two

ERK1/2-specific inhibitors have been so far identified; ERK inhibitor I (Hancock, Macias et al.

2005) and FR180204 (Ohori, Takeuchi et al. 2007). Both of these provide a method of

manipulating ERK without affecting MEK1/2 activity. However, no data has been published

indicating the effect of these inhibitors on the ERK5 pathway. Use of ERK5 specific inhibitors
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could also be used to determine and potentially discount the role of ERK5 signalling in a

particular system. Two new inhibitors have recently been identified: BIX 02188 and BIX 02189.

Importantly these two inhibitors show no significant inhibition of the ERK1/2 pathway (Tatake,

O'Neill et al. 2008). Use of such an ERK5-specific inhibitor has been used in conjunction with

ERK1/2 inhibitors to determine the roles of each pathway in a number of studies, highlighting

the potential of this approach (Li, Tatake et al. 2008; Obara, Yamauchi et al. 2009). However,

with all of these pharmacological approaches, specific cell types are not targeted and this is

likely to complicate analysis in heterogenous cell populations, such as is seen in hair cell

epithelia of the ear.

The use of mutant animals provides another method of manipulation. Mice have proved

especially useful in investigations in the auditory system given the similarities between the

mouse and human auditory systems. Indeed much work is done using wild type mice, utilizing

this similarity in the model system. Several mutant mice with auditory phenotypes and

associated human conditions have been characterized, and the ease of genome manipulation

means increasing numbers are becoming available. There are many advantages and

disadvantages associated with this approach in studying gene function. One issue is that

complete loss of a particular gene is likely to have many affects, particularly the case of the

MAPK family, due to the wide range of gene functions. For instance, it would be impossible to

study the inner ear system using ERK2-/- mice, as these display an embryonic lethal phenotype

(Saba-El-Leil, Vella et al. 2003). In these situations the heterozygote may provide a useful

model, or partial loss of function or gain of function mutants can be used (Brown, Hardisty-

Hughes et al. 2008).

Alternatively, conditional knockouts, whereby a gene is knocked out in a specific tissue or cell

type, may be used to probe gene function. These techniques utilize the lox-Cre system in

which the Cre-recombinase enzyme catalyses the removal of a region of DNA that is defined by

two LoxP sites. Mutant animals with a target sequence flanked by LoxP sites can therefore

have this excised in cells or tissues expressing Cre-recombinase. Not only is this used to switch

off or knock out a gene of interest, this can be used to switch on genes, through removal of a

LoxP-flanked STOP cassette that represses gene expression in the absence of Cre-recombinase.

In both cases mutant animals need to be engineered with the appropriate genes and LoxP

sites. Furthermore, it is necessary to control the region of Cre-recombinase expression. This

can be achieved through use of specific Cre mouse lines, in which Cre-recombinase is

expressed in a subset of cells. For instance, Cre-recombinase is localized to inner phalangeal

cells of the cochlea and supporting cells of the utricle and cristae when under the control of a
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proteolipid protein (PLP) promoter. The localized activity is present throughout the animal’s

life and provides a useful tool in which to investigate supporting cell specific signaling (Gomez-

Casati, Murtie et al. 2010). The Cre-recombinase can also be introduced exogenously, using

similar methods employed in gene therapy, which have the added benefit of providing an

element of temporal control. Such temporal control of Cre-recombinase expression is also

possible through use of CreER system in which the Cre-recombinase is fused to mutated

estrogen receptor. This receptor is mutated so that it only binds the synthetic hormone

tamoxifen, not endogenous estradiol, thus offering the ability to switch on the removal of the

LoxP-flanked DNA fragment at a specific time point. Conditional gene expression in the mouse

inner ear using this system has been extensively reviewed elsewhere, with the many different

Cre-lines covered (Cox, Liu et al. 2012).

Whilst incredibly powerful, these techniques can be time-consuming and expensive; even with

the required mouse lines expressing both the required LoxP and Cre-reombinase constructs,

complex breeding strategies can further increase cost. An alternative approach to

manipulation is the exploitation of the RNA interference (RNAi) pathway, a gene silencing

mechanism induced by double-stranded RNA. Endogenous micro RNAs (miRNAs) regulate

gene expression through this pathway and form the basis for this technique. Short hairpin

RNAs (shRNAs) are hairpin containing transcripts that mimic miRNA and mediate RNAi. In both

miRNA and shRNA, the RNA is processed to form small interfering RNA (siRNA) (Martin and

Caplen 2007). A siRNA is a double-stranded RNA molecule that is 19-22 nucleotides in length.

This molecule suppresses expression of a gene of homologous sequence by mediating the

destruction and degradation of its complementary mRNA (Elbashir, Harborth et al. 2001). The

main obstacle in use of RNAi is delivery of synthetic siRNA or shRNA to the cell, particularly in

vivo, and even more so in a therapeutic context. Furthermore, it may be desirable to target a

particular subset of cells within an organ or tissue, highlighting the need for specialised siRNA

delivery systems. Many systems of delivery have been developed; these are reviewed

extensively elsewhere and are usually separated into viral and non-viral mediated delivery

(Martin and Caplen 2007; Whitehead, Langer et al. 2009). There have been some reports of

siRNA use in the inner ear, with good protection against cisplatin induced otoxicity claimed

(Mukherjea, Jajoo et al. 2010). However the efficacy of delivery and the cochlear cells which

are targeted is less clear, with some reports indicating the cells of the organ of Corti are not in

fact targeted (Sellick, Layton et al. 2008). The delivery mechanism of the siRNA is likely to be

important in determining efficacy of delivery and the cell type targeted. It is seems surprising

that direct injection of naked siRNA into the middle ear is successful in protecting against
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cisplatin induced ototoxicity and it remains to be seen how replicable this technique is,

especially when other groups have struggled to deliver to the organ of Corti, despite direct

injection of pretreated siRNA into the endolymph (Sellick, Layton et al. 2008).

Delivery of siRNA or shRNA to specific cells within inner ear hair cell epithelia often employs

techniques similar to those used in genetic therapy. Genetic therapy, whereby a gene or gene

segment is delivered to a cell, resulting in transient or chronic expression of the transgene, can

be used to restore or alter a particular protein or signalling cascade in the target cell. Similar

issues with regard to targeting particular cell types, vector toxicity, and appropriate levels of

knockdown or up regulation need to be considered in this system. Viral vectors are commonly

used and have been employed successfully in ear tissue, overcoming some of the issues of

targeting particular cell types (Holt, Johns et al. 1999).

Adenoviral vectors have been used to infect both cochlear and vestibular hair cell epithelia,

with different cell-specificities of infection reported. In neonatal cochlea cultures, there are

reports of hair cell infection (Holt, Johns et al. 1999; Kirjavainen, Sulg et al. 2008). The utricle

culture system has allowed both neonatal and adult tissue to be infected and the cell

specificity seems to be age dependent. In neonatal utricles, both hair cells and supporting cells

are infected, although the supporting cells at apparently lower efficiency (Holt, Johns et al.

1999; Kirjavainen, Sulg et al. 2008), whilst in adult animals the opposite seems to be the case

with only supporting cells infected (Lin, Golub et al. 2011; Brandon, Voelkel-Johnson et al.

2012). These viral vectors therefore provide means of manipulating signaling within specific

cell types of the inner ear.

1.4 MAPKs and Hair Cell Death

1.4.1 Mechanisms of Hair Cell Death

As stated previously, understanding of the cell biology and signalling underlying hair cell death

is required to inform the development of protective therapeutics. It is necessary for this

understanding to encompass both intracellular signalling within the hair cells intercellular

signalling to surrounding cells and throughout the tissue. Previous work has shown that hair

cell death in response to aminoglycoside-induced damage in both the mammalian hearing and

vestibular systems is predominantly apoptotic (Lang and Liu 1997; Nakagawa, Yamane et al.

1998; Vago, Humbert et al. 1998; Forge and Li 2000). Hair cell loss in response to cisplatin

exposure has also been shown to be apoptotic (Liu, Staecker et al. 1998; Alam, Ikeda et al.

2000), as seems to be the case for hair cell death associated with aging (Usami, Takumi et al.
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1997; Zheng, Ikeda et al. 1998; Hu, Yang et al. 2008). Many studies have been carried out to

determine the mechanisms of hair cell death following noise exposure and have indicated both

necrotic and apoptotic pathways are involved (Hu, Guo et al. 2000; Pirvola, Xing-Qun et al.

2000; Yang, Henderson et al. 2004). Another report has suggested the presence of an

additional death pathway in the cochlea following noise exposure, perhaps reflecting the

difficulty in categorizing cell death as purely apoptotic or necrotic (Bohne, Harding et al. 2007).

Indeed, the simple categorization of cell death as apoptotic or necrotic is perhaps being

superseded by more detailed sub-classification as more features of different types of cell

death are characterized (Galluzzi, Vitale et al. 2012).

Although hair cell apoptosis is observed in response to each stimulus, this doesn’t necessarily

indicate that cell death proceeds by a single, conserved mechanism. A number of different

pathways are associated with the regulation of apoptosis, and there is evidence to suggest that

hair cell death is different in response to different stimuli. For example, blocking JNK

activation promotes hair cell survival when exposed to noise trauma or aminoglycosides

(Pirvola, Xing-Qun et al. 2000; Wang, Van De Water et al. 2003). However, such protection is

not observed in hair cells exposed to cisplatin, where JNK inhibition in fact augments hair cell

loss (Wang, Ladrech et al. 2004). Also, different levels of ototoxicity are observed both

between different aminoglycosides, and between cochleotoxicity and vestibulotoxicity of a

particular aminoglycoside (Forge and Schacht 2000). Further evidence for distinct death

mechanisms comes from the observation of different temporal patterns of hair cell death in

response to gentamicin and neomycin exposure in the zebrafish lateral line (Owens, Coffin et

al. 2009). This is emphasized by the fact that zebrafish mutants resistant to neomycin induced

hair cell death are unable to resist hair cell death following chronic gentamycin exposure.

This has important implications with regards to therapeutic strategies. Inhibition of cell death

at a particular point in a signalling cascade may only work in response to a certain stimulus.

Understanding therefore of the specific molecular and cellular mechanisms underlying hair cell

loss in response to a specific insult will aid development of specific therapeutic strategies to

prevent hair cell loss.

1.4.2 Hair cell apoptosis

Apoptosis (also known as programmed cell death) is a tightly regulated, active cellular process.

A cascade of cell death genes ultimately leads to the activation of cysteine-dependent,

aspartate-specific proteases, known as caspases that mediate apoptotic destruction of the cell.

14 caspase family members have been identified in mammals and are grouped as initiator and
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effector caspases. Initiator caspases are activated by the death-inducing signal and start a

cascade of increasing caspase activity by activating the effector caspases. All caspases are

synthesised as inactive zymogens and cleavage of the prodomain produces the active mature

enzyme (Strasser, O'Connor et al. 2000). Classically, two apoptotic pathways have been

defined: the extrinsic pathway and the intrinsic pathway. The extrinsic pathway is activated by

binding of ligands to death receptors of the TNF/Fas family, leading to activation of caspase-8.

The intrinsic pathway is centred on the mitochondria, with many stimuli leading to

permeabilization of the mitochondrial membrane and release of mitochondrial proteins,

including cytochrome c, into the cytoplasm. Cytochrome c promotes formation of the

apoptosome and activation of the initiator caspase, caspase-9 (Li and Yuan 2008). The two

apoptotic pathways are illustrated in Figure 1.8.

Figure 1.8: The Extrinsic and Intrinsic apoptotic pathways.
Both the extrinsic pathway, mediated by extracellular signals, and the intrinsic pathway, mediated by intracellular
signals, converge on activation of the effector caspase, caspase-3. Adapted from (Li and Yuan 2008)

Several studies have highlighted the role of caspases in hair cell death, consistent with the

observation of apoptotic cells in response to different stimuli. This role is well reviewed

elsewhere (Cheng, Cunningham et al. 2005). Both general caspase inhibition and specific

inhibition of caspase-3 and caspase-9 has been shown to improve hair cell survival. The role of

caspase-8 seems to be less important as despite being active in hair cells following insult,

inhibition of its activity does not prevent hair cell death. This suggests a central role for the

intrinsic apoptotic pathway in hair cell death. However, direct caspase inhibition is unlikely to
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be a suitable therapeutic strategy given the importance of apoptosis in homeostasis and

diseases associated with its deregulation. Caspase activation occurs late in the apoptotic

process and it is important to consider the pathways leading to activation of caspases.

Translocation of cytochrome c from the mitochondria to the cytoplasm is an upstream

apoptotic signal that has been found in hair cells exposed to aminoglycosides, cisplatin and

noise (Nicotera, Hu et al. 2003; Lee, Nakagawa et al. 2004; Matsui, Gale et al. 2004; Wang,

Ladrech et al. 2004). It has also been demonstrated that caspase inhibition does not prevent

cytochrome c release, consistent with the classical scheme of cytochrome c release acting

upstream of caspase activation (Matsui, Gale et al. 2004).

The Bcl-2 family of proteins, consisting of both anti- and pro-apoptotic members are important

mediators of the cytochrome c release, regulating mitochondrial permeability (Jourdain and

Martinou 2009). The ratio of pro- and anti-apoptotic Bcl-2 proteins will determine if activation

of apoptosis will occur. Anti-apoptotic members include Bcl-2 and Bcl-XL, and they act to

prevent mitochondrial membrane permeabilisation. Overexpression of these proteins causes

inhibition of cell death in many systems. This was illustrated in utricles of transgenic mice in

vitro, with increased Bcl-2 expression showing reduced caspase-9 activation and hair cell death

following neomycin treatment (Cunningham, Matsui et al. 2004). A number of studies have

employed adenovirus vectors to transfect cells in the organ of Corti with Bcl-2 or Bcl-XL and

have shown that such gene therapy is also able to promote hair cell survival in response to a

number of insults (Staecker, Liu et al. 2007; Pfannenstiel, Praetorius et al. 2009).

Activation of apoptosis is associated with translocation of pro-apoptotic proteins such as Bax

and Bid from the cytoplasm to the mitochondrial membrane, promoting permeabilisation and

cytochrome c release. Further evidence of the role of the Bcl-2 proteins in hair cell death

comes from the observation of increased numbers of Bax positive cells, and a reduced number

of Bcl-2 positive cells in response to cisplatin (Alam, Ikeda et al. 2000; Yamashita, Minami et al.

2008). There is substantial evidence therefore to suggest that regulation of mitochondrial

permeabilisation and cytochrome c release by the balance of pro- and anti- apoptotic

members of the Bcl-2 family is important in hair cell apoptosis. It seems that the pathways

associated with hair cell death in response to the different insults share this final common step

of cytochrome c release and caspase activation. This still, however, represents a late stage of

apoptosis, with mitochondrial permeabilisation often considered the “point of no return” in a

cells death or survival decision (Green and Kroemer 2004). Research has therefore continued

to investigate the upstream signalling associated with hair cell apoptosis.
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A promising line of investigation has been into the MAPK family member JNK. Several studies

have shown that JNK is activated in hair cells following aminoglycoside and noise exposure,

with inhibition of JNK being associated with reduced hair cell death (Pirvola, Xing-Qun et al.

2000; Bodmer, Brors et al. 2002; Ylikoski, Xing-Qun et al. 2002; Wang, Van De Water et al.

2003; Matsui, Gale et al. 2004). Furthermore, activation of JNK has been shown to act

upstream of cytochrome c release in response to aminoglycoside treatment (Matsui, Gale et

al. 2004). An inhibitor of the Rho GTPases is able to reduce JNK activation and hair cell death,

suggesting that these GTPases are upstream activators of JNK in the hair cells (Bodmer, Brors

et al. 2002)

Ras, an upstream activator of JNK, has been identified as being involved in hair cell death in rat

cochlear cultures exposed to gentamycin (Battaglia, Pak et al. 2003). This provided further

support for the role of JNK signalling in hair cell death as Ras inhibition was associated with

down regulation of phospho-c-Jun, a downstream marker of JNK activity in hair cells. An

interesting result from this work was the dose dependent effect of adding Ras inhibitor FT1-

277 in the presence of gentamycin. The highest concentration of inhibitor tested attenuated

hair cell death; whilst at low inhibitor concentrations, hair cell death was higher than in the

presence of gentamycin alone. It was proposed that this difference was due to inhibition of

different Ras mediated pathways; at low concentrations only H-Ras is inhibited, whilst at

higher concentrations N-Ras and K-Ras are also inhibited. K-Ras is associated with signalling

via Rac/cdc42 and so it is an attractive hypothesis that inhibition of K-Ras occurs at high

concentrations, given the previous findings of increased hair cell survival in the presence of a

Rac/cdc42 inhibitor (Bodmer, Brors et al. 2002). Investigation as to the role of ERK1/2

signalling was carried out using the U0126 inhibitor and this inhibition caused hair cell loss

even without exposure to gentamycin. This suggested that active ERK1/2 was necessary for

the survival of hair cells. However, the properties of ERK1/2 activity were not investigated.

The model inferred from this data proposed that the H-Ras/ERK1/2 pathway was required for

hair cell survival, whilst the K-Ras/JNK pathway was involved in hair cell death. However, there

was no data to show whether these Ras isoforms were really being inhibited in the manner

suggested. Furthermore, FTI-277 was not tested without gentamycin, where, according to the

model, you would expect a similar result as with the ERK1/2 inhibitor. This work clearly

identifies a role for MAPK signalling in hair cell death and survival, and further supports the

data with regards to the role of JNK in hair cell death. However, more evidence is required to

further substantiate the model of gentamycin-induced toxicity presented.
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Other work presents a different view of the role of ERK1/2 signalling in hair cell death. (Lahne

and Gale 2008). Hair cells were ablated in a small region using a laser, a technique producing

mechanical damage which is qualitatively reminiscent of that induced by extreme noise

exposure, where the reticula lamina can be ruptured (Wang, Hirose et al. 2002). Following this

damage, a wave of ERK1/2 activity was observed extending outwards from the damage site

along the sensory hair cell rows. This activation was transient and peaked 10 minutes after

damage before returning to baseline levels after 60 minutes. Cells close to the damage site

displayed ERK1/2 activation for the longest. ERK1/2 activation was observed in a cell specific

manner, with OHC-supporting Deiters’ cells and IHC-supporting phalangeal cells displaying

ERK1/2 activity. In some cases, pillar cells close the damage site showed ERK1/2 activity as

well. No activity was observed in either the IHC or OHC themselves. Use of inhibitors showed

that activation proceeds via the classical Raf/MEK/ERK cascade and the MEK inhibitor U0126

was able to reduce hair cell death following neomycin exposure. This therefore suggests that

ERK1/2 activation in supporting cells plays a role in hair cell death.

These two studies both present a role for ERK1/2 signalling in hair cell death; however use of

the MEK inhibitor U0126 produces different results. In P5 rat cochlea cultures, use of the

inhibitor alone causes hair cell death. Exposure to gentamycin further enhances this death.

However in P1/P2 rat cochlea cultures exposed to neomycin, U0126 results in a reduction of

the number of pyknotic nuclei present, suggesting that ERK is important in promoting hair cell

death. One explanation for these opposing results is differences in time exposed to inhibitors.

Battaglia et. al. (2003) exposed cultures to the inhibitor for 48 hours, whilst Lahne and Gale

(2008) exposed for 8 hours. This suggests that the temporal characteristics are important in

cochlear ERK1/2 signalling during damage. It is possible that the long term inhibition has a

direct effect on the hair cells that is not observed with short term inhibition. Alternatively,

differences may arise from the age of rats and the maturity of the cochlea system, or

differences in the death pathways associated with gentamycin and neomycin. Indeed, as

noted previously, studies in zebrafish have suggested different pathways may be at work in

response to each aminoglycoside (Owens, Coffin et al. 2009).

There is substantial evidence then to implicate members of MAPK, particularly JNK, in hair cell

apoptosis. Whilst the role of JNK has been extensively investigated in the context of signalling

within the dying hair cell, the roles of ERK1/2 are not so well defined, with potentially

conflicting observations. It is tempting to suggest that, given the strong activation of ERK1/2 in

cells surrounding the dying hair cells, it may be involved in sensing damage, or in the wound

repair process.
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1.4.3 Wound Repair

Hair cell apoptosis results in loss of sensory cells from the auditory sensory epithelium. It is

essential that the epithelial barrier is maintained; leaks or gaps must not develop, else the

ionic composition of the surrounding perilymph and endolymph would be lost (Ben-Yosef,

Belyantseva et al. 2003). Controlled removal of the apoptotic cell and wound repair is

therefore required in order to both maintain the barrier and prevent an inflammatory

response. In vestibular and cochlear hair cell epithelia, adjacent supporting cells expand to

form a scar, filling the gap that would be left by the lost hair cell (Forge 1985; Raphael and

Altschuler 1991). The fate of the dying hair cell is less clear; it could be extruded into the

lumen, phagocytosed by invading macrophages, or phagocytosed by neighbouring cells. There

is suggestion that there may be different fates with apoptotic hair cells being observed both

within the epithelium and the lumen (Lang and Liu 1997; Forge, Li et al. 1998).

Phagocytosis is the process by which apoptotic cells are removed from the tissue. This is

carried out either by specialised phagocytes, such as macrophages, or undamaged

neighbouring cells. An apoptotic cell is rapidly removed from a tissue, following its break up

into membrane-bound apoptotic bodies (Platt, da Silva et al. 1998). There is little to suggest

that specialised phagocytes enter the cochlea or vestibular organs to remove dying hair cells,

however there is evidence to support the idea that the neighbouring supporting cells can act

as phagocytes. Initially this suggestion was based on scanning electron microscopy studies in

the guinea pig, which revealed expansion of supporting cells, filling the hair cell space

following hair cell damage (Li, Nevill et al. 1995), and further suggestion is provided by the

presence of the hair cell marker prestin in expanded supporting cells at the site of the missing

hair cell (Abrashkin, Izumikawa et al. 2006). However, more direct evidence has been provided

by live imaging of dying hair cells in chick sensory epithelium (Bird, Daudet et al. 2010). This

provided not only evidence for supporting cell phagocytosis of dying hair cells, but also insight

into the timing of events associated with phagocytosis. The process has two stages. Initially

an actin cable is formed at the luminal surface surrounding the dying hair cell bundle. This

rapidly constricts to excise the bundle at the cuticular plate, forming the characteristic scar.

This is consistent with previous work showing the requirement for actin polymerization in scar

formation (Hordichok and Steyger 2007). Actin cables have also been seen in mammalian

utricles around a wound, albeit following more severe damage (Meyers and Corwin 2007).

Formation of the actin cable and excision of the hair bundle is followed by formation of an

actin rich ‘phagosome’ in the supporting cells, which surrounds the remaining hair cell corpse.

Finally, the supporting cells coordinate to phagocytose the hair cell corpse. The excision of
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the hair bundle prior to phagocytosis of the hair cell body is also consistent with observations

in bullfrog (Gale, Meyers et al. 2002).

Determining the mechanisms underlying this process are of interest as it is conceivable that

any protective strategy may need to prevent supporting cell mediated removal of hair cells.

The involvement of actin polymerisation has been demonstrated, as disruption prevents scar

formation and increased numbers of dying hair cells remain in the epithelium (Hordichok and

Steyger 2007). Formation of actin cables surrounding dying cells in Madin Darby Canine

Kidney (MDCK) cell monolayers (a model mammalian cell epithelia) is dependent on Rho-

kinase regulation of the actin/myosin cytoskeleton (Rosenblatt, Raff et al. 2001). However,

Rho-kinase inhibition did not prevent formation of scars or the associated actin cable in hair

cell epithelia (Hordichok and Steyger 2007; Bird, Daudet et al. 2010). This did however impair

phagocytosis, with increased numbers of phagosomes surrounding dying hair cells observed

when Rho-kinase was inhibited (Bird, Daudet et al. 2010). These studies were in bullfrog and

chick respectively, and it remains to be seen whether similar mechanisms are present in

mammals. Beyond this, the mechanisms underlying scar formation and hair cell phagocytosis

remain relatively uncharacterised. However, similar processes have been studied in other

tissues and may provide indications as to what is happening in the ear.

The removal of dead or dying neurons in the brain proceeds through phagocytosis carried out

by resident macrophages, the microglia (Brown and Neher 2010). There is now evidence

showing that, under certain conditions, microglia have the ability to remove healthy neuronal

cells. This has been termed ‘primary phagocytosis’, reflecting the fact that the microglia are

not responding to damaged or impaired neuronal cells (Brown and Neher 2012). Furthermore,

recent work has shown that preventing microglial phagocytic activity results in reduced

neuronal death (Neher, Neniskyte et al. 2011). This is intriguing and perhaps adds weight to

the suggestion that blocking phagocytosis of hair cells by supporting cells in the inner ear may

lead to their protection. Consideration of signals within, and emanating from, the dying cell

may not be sufficient to prevent cell death if the surrounding cells are still able to phagocytose

a healthy cell, where such signals are absent. The question then arises as to whether

supporting cells in the inner ear are also able capable of ‘primary phagocytosis’. The retina

may provide another parallel to the inner ear where the supporting Müller glia cells possess

phagocytic activity. Furthermore this phagocytic activity is linked to Müller glia proliferation

and regeneration of the retina (Bailey, Fossum et al. 2010).
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Phagocytosis is mediated by several ‘eat me’ and “find me” signals, of which externalisation of

phosphatidyl serine (PS) from the inner to outer leaflet of the cell membrane is perhaps the

most well-known ‘eat me’ signal (Lauber, Blumenthal et al. 2004). This has been shown in

many systems, including the inner ear, where aminoglycoside treatment causes rapid

externalisation of PS in the sensory hair cells (Goodyear, Gale et al. 2008). It seems possible,

therefore, that this may play a role in directing phagocytosis by the surrounding supporting

cells. A recent study has identified the nucleotides ATP and UTP as ‘find me’ signals that bind

to P2Y2 receptors (metabotropic GPCRs) on phagocytic cells, promoting clearance of apoptotic

cells (Elliott, Chekeni et al. 2009). This is of particular interest given the role of ATP in

propagating the damage signal in the cochlea.

1.4.4 Sensing damage

ATP has been shown to play an important role in transmitting the damage signal following

mechanical damage in many culture systems, including the inner ear, by mediating

propagation of an intercellular wave of Ca2+ signalling (Gale, Piazza et al. 2004). Mechanical

damage of cochlea cultures induced an intercellular Ca2+ wave that spread from the site of

damage to surrounding supporting cells. In the presence of apyrase (an ATP hydrolysing

enzyme), the calcium wave was significantly reduced, indicating the importance of ATP in

mediating this damage signal. Furthermore, local application of ATP elicited a similar calcium

wave (Gale, Piazza et al. 2004). A further study illustrated, by response to purinergic agonists,

that the intercellular calcium wave is mediated by P2Y receptors via the IP3-mediated release

of intracellular calcium stores (Piazza, Ciubotaru et al. 2007). The intercellular calcium wave

requires the regenerative release of ATP, simple diffusion is not sufficient, and connexin

hemichannels support this intercellular communication. The wave is further supported by gap

junctions that mediate intercellular transmission of Ca2+-mobilising signalling molecules or

second messengers (Anselmi, Hernandez et al. 2008). Of interest here is the fact that the

intercellular calcium wave and its associated purinergic signalling are known to be involved in

the activation of ERK1/2 in the supporting cells of the cochlea, following mechanical damage

(Lahne and Gale 2008). This then suggests that ERK1/2 signalling in supporting cells could be

playing a role in sensing damage of the hair cells.

Other epithelia also display intercellular calcium waves and ERK1/2 signalling in response to

damage, suggesting potential conservation across many systems. In corneal cultures,

mechanical damage elicits an intercellular calcium wave dependent on intracellular calcium

stores (Klepeis, Cornell-Bell et al. 2001). This wave is dependent on ATP release, is mediated
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by P2Y receptors and results in ERK1/2 activation (Yang, Cranson et al. 2004). Similar ATP-

induced ERK1/2 signalling following damage in airway epithelia has also been shown (Wesley,

Bove et al. 2007). In this system, dual oxidase 1 (Duox1) promotes H2O2 production, following

binding of ATP to P2 receptors, and is involved in activating ERK1/2. Astrocytes in the brain are

perhaps analogous to inner ear supporting cells in the sense that they surround and support

the neuronal cells in the brain. These cells seem to display a similar pattern of ATP-dependent

ERK1/2 activation via P2 receptors, which is associated with calcium signalling (Neary, Kang et

al. 2003).

MDCK cells are another frequently used epithelial model. A mechanical scrape wound in

MDCK cultures initiates two waves of ERK1/2 activation; a fast, transient first wave lasting

approximately an hour, and a slow, sustained second wave lasting several hours

(Matsubayashi, Ebisuya et al. 2004). This first wave is similar in time course to that observed in

the neonatal cochlea, however, no investigation into whether an analogous second wave is

present following cochlear cell damage has been carried out. ERK1/2 activation was involved

in cell migration in this system, with pharmacological inhibition with U0126 suppressing the

rate of migration. This was found to be associated with the second wave of activation and

experiments in other cell types, where only the first wave of ERK1/2 activation was observed,

confirmed the requirement of the second wave in cell motility. Inhibition of the first and only

wave in these cells did not significantly reduce cell migration. At this stage these perhaps

better reflect that pattern seen in neonatal cochlear epithelium which also displays only a

single wave of ERK1/2 activation.

1.4.5 ERK1/2 signalling in supporting cells of the inner ear

The current data available concerning ERK1/2 signalling in the cochlea, added to that from

other systems, suggests that it may be involved in regulating the supporting cell response to

hair cell damage, perhaps in sensing damage, or mediating wound healing which requires the

removal of the impaired hair cell whilst maintain epithelial integrity.

There is little evidence to suggest ERK1/2 is activated within hair cells themselves and so is

unlikely to play a direct role in hair cell apoptosis. However, a transient wave of activation is

observed in supporting cells, extending outwards from the damaged region. Given the role of

ERK1/2 signalling in motility in other epithelial systems, it seems possible that ERK1/2

activation in the cochlea promotes movement of supporting cells. This could then promote

maintenance of the epithelial barrier following hair cell apoptosis - an important function of

supporting cell.
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ERK1/2 has also been shown to be important in proliferation in many systems, and there is

evidence of this in both the mammalian and avian inner ears. A proliferative response can be

induced in mammalian and avian utricles in the absence of hair cell loss by exposure to growth

factors and this model has been used to investigate the role of different signalling pathways,

including ERK1/2 signalling. Pharmacological inhibitors of ERK1/2 signalling in both avian and

mammalian utricles exposed to proliferation inducing growth factors reduces the proliferative

response, suggesting that ERK1/2 is involved (Montcouquiol and Corwin 2001; Witte,

Montcouquiol et al. 2001). A similar result has also been observed in Forskolin treated chick

basilar papilla. Forskolin treatment initiates supporting cell proliferation and generation of

hair cells in the absence of hair cell loss and ERK1/2 inhibitors are able to block this supporting

cell proliferation. This again suggests that ERK1/2 may be involved in the proliferative

response (Bell and Oberholtzer 2010). However, whether ERK1/2 is involved in native

proliferative responses which have not been stimulated by growth factors is not known. It is

tempting therefore to suggest that ERK1/2 activation in supporting cells of mammalian

cochlear and vestibular hair cell epithelia could be the first step in a recovery process that does

not move to completion, as it does in the chicken. Potentially some other required signal has

been lost in the mammal, resulting in reduction or absence of the regenerative response.

Supporting cells contain the P2 receptors required to transmit the intercellular calcium wave

(Huang, Thorne et al. 2010). The potential role of P2 receptors in phagocytic signalling then

suggests the function of ATP release as part of the damage response may be two fold; both

mediating the intercellular calcium wave and regulating phagocytosis. A mechanism of wound

repair has been proposed whereby dying hair cells release ATP, signalling their impairment and

triggering an intercellular calcium wave. ERK1/2 is activated in supporting cells, triggering a

wound repair response which, under certain conditions, results in the promotion of hair cell

death. This could be potentially in the drive to maintain the epithelial barrier, which is vital for

maintaining the functioning organ (Lahne and Gale 2008). This seems a feasible function of

supporting cell ERK1/2 activation based on the experiments carried out so far, however further

investigation is required to further develop this hypothesis. This is the starting point for this

PhD, the aim of which is to further characterise the function of ERK1/2 activation in supporting

cells following hair cell damage in the inner ear.
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2 Materials and Methods
All culture reagents used were obtained from Life Technologies Corporation, unless otherwise

stated.

2.1 Animals

Experiments were carried out using C57BL/6J (in the UK) and CBA/J (in the USA) mouse strains.

Atoh1-nEGFP mice (in the USA) were the kind gift of Dr. Jane Johnson, University of Texas

Southwestern Medical Center. A C57BL/6J mouse colony derived from Charles River stock was

maintained onsite at UCL by Robert Knight and me. Experiments carried out at NIH used CBA/J

mice taken from an onsite colony maintained by Lindsey May. All adult mice were euthanized

by CO2 inhalation, followed by decapitation and neonatal animals were decapitated, in

accordance with Schedule One of the Animals (Scientific Procedures) Act 1986 in the UK and

approved by the MUSC Institutional Animal Care and Use Committee (IACUC) or the NIDCD

Animal Care and Use Committee in the USA.

2.2 Utricle and Cochlea Dissection

Mice aged between post-natal day (P) 21 and P50 were considered adult for experiments.

Heads were skinned and bisected, forward from the brainstem. The brain was then removed

using the tip of the small scissors and the skull and the bony cochlea isolated by hand, prior to

fine dissection. Fine dissection under the dissecting microscope was carried out in sterile

conditions inside a laminar flow hood using tools sterilised in 70% ethanol for at least 30

minutes. Medium 199 containing Hanks' salts, 25 mM HEPES buffer and L-glutamine was used

as dissection media (PAA, Cat#E15-838). A single arm from a set of #55 forceps was used as a

bone pick to make a hole in the bone of the vestibule allowing removal of the utricle. The

pigmented roof epithelium of the membranous labyrinth covering the sensory epithelium of

the utricle was removed to expose the otoconia. Otoconia were removed using an eyelash

tool (Agar Scientific, Cat#T5433)

P2-P3 mice or P2-P3 Sprague Dawley rats were used for immature preparations in laser

ablation experiments. Heads were bisected as in the adults and the brain removed on the

bench, however all further dissection was carried under the dissection microscope. At this

earlier stage of development, the bone is still cartilaginous and so it is not possible to remove

the bony cochlea by hand, nor use a bone pick, as with the adults. The cochlea and utricle

were separated by snipping the cartilage joining the vestibule to the cochlea with Dumont #55
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forceps (Fine Science Tools Inc.). This exposed the utricle, without disturbing the cochlea.

Utricles were then dissected as in the adult, removing roof epithelium and otoconia.

The remaining cochlea was prepared for culture as described elsewhere (Russell and

Richardson 1987; Gale, Piazza et al. 2004). Briefly, the remaining cartilage surrounding it was

carefully dissected away, after which the stria vascularis and spiral ganglion neurons were

removed and the organ of Corti cut into three pieces; apical, medial and basal.

2.3 Utricle and Cochlea Culture

All tissue was cultured in Dulbecco's Modified Eagle Medium:Nutrient Mixture F-12

(DMEM/F12), supplemented with 1% heat-inactivated foetal bovine serum (FBS) and 50 U/ml

penicillin G and maintained at 37°C in a 5% CO2/95% air atmosphere. Utricles were cultured

either in suspension or affixed to cover-slip bottomed (MatTek®) dishes, when a static position

was required for live imaging and laser damage protocols. Cochleae were adhered to MatTek

dishes in all experiments. To attach tissue to cover-slip bottomed dishes, the dishes surface

was coated with Cell-Tak® cell and tissue adhesive (BD Biosciences Cat#354240) diluted to

100μg/ml in 0.1M NaHCO3.  All samples were cultured overnight, allowing recovery after 

dissection, prior to experiments being run.

2.4 Pharmacological ERK1/2 inhibitors

Two MEK1/2 inhibitors were used in experiments. These target the upstream activator of

ERK1/2, preventing it from phosphorylating and activating ERK1/2. U0126 (Sigma Cat# U120)

was diluted in DMSO to a stock concentration of 20mM. This was further diluted 1:1000 to a

working concentration of 20µM in experiments. This is above the reported IC50 of 70nM and

should produce full inhibition of ERK1/2 activation (DeSilva, Jones et al. 1998). PD0325901

(Cayman Chemical Cat# 13034) was diluted in DMSO to a stock concentration of 3mM. This

was further diluted to working concentrations ranging from 10nM to 3μM, corresponding to 

no more than 0.1% DMSO. All these concentrations fall above the IC50 value of 0.33nM

(Barrett, Bridges et al. 2008).

2.5 Utricle neomycin exposure

100mM neomycin stock was made up by diluting neomycin sulfate powder (Sigma Cat. N6386)

in culture medium (DMEM/F12 supplemented with 1% FBS). Stock neomycin was then diluted

to a working concentration of 1mM in culture medium. Working concentration neomycin was

supplemented with 0.1% DMSO (sham control), 20µM U0126 or 3 µM PD0325901 (MEK1/2
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inhibitors) and equilibrated for 30 minutes at 37°C in a 5% CO2/95% air atmosphere prior to

experiment. Concurrently, utricles were pre-incubated with 0.1% DMSO, 20µM U0126 or 3

µM PD0325901 in culture medium. Following these pre-incubations, utricles were transferred

into equilibrated 1mM neomycin containing 0.1% DMSO, 20µM U0126 or 3µM PD0325901 and

incubated for 24 hours. Control utricles were left in culture medium for 24hours. After

24hours exposure, utricles were fixed in 4% paraformaldehyde (PFA) for 45 minutes and

washed in phosphate-buffered saline (PBS), prior to immunohistochemistry.

2.6 Utricle and Cochlea Laser Damage

Utricles were incubated at 25°C in sterilised serum-free Hank’s balanced saline solution

buffered with 10mM HEPES (HBHBSS) at pH 7.3, containing 3μM Hoechst33342 (Molecular 

Probes Cat#H1399) for at least 30 minutes prior to the experiment. In experiments where it

was necessary to visualise supporting cell nuclei, cultures were exposed to Hoechst33342 for

at least 1 hour prior to experiment to allow the dye to penetrate the supporting cell layer. A

greater concentration was not used to improve penetration as the dye can have toxic effects at

higher concentrations (Purschke, Rubio et al. 2010). A TiSapphire laser (750nm output) was

used to visualise Hoechst33342 labelled cell nuclei on a Zeiss 510 NLO multi-photon upright

confocal system, through a 40x 0.8 numerical aperture (NA) Zeiss Achroplan dipping objective

lens. Using the bleach function of the LSM 510 Imaging Software, femtosecond pulses from

this laser were used to terminally damage a cluster of six cells. Ablation regions were defined

by 2.25µm x 2.25µm square regions of interest placed in the centre of the nuclei of six target

cells. A single iteration at scan speed 1(164µs per pixel) and laser power of 25-35% (100%

Power = 2500mW at 750nm) was used to ablate cells. Time lapse images were recorded at 5-

10 second intervals throughout the damage procedure. This allowed progress of the damage

to be observed, with the Hoechst dye providing a live indicator of the cell state. Samples were

imaged continuously until the point of fixation, however imaging time intervals were increased

to 1-5 minutes for longer exposures to minimize and phototoxicity to the tissue. Samples were

fixed in 4% PFA at predetermined time points post damage and washed in PBS, prior to

immunohistochemistry.

Supporting cell ablations were carried out in neonatal rat cochlear explants using a similar

protocol, with the only difference arising in the number of cells and the plane of focus of the

multiphoton laser to ablate. Ablation regions were 2.25µm x 2.25µm square regions of

interest, placed 2µm below the centre of the nuclei in 8 Deiters’ cells. A single iteration at scan

speed 1 and laser power of 25% was used to ablate cells. For hair cell ablations in cochleae,
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regions of interest were placed 2µm above the centre of the nuclei in 8 hair cells, to reduce

transmission of the damage to the supporting cells directly beneath.

2.7 Adenovirus constructs

A number of different adenoviruses were used in viral infection experiments. All were

produced by Vector Biolabs (Philadelphia, PA, USA) and were human adenovirus serotype 5

(DE1/E3). Ad-RFP (Vector Biolabs, Cat#1660) contains Red Fluorescent Protein (RFP) under

control of a single CMV promoter.

Three other viruses, Ad-CAMEK1-T2A-RFP, Ad-DNMEK1-T2A-RFP, and Ad-RFP-CAMEK1, were

custom made using human MEK1 plasmids obtained from Biomyx Technology (Cat#P1030).

The constitutively active (CA) mutant has 2 point mutations (S218E and S222E) and a deletion

of amino acid residues 31-52, which are involved in stabilising the inactive state. The

constitutively active mutant protein is approximately 400 times more active than wild type

MEK1 and the phosphomimetic S218E and S222E mutations mean it is active without being

phosphorylated by upstream activators (Mansour, Matten et al. 1994). The dominant negative

(DN) mutant has 3 point mutations: K97R, S218A and S222A. Residue K97 is essential in MEK1

catalytic activity, whilst S218 and S222 are phosphorylated to activate MEK1 by upstream

activators (Zheng and Guan 1994). These mutations mean the resulting protein cannot be

phosphorylated and activated by upstream activators or phosphorylate its downstream

targets, ERK1/2. These mutations are illustrated in Figure 2.1.
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Figure 2.1: Mutant MEK1 Constructs.
The constitutively active (CA) mutant contains two phosphomimetic mutations (indicated by the yellow circles).
These mimic the phosphorylated state in the absence of any stimulus. Deletion of residues 31-52 which stabilise
inactive MEK1 promote further activity. The dominant negative (DN) has two serine to alanine mutations that
prevent phosphorylation and activation by upstream stimuli. A lysine residue in the catalytic site, involved in
phosphorylating downstream ERK1/2 is also mutated to prevent such signalling.

Both Ad-RFP-DNMEK1 and Ad-RFP-CAMEK1 have MEK1 and RFP expressed from separate CMV

promoters. Ad-CAMEK1-T2A-RFP and Ad-DNMEK1-T2A-RFP have the whole construct under

the control of a single CMV promoter.

To produce the Ad-RFP-DNMEK1 and Ad-RFP-CAMEK1 viruses, Vector Biolabs cloned the MEK1

gene of interest (GOI) into a shuttle vector. BamHI was used to release the MEK1-DN and

MEK1-CA from the original plasmids and the Klenow fragment used for blunt end ligation into

the EcoRV site in the DUAL-RFP-CCM shuttle vector. Vector Biolabs then sequenced to ensure

that the vector was inserted in the correct orientation. This vector is illustrated in Figure 2.2

and has RFP and the GOI (in this case, MEK1) under control of separate CMV promoters. This

vector was then transferred into the adenovirus genome vector for infection and packaging of

the adenovirus. Note that the kanamycin gene is lost in this process and so is not present in

the final adenovirus.
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Figure 2.2: DUAL-RFP-CCM shuttle vector used by Vector Biolabs in creating custom-made MEK1 adenoviruses.
The MEK1 constructs are inserted at EcoRV restriction site within the multiple cloning site. MEK1 and RFP are both
under control of separate CMV promoters. Image courtesy of Vector Biolabs, 3624 Market Street, Suite 5E,
Philadelphia, PA 19104

A different shuttle vector was used in the production of Ad-CAMEK1-T2A-RFP and Ad-

DNMEK1-T2A-RFP, such that the MEK1 insert contains both the MEK1 linked to the RFP via the

‘self-cleaving’ T2A peptide, all under the control of a single CMV promoter.

The ‘self-cleaving’ T2A peptide (shown in Figure 2.3), is 18 amino acids in length and impairs

normal peptide bond formation. A ribosomal skip mechanism in which the peptide bond

between the 2A glycine and 2B proline is not formed, causes release of the 2A peptide from

the translational complex, whilst translation of the downstream sequence proceeds

unaffected. ‘Self-cleaving’ is perhaps something of a misnomer therefore as there is no actual

cleavage event; rather the T2A peptide prevents formation of the peptide bond in the first

place (Szymczak, Workman et al. 2004).

Figure 2.3: Nucleotide and corresponding peptide sequence of the T2A peptide.
The T2A peptide promotes skipping of the ribosome through preventing formation of the peptide bond between
the 2A glycine and 2B proline. Thus two distinct proteins are produced from a single mRNA containing the T2A
peptide.

These adenoviruses therefore express MEK1 and RFP as distinct proteins (ie. not a fusion

protein) in a 1:1 ratio, owing to translation of a single mRNA containing the ‘self cleaving’ T2A

peptide between the two proteins. This overcomes the problems associated with expression

of the two proteins from distinct CMV promoters.
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2.8 Adenovirus infection of adult utricles

Dissected utricles were placed in 15µl DMEM/F12 supplemented with 50 U/ml penicillin G

(serum free) in a 72 well Nunc™ MiniTray . Utricles were oriented with the sensory epithelium

facing upwards and virus was then pipetted directly onto the sensory epithelium. Viral titres

were determined experimentally, such that there was sufficient infection without hair cell

death. Titres used in experiments are indicated in Table 2.1.

Table 2.1: Adenovirus titres used in utricle infection experiments.
Different titres were used during optimization of infection efficiency and minimizing hair cell death.

Virus Stock Titre

(PFU ml-1)

Culture

Media (µl)

Virus

(µl)

Working Titre

(PFU ml-1)

Ad-RFP 1.0 x 1010 15.00 0.50 3.23 x 108

15.00 0.90 5.66 x 108

15.00 1.00 6.25 x 108

15.00 2.00 1.18 x 109

Ad-RFP-CAMEK1 4.2 x 1010 15.25 0.25 6.77 x 108

15.00 0.50 1.35 x 109

Ad-CAMEK1-T2A-RFP 3.4 x 1010 15.25 0.25 5.48 x 108

15.00 0.50 1.10 x 109

Ad-DNMEK1-T2A-RFP 6.2 x 1010 15.25 0.25 1.00 x 109

15.00 0.50 2.00 x 109

Ad-Lifeact-GFP 4.46 x 1010 15.25 0.25 7.19 x 108

Optimisation of the infection protocol to achieve the same infection efficiency across

experiments led to the same volume of each virus being used. This meant, due to different

stock viral titres, working titres were not perfectly matched. They however all fell within an

order of magnitude of one another. The observed differences in infection efficiency may arise

from intrinsic infection efficiency differences between the adenoviruses. It is also possible that

the stock concentration may not be exactly as stated on arrival; this titre was not

independently verified in the lab after receipt from the supplier and some viruses had been

through more freeze-thaw cycles in the course of shipment between laboratories.

Furthermore, small differences in dissection stress and orientation of the utricle within the

infection well may further alter infection efficiency. Essentially there are numerous of factors
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affecting infection efficiency. Indeed, there was a wide range obtained with a single working

titre and it seems small differences in working titre are outweighed by the other variables.

Utricles were then incubated in a 5% CO2/95% air atmosphere at 37°C for 2 hours following

infection, before being transferred into 1ml culture media consisting of DMEM/F12,

supplemented with 5% FBS and 50U ml-1 penicillin G, in a 24 well plate and incubated at 5%

CO2/95% air atmosphere at 37°C for a further 22 hours.

For neomycin exposure experiments, 10mg ml-1 neomycin solution (Sigma Cat#N1142) was

diluted in culture media to a final concentration of 0.33mM or 1mM and equilibrated for at

least 2 hours in the incubator. Utricles were then exposed to neomycin for 24 hours at 37°C in

5% CO2/95% air atmosphere. Control samples remained in culture media for 24 hours in the

same conditions. For some experiments, control samples were left in culture media for 48

hours.

Samples were fixed in 4% PFA for 30mins at room temperature and then washed 3 times in

PBS, before being stored in PBS prior to immunohistochemistry. Figure 2.4 illustrates the

experiment timeline for infections with adenovirus.

Figure 2.4: Adenovirus Infection Experiments timeline.
Utricles are dissected prior to a 2 hour infection incubation in serum free culture media, containing the adenovirus.
After this incubation the utricles are transferred to serum-containing culture media. Following 22 hours incubation,
the media is changed for neomycin in test samples. Control utricles remain in the culture media. Utricles are then
fixed after 24 hours or 48 hours, for a total experiment time of 48 or 72 hours.

2.9 MDCK Cell Culture

GFP-Lifeact expressing MDCK cells were cultured in Dulbecco’s Modified Eagle Medium

(DMEM) with 10% foetal calf serum (FCS) and 0.1% penicillin/streptomycin (10,000 units ml−1 

penicillin and 10,000 μg ml−1 streptomycin). 500ng ml-1 puromycin was used as the selection

agent. The cells were incubated at 37°C in a 5% CO2/95% air atmosphere and all culture

procedures were carried out in sterile conditions in a laminar flow hood. Cells were split by

trypsinisation once a week and plated onto cover slips approximately 3 days before
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experiments were carried out to ensure monolayers were confluent, and also that there was

no significant dome formation.

2.10 MDCK Cell UV Exposure

Prior to UV exposure, cells were exposed to 0.2%DMSO, 20μM U0126 or left in 2ml normal 

culture medium for 30 minutes. These were then exposed for 3 minutes at 120microjoules in

a UV Stratalinker 1800 (based on (Rosenblatt, Raff et al. 2001). Following exposure, the

medium was replaced in order to maintain the activity of the light sensitive U0126. Cells were

then returned to the incubator prior to fixation at pre-determined time points post ablation.

For fixation, samples were rinsed twice in DMEM and then fixed and permeabilised for 20

minutes at 37°C in fix containing 50% DMEM, 1.8% PFA, 0.5% Triton-X, 47.7% PBS

supplemented with 10% sucrose (w/v).

2.11 MDCK Cell Laser Damage

Once cells had reached confluence, they were incubated in L-15 Medium (Leibovitz) containing

3μM Hoechst33342 dye for 30 minutes prior to laser ablation.  The ablation protocol was 

broadly similar to that used for utricles. 1.48µm x 1.48µm regions of interest were placed on

the nuclei of six target cells. A single iteration at scan speed 1(164µs per pixel) and laser

power 70% (100% Power = 2500mW) was used to affect this ablation. Following ablation,

samples were fixed and permeabilised at predetermined time points post-damage in the same

manner as UV exposed cells.

2.12 Utricle Immunohistochemistry

Immunohistochemistry was carried out to visualise hair cells and phospho-ERK1/2 (pERK1/2).

pERK1/2 refers to the dually phosphorylated and activated form of ERK1/2, and the antibody

used is specific to this form and not to unphosphorylated, inactive ERK1/2. Samples were

blocked and permeabilised in blocking solution consisting of 2% (w/v) Bovine Serum Albumin

(BSA), 0.4% Triton® X-100 and 0.8% Normal Goat Serum (NGS) in PBS for 3-4 hours at room

temperature. Primary antibodies were diluted in blocking solution and incubated overnight at

4°C. Samples were then washed 3 times in PBS, before 2-4 hour exposure at room

temperature to secondary antibodies and either Alexa Fluor 633 phalloidin (33nM) or Atto

647N-phallodin (6.7nM), diluted in blocking solution. Primary antibodies and secondary

antibodies and their dilution are detailed in Table 2.2.

.
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Table 2.2: Antibodies used in immunohistochemistry of utricles and cochlea.
Note that secondary antibodies are chosen so as not to get spectral overlap with the RFP (594nm) that persists in
the infected utricles post-fixation.

Primary Antibody Dilution

Mouse monoclonal anti-phosphoERK1/2 (3-6mg/ml)

(Sigma Cat#M8159)

1:1000

Mouse monoclonal anti-Myosin VIIA (Concentrate, 359μg/ml)

(Developmental Studies Hybridoma Bank MYO7A 138-1-c)

1:250

Rabbit polyclonal anti-Myosin VIIA (0.5 mg/ml)

(Proteus BioSciences Cat#25-6790)

1:250

Rabbit polyclonal anti-Calbindin

(Millipore Cat#AB1778)

1:250

Secondary Antibody Dilution

Alexa Fluor 488 goat anti-mouse IgG (2mg/ml)

(Molecular Probes Cat#A11001)

1:500

Alexa Fluor 488 goat anti-rabbit IgG (2mg/ml)

(Molecular Probes Cat#A11034)

1:500

Atto 488 goat anti-mouse IgG (1mg/ml)

(Sigma Cat#62197)

1:500

Atto 550 goat anti-mouse IgG (1mg/ml)

(Sigma Cat#43395)

1:500

Atto 550 goat anti-rabbit IgG (1mg/ml)

(Sigma Cat#43328)

1:500

Alexa Fluor 647 goat anti-rabbit IgG (2mg/ml)

(Molecular Probes Cat#A21244)

1:500

Alexa Fluor 647 donkey anti-mouse IgG (2mg/ml)

(Molecular Probes Cat#A31571)

1:500

Following antibody exposures, samples were exposed to 1µM 4',6-diamidino-2-phenylindole

(DAPI) diluted in PBS, for 30 minutes, to label DNA. Utricles infected with adenovirus did not

have to be probed for RFP, as the endogenous fluorescence persisted post-fixation.

Utricles were mounted in Fluoromount-G (SouthernBiotech) between glass slides and

coverslips. A small amount of clear nail varnish was applied to the slides at the corners of
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where the coverslips rest prior to mounting, which, once dry, acts as a spacer. This prevents

the tissue from becoming squashed and disrupted by mounting.

For MDCK Cells, samples were blocked in 10% goat serum for 2 hours at room temperature

prior to overnight incubation at 4°C with primary mouse α-phosphoERK1/2 antibody, diluted 

1:1000 in blocking solution. Samples were then exposed to secondary antibody Alexa Fluor

568 goat α-mouse IgG antibody (1:1000 dilution) and Alexa Fluor 633 phalloidin (6.67nM) for 2 

hours at room temperature.   Endogenous Lifeact-GFP persisted post fixation. Finally, 1μM 

DAPI diluted in PBS, was applied for 30 minutes at room temperature. Coverslips were

mounted in Fluoromount-G.

2.13 Imaging and Sampling

Slide mounted samples were visualised on an inverted Zeiss LSM 510 confocal microscope with

20X plan-Apochromat (NA, 0.75), 40X Plan-Neofluar (NA, 1.3) and 63X Plan-Apochromat (NA,

1.4) lenses.

Samples that had been fixed to MatTek dishes were imaged on a Zeiss 510 NLO upright

confocal with 10X Achroplan 0.30W Ph1, 40X Achroplan 0.80W and 63X Plan-Apochromat 1.0

Vis-IR dipper lenses.

Laser excitation lines at 405 (for DAPI), 488 (Alexa Fluor 488, Atto 488, GFP), 546 (Alexa Fluor

568, Atto 550, RFP) and 633 (Alexa Fluor 633 and Atto 647) were used to visualise

fluorophores. The TiSapphire laser at 750nm output was used to visualise DAPI on the upright

multi-photon confocal.

All utricles were imaged at two magnifications. A low magnification z-stack (20x) was collected

to assess the state of tissue, allowing any regions with dissection damage to be identified and

avoided when sampling, whilst high magnification z-stacks (40x) were sampled for cell

quantifications. Mean values were taken from the two sampled regions to give a single value.

Utricles exposed to neomycin and used for cell quantification were immunostained for

MyosinVIIa (MyoVIIa) and Calbindin. MyoVIIa labels all hair cells, whilst Calbindin labels only

the Type I hair cells present in the striolar region. This allowed the two regions to be sampled,

using positive Calbindin staining to define the striolar region. Two samples from each region

were taken from each utricle.
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Figure 2.5: Utricle sampling for hair cell quantification.
Low magnification (20x) projection from confocal z-stack of control utricle immunostained for calbindin, myo7a and
actin is shown in the top panels. Calbindin labels Type I hair cells and indicates the striolar region. Myo7a labels all
hair cells in the utricle. Two sampled regions are indicated by the red boxes. Corresponding images from sampled
z-stacks are shown beneath for extrastriolar and striolar regions. Extrastriolar region has no calbindin,
corresponding to only type II hair cells being present. Type I hair cells in the striolar region appear white in the
merged image reflecting co-localisation of Calbindin (green) and Myo7a (purple). Low magnification scale bars = 50
µm. High magnification scale bars = 10 µm.

For utricles infected with adenovirus, two high magnification confocal z-stacks (40x) were

collected from regions infected with adenovirus (as defined by RFP expression). It was

intended to sample extrastriolar regions as far as possible, by sampling the peripheral areas.

However, in the absence of the calbindin marker of the striolar region, it is possible that some

sampled regions contained small striolar areas. This is likely however to have been minimal

and was consistent across all adenovirally infected samples. The sampling procedure is

illustrated in Figure 2.6.
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Figure 2.6: Sampling of a utricle infected with adenovirus for cell quantifications.
A fixed utricle infected with Ad-RFP imaged at 20x (top row). This utricle is chosen to illustrate the damage
sometimes observed and the associated high adenovirus infection. RFP and actin signal are used to avoid regions
with damage (indicated by the red arrow) when sampling at higher magnification. Two regions (8490µm

2
each) are

sampled from the extrastriolar using the 40x lens. The bottom row shows a sampled region. Scale bars = 50µm

Quantifications of hair cells and, in the case of adenovirus samples, infected supporting cells,

were made using the Cell Counter plugin in ImageJ (Abramoff, Magelhaes et al. 2004). Hair

cells were manually counted by positive MyoVIIa staining. Those with residual punctuate

staining were not counted as positive. Nuclei of these positive cells were assessed as pyknotic

or healthy based on their DAPI signal. Pyknotic cells, that were not positive for MyoVIIa, yet

present in the hair cell layer were considered as later stage apoptotic hair cells and included in

analysis.

Infected supporting cells were counted according to the RFP marker. All supporting cell nuclei

were counted according to DAPI labelling in the supporting cell layer (which is clearly defined

in the utricle).

In many utricles there was a subset of cells present in the hair cell layer that were not positive

for MyoVIIa. Whilst the identity of these cells was uncertain, counts were made according to

their nuclei state (pyknotic or healthy), and for samples infected with adenovirus, whether

they were RFP positive. For analysis, these uncertain cells were considered as infected

supporting cells that had moved into the hair cell layer when RFP positive, or apoptotic hair

cells when pyknotic, yet MyoVIIa negative.
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Following counting, samples with fewer than 10, or greater than 45 infected supporting cells in

the field of view were excluded from analysis. All utricle cell counts were normalised to area

and expressed as cells per 8500µm2.

For quantification of cell death and actin rosette formation in MDCK cells, three z-stacks from

each coverslip of cells were collected from square regions of at least 0.1mm2. Z-stacks

spanned the full depth of the MDCK monolayer (approximately 10-15μm) and slices were 

imaged at 1μm intervals.  Counts of total cells and pyknotic cells using the DAPI channel and 

actin rosettes using the phalloidin channel were made.

An unpaired t-test was used to assess differences between sample means, which makes the

assumption that each population follows a normal distribution. This was two-tailed, making

no prior assumption on the nature of any change. A ‘type 3’ or independent test was used as

this made no assumption on equal variance between samples.

2.14 Phospho-ERK1/2 analysis

In order to quantify the spatiotemporal pattern of ERK1/2 activation in MDCK cells following

laser ablation, images were processed using ImageJ. Six regions of interest from outside the

pERK spread were sampled to measure the mean and standard deviation of background pERK

signalling in each image. This was used to define a threshold value of Threshold = Mean + (6 x

Standard Deviation of the 6 sampled regions). Production of a threshold image allowed clear

visualisation of the pERK signal and reduced the influence of any background signalling.

Distance spread and total area of pERK signal were measured and these measurements are

illustrated in Figure 2.7.
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Figure 2.7: Threshold image of damage-induced ERK1/2 activation in a MDCK monolayer.
Four measures of distance spread were taken as indicated but the solid red lines and a mean was calculated from
them to give a single value for distance spread. Area was defined by the dotted red line.

Analysis in utricles was carried out in a similar manner using Lucida Analyse 6 software (Kinetic

Imaging, UK). LSM confocal stacks for each ablation were averaged and these average images

were processed using a threshold value of Mean + (2 x SD). This threshold image was then

used to measure the area of ERK1/2 activation.

Correlation between expression of the adenoviral RFP marker and ERK1/2 activation was

assessed using ImageJ. Threshold processing was carried out on confocal z-stack images in the

ERK1/2 and RFP channels to normalise analysis between samples and reduce effect of high

background ERK1/2 activation on analysis. For each channel, a region of interest was placed

over an area where there was only background signal. In the case of RFP, this corresponded to

regions where there was no supporting cell signal. For ERK1/2, regions of interest were placed

where there was no ERK1/2 signal. There is often high background ERK1/2 signal and staining

quality varies between samples. Therefore, regions where there was no obvious supporting

cell structure to the ERK1/2 signal were defined as regions of no signal. The mean and

standard deviation of each channel’s background signal was used to define a threshold value

of: Threshold = Mean + (2 x Standard Deviation). Threshold processing is illustrated in Figure

2.8.
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Figure 2.8: Threshold analysis to assess correlation between adenoviral RFP marker and ERK1/2 activity.
Background level of ERK1/2 and RFP signal were measured in the region of interest indicated by the dashed yellow
box. This background signal was then used to create a threshold image as illustrated in the right hand panels. A
single xy confocal image is illustrated, having been taken from a larger z-stack. Scale bars = 20µm.

After threshold processing, counts were made of total RFP expressing cells and those RFP

expressing cells that were also positive for ERK1/2. The original unprocessed z-stack was

referred to in situation where the number of cells in a region was not clear after threshold

processing.

2.15 Live imaging of adenovirus infected utricle

Utricles from Atoh1-nEGFP mice were infected with Ad-CAMEK1-T2A-RFP for live imaging,

according to the adenovirus infection protocol. Samples were left overnight to allow

expression of the adenovirus constructs.

Live imaging was carried out on a Nipkow spinning disk unit CSU-X1A confocal microscope (Carl

Zeiss MicroImaging, NY, USA), attached to a Zeiss Axio Observer Z1 inverted microscope, using

a Plan-Neofluar 40x/1.3 lens. Samples contained both GFP and RFP. These were excited using

488nm (GFP) and 635nm (RFP) laser lines from a 100mW Argon laser and 30mW diode laser

respectively.
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Utricles were stabilised in space using small harps made with dental floss. The microscope

chamber was maintained at 37°C and gassed in a 5% CO2/95% air atmosphere, mirroring the

conditions in the incubator, and allowing the culture media (DMEM/F12, supplemented with

1% FBS) to be used in live imaging. The Axiovision imaging program was set to capture images

every 15 minutes, with the Photometrics CoolSNAP HQ2 camera capturing 2 x 2 with binning.
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3 ERK1/2 activation in laser-damaged
epithelia

3.1 Introduction

Previous work on damage-induced ERK1/2 activation has been carried out in neonatal (P1-P2)

organotypic cochlear cultures (Lahne and Gale 2008). This stage of development is prior to the

onset of hearing, which occurs around P10-P12, and many morphological and physiological

changes occur during maturation of the cochlea (Shnerson, Devigne et al. 1981; Shnerson and

Pujol 1981; Kros, Ruppersberg et al. 1998; Beutner and Moser 2001). Cochlear tissue can only

be successfully cultured up until approximately P7 and so questions arise as to whether results

obtained in these immature cultures are relevant to the mature system.

The in vitro utricle preparation (Cunningham 2006), in which both neonatal and adult tissue

can be cultured, is useful in this regard as it allows investigation into the damage response in

mature hair cell epithelia and direct comparison with the corresponding immature hair cell

epithelia. Investigation of damage-induced ERK1/2 signalling in the utricle has not been

reported previously and this chapter extends the investigation into this system.

A number of different damage protocols have been employed in organotypic cochlear cultures.

Gross wounding assays fall into two categories, either mechanically-induced, in which damage

is done by a needle or micropipette (Meyers and Corwin 2007), or laser-induced, in which a

nitrogen laser is focused onto the epithelium (Lahne and Gale 2008). These methods are

relatively crude, damaging all the cell types in the epithelium. Indeed, the laser damage

protocol essentially burns a hole through the entire epithelium. Post-damage analysis has

therefore had to focus on the tissue surrounding the damage site. Such damage is unlikely to

be physiologically relevant, and therefore the responses arising from this may be of limited

interest. The key advantage of these protocols however is that they allow tight temporal

control of the damage event; it is possible to study dynamic signalling at specific time points

following the damage insult.

In contrast, exposure to ototoxic aminoglycoside antibiotics in cochlear cultures elicits damage

that is specific to hair cells. This is more relevant to in vivo hair cell damage and is frequently

employed as a hair cell damage protocol in work using organotypic cultures (Richardson and

Russell 1991; Gale, Marcotti et al. 2001; Lahne and Gale 2008). Aminoglycosides enter hair

cells primarily through their mechanotransduction channels (Alharazneh, Luk et al. 2011).
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Once inside the hair cell, they are thought to activate apoptosis through production of reactive

oxygen species and, ultimately, caspase activation (Audo and Warchol 2012). The rate of

aminoglycoside loading varies for each hair cell, depending on the transduction activity of the

cell and its local exposure to aminoglycoside. As a result, hair cell death is not uniformly

coordinated across the tissue following aminoglycoside exposure. This means it is not possible

to ascertain the precise point at which apoptosis is activated in an individual hair cell.

Therefore, the spatiotemporal properties of localised signalling following hair cell damage

cannot be precisely investigated using the aminoglycoside damage protocol.

Thus, a damage protocol that is specific to hair cells, as afforded by the aminoglycoside

protocol, whilst providing the temporal control seen in the gross wounding assays, would be a

valuable tool to investigate dynamic signalling surrounding a damaged hair cell. This chapter

describes a laser-damage protocol, utilising a multi-photon laser, which aims to fulfil these

requirements. The protocol targets damage to specific cells within the sensory epithelia at

known time points, permitting investigation of the spatiotemporal properties of localised

signalling following hair cell death.

The new technique has been employed in cochlear cultures to determine whether targeted

damage activates ERK1/2, as has been described previously following more severe wounding

(Lahne and Gale 2008). Targeting damage to supporting cells within the epithelia has been

used to determine whether ERK1/2 is activated in response to a hair cell specific damage

signal, or a general damage signal.

The in vitro utricle preparation has been utilised to investigate damage-induced ERK1/2

activation in mature and immature tissue and determine whether it is maintained in the

mature system.

MDCK monolayers, a model epithelial cell system, have also been used to further investigate

damage-induced ERK1/2 activation and determine whether this activation is observed in other

epithelia.
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3.2 Results

3.2.1 The multi-photon system allows targeted damage to individual cells within

the hair cell epithelia.

The multiphoton system allows targeting of individual cells for damage. Using the bleach

function in Zeiss LSM 510 imaging software, the laser is focused on small regions of interest on,

or just above or below, the centre of a target nucleus.

The system utilises the two-photon effect, which is based on the fact that two photons of

relatively low energy can combine to excite a fluorophore, opposed to a single photon at a

higher energy as is the case in conventional confocal microscopy. Excitation of the fluorophore

occurs only when the two comparatively low energy photons combine. The probability of two

photons combining in this way is high in the region of focus but not in the surrounding regions,

and so less off-target excitation is produced compared to conventional confocal microscopy, in

which excitation is produced throughout the whole light path. The focal placement afforded

by the multi-photon means that the energy required to damage the epithelia can be focused

into a very small region of interest in z space (Galbraith and Terasaki 2003).

This is an improvement over the previous damage procedures used in our laboratory which

employed a nitrogen laser, emitting at 440nm (see Figure 3.1). Pulses from the nitrogen laser

were focused onto the middle row of outer hair cells, however the target field is limited and

there are off-target effects as the energy from the laser is transmitted to the surrounding cells.

Several pulses were used to induce a lesion that severely damages the whole epithelium

(Lahne and Gale 2008).
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Figure 3.1: Schematic comparing the different laser damage protocols.
The damage elicited by each laser (depicted in red) is dependent on the focus of energy in the epithelia. In the case
of the nitrogen laser (top), several pulses are focused on the middle row of outer hair cells, however the target field
is such that there are substantial off-target effects and damage is to all cell types in the epithelium. For the multi-
photon, energy is focused to a much smaller region in z (red lines), allowing targeting of individual hair cells or
supporting cells. The schematic image is taken from (Lahne and Gale 2008).

A number of different parameters were tested using the multi-photon laser, altering both the

laser power and both the size and plane of the target regions of interest. The intention was to

induce apoptosis, and not completely destroy or ablate the cell. However, the sensitivity of

the tissue to small changes in laser intensity, coupled to the variation between samples made

this difficult to achieve. Altering the parameters produced an ‘all or nothing’ effect with the

cell remaining apparently healthy after bleaching, or severely damaged with an initial

expansion of the tissue followed by rapid condensation of the target cell nuclei. The

experimental parameters that were chosen for the damage resulted in relatively severe

damage to the target cells but little substantial damage to the surrounding tissue. Whilst the

ablation producing no obvious changes in cell morphology may have also led to damage,

through more subtle activation of apoptosis, the timing associated with this is less controlled

and therefore analysis of the early dynamic signal would be difficult. The relatively severe

damage is referred to as cell ablation throughout the work. Whilst remnants of the targeted

cell nuclei remain and so are perhaps not truly ablated, it seems that the target cells are

terminally damaged by the procedure. This is evidenced by the immediate distortion in the

nuclei and rapid condensation of the remaining nuclear material.

Although the experimental parameters were kept constant for each ablation, there was some

variation in the strength and severity of damage between samples. This likely arises from

differences in tissue orientation, potentially precipitating changes in focusing of laser intensity.

In the case of utricles (in particular adult tissue), in which the most variation was observed,
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samples are not as flat with curvature affecting the orientation of the sample with respect to

the microscope and laser. Live imaging of each ablation allowed extremes at either end of the

damage spectrum to be excluded from analysis – severe ablations where surrounding tissue

was damaged and ablations where no damage was obviously discernible were not used. A

typical utricle ablation is shown in Figure 3.2.

Figure 3.2: Utricle Hair Cell Ablation.
The schematic (left panel, courtesy of Dr. Lisa Cunningham) shows the basic hair cell (HC) and supporting cell (SC)
arrangement in the utricle, with the dashed lines indicating the XZ confocal planes of the images shown in the other
panels. Cells are labeled with Hoechst 33342 to visualize DNA. Panel A shows the HC nuclei immediately before
ablation (t=0). Red squares indicate target regions of ablation. B shows the same cells immediately after ablation
(t=25.7s). C-E are later timepoints (1, 2 and 10 minutes respectively) showing pyknotic nuclei. Panels A’-E’ show
the same timepoints as A-E, but in the supporting cell nuclei plane. Scale bar = 10µm.

3.2.2 Hair cell ablation activates ERK1/2 in supporting cells of the neonatal

cochlea.

Hair cell ablation was carried out in immature rat cochlear cultures, in order to compare this

new damage protocol with the more severe damage protocol previously used and determine

whether a similar pattern of ERK1/2 activation was observed.

Whilst it is possible to ablate a single hair cell with this technique (by using a single target

region of interest), 8 cells in the middle row of outer hair cells were ablated to aid

identification of the damaged region post-fixation, after immunolabelling to visualise pERK1/2

and hair cells. Samples were fixed 10 and 15 minutes after ablation corresponding to the time

point at which maximal ERK1/2 activation had been observed previously.

Hair cell ablation elicited ERK1/2 activation in a supporting cell specific manner (Figure 3.3),

similar to that previously observed with more severe damage. The targeted hair cells appear

pyknotic, and have reduced MyoVIIA staining, indicating they are dying. This is clearly seen in

the XZ view. These features are observed when cells are dying by apoptosis; however whether

these cells are undergoing apoptosis was not examined. The majority of damage is to the hair

cell layer, with some of the underlying Deiters’ cells unaffected by the ablation. Indeed in the
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XZ profile you clearly see a row of three healthy Deiters’ cells beneath the damage hair cell.

The remaining Deiters’ cells appear damaged, with condensing nuclei and absence of ERK1/2

activation.

Figure 3.3: Specific hair cell ablation activates ERK1/2 in neighbouring supporting cells.
XY confocal images are shown from plane of HC nuclei and SC nuclei in the top two rows. XZ orthogonal view of the
confocal stack is shown beneath. Eight outer hair cells were ablated as indicated by the red box. ERK1/2 is
activated in supporting cells surrounding the damage site, including those directly beneath the damaged hair cells.
Orthogonal view shows activation of ERK1/2 directly beneath a dying hair cell (indicated by the arrowhead). Scale
bars = 20µm

3.2.3 Supporting cell ablation activates ERK1/2 in surrounding supporting cells of

the neonatal cochlea.

The cell ablation technique was modified by changing the target regions of interest to permit

ablation of supporting cells, without damage to hair cells above them. Supporting cell specific

ablation was carried out in neonatal rat cochlea explants to investigate whether ERK1/2

activation in supporting cells was specific to hair cell death, responding to a specific signal

released by the hair cell, or a more general response arising from cell death.

Ablation of a row of 8 Deiters’ cells was carried out using the multi-photon system for specific

cell targeting and samples were fixed at 10 and 15 minutes after ablation as this is when the

peak of activation was seen following hair cell ablation. Deiters’ cell ablations induced ERK1/2

activation in supporting cells surrounding the damage site in a manner similar to that seen

following hair cell ablation. ERK1/2 is activated in Deiters’ cells and both inner and border

phalangeal cells and this is illustrated in Figure 3.4. No damage to the hair cells was visible

within this time window, as evidenced by hair cell nuclei maintaining healthy morphology, the

hair bundles remain intact as evidenced by the actin staining, and the cells have complete

MyoVIIA labelling.
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Figure 3.4: Supporting cell ablation activates ERK1/2 in neighbouring supporting cells.
A: Schematic diagram illustrates HC and SC arrangement. Panels B and C are maximum intensity projections with
staining for actin and the hair cell marker MyoVIIA respectively. Panel D is the merge of A (red) and B (green)
showing the hair cells and reticular lamina to remain intact after supporting cell ablation. Panels shown in E are XY
confocal images from the hair cell nuclei plane (plane HC in the schematic), confocal images from the supporting
cell plane (plane SC in the schematic) and XZ orthogonal view of the confocal stack. Red boxes indicate the location
of ablated Deiters’ cells, as seen by pyknotic nuclei. The arrowhead indicates the pyknotic Deiters’ cell nuclei in the
orthogonal views. The Deiters’ cell ablation has not caused any hair cell death, as can be seen by uniform MyoVIIA
staining and normal density hair cell nuclei. pERK1/2 staining illustrates that ERK1/2 are activated in supporting
cells surrounding the dying support cells. Data shown is representative of three different experiments. Scale bars =
20µm

3.2.4 Hair cell ablation in the adult and neonatal utricle activates a wave of ERK1/2

activation.

Hair cell ablation was carried out in neonatal (P2) and adult (P21-P50) utricles, to determine

whether ERK1/2 was activated in supporting cells, as observed in the neonatal cochlea.

A cluster of six cells were ablated (see Figure 3.2) and samples were fixed at different time

points post-ablation to determine the spatiotemporal pattern of activation. In both the

mature and neonatal system, hair cell ablation elicited a wave of ERK1/2 activation, spreading

out from the damage site following damage. This activation was localised to supporting cells

and is shown in Figure 3.5.
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Figure 3.5: ERK1/2 activation in adult and neonatal utricles following hair cell ablation.
Dotted lines in the schematic diagrams indicate planes of the XY confocal images for both adult and neonatal
samples. Upper panels show the hair cell (HC) plane and lower panes show supporting cell (SC) plane. ERK1/2
immunostaining in fixed samples at increasing timepoints post damage and shows activation spreading out from the
damage site. The spread is great in neonates after 5mins, and activation persists for longer (up to 30mins) and has
not receded back to the damage site, as seen in the adults. Scale bars = 20µm Graph illustrates ERK1/2 spread in
adult and neonatal utricles following hair cell ablation.  Data presented is mean ± SEM, n ≥ 3 for all timepoints, 
except for t=60min in adults, where n=2. t=1min showed no ERK1/2 activation and spread results were normalised
to this by removing the area accounting for the ablated cells themselves in the analysis.
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The spread of ERK1/2 was compared between adult and neonate by quantifying the area of

spread defined by positive pERK1/2 immunostaining (see Material and Methods, section 2.12).

This quantification revealed different spatiotemporal patterns of activation between the adult

and neonate (see Figure 3.5). Both adult and neonate show similar activation until 5 minutes

post damage, however after this point, ERK1/2 activation propagates to greater distances in

the neonatal system. By 60 minutes post damage, the wave of ERK1/2 activation has almost

fully receded to the damage site in both systems. It is worth noting however, that there is still

bright residual staining in the neonate, differing from that of the adult, which is much lower.

Such bright staining, clearly standing out from the background, is a consistent feature of

ERK1/2 immunostaining in neonatal tissue. Results are presented after normalisation to

starting wound size, which is consistent across all samples, however due to greater closure in

the neonates, the spread at 60 minutes post damage is likely marginally underestimated. This,

coupled to the brighter staining at the 60 minute time point, suggests an increased duration of

ERK1/2 signalling in the neonatal system.

Supporting cell phenotype was assessed in fixed samples at different time points. It appears

that some damage is transmitted to the supporting cell layer in both adults and neonates

(Figure 3.6 shows the neonate phenotype). Immediately after the damage, the supporting cell

nuclei appear normal in nuclear morphology based on DAPI staining; however at later time

points in the neonates (60mins), some show evidence of nuclear condensation and pyknosis,

suggesting some of the cells undergo apoptosis. In total, only five pyknotic supporting cells

were observed at 60 minutes in four damaged utricles (corresponding to 24 damaged hair

cells). In the adult samples no cells were pyknotic after 60mins (corresponding to 12 damaged

hair cells).

ERK/2 is not activated in the supporting cells directly beneath the damage site at any of the

time points tested in either adult of neonates. This suggests that the cells are impaired, as

they are unable to respond to the damage signal in the normal manner. The area of pERK1/2

negative supporting cells decreases with time in the neonates, in line with wound closure.

In both adult and neonatal utricles, supporting cell damage is considerably less severe than

that observed in the target hair cells, and does not always correspond to every supporting cell

beneath, reflecting the variability in this technique.
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Figure 3.6: Multi-photon damage is transmitted to underlying supporting cells in neonates.
Confocal images taken from the plane of the supporting cell layer beneath hair cells damaged with the multi-photon
laser indicate some damage is transmitted to this layer. DAPI staining is illustrated in green and pERK1/2 staining in
red to aid visualization of the two in the merged image. At 15 minutes following damage, the supporting cell nuclei
seem unaffected. However by 1 hour the wound is closing and the supporting cells are showing evidence of nuclear
condensation. At no point are these cells positive for ERK1/2 staining. These images are taken from three different
neonatal utricles fixed at different time points post damage. Yellow arrows indicate spontaneous ERK1/2 activation.
Scale bars = 10µm.

3.2.5 Spontaneous ERK1/2 activation in the neonatal utricle

One observation in both control and experimental immature utricle preparations was the

presence of clusters of cells with significant levels of pERK1/2 staining. This was distinct from

background staining across the whole tissue which is frequently seen when using a mouse

primary antibody to probe mouse tissue and therefore not likely representative of true

pERK1/2 staining. This pattern of activation was not readily observed in adult utricles,

suggesting that it did not relate to damage associated with dissection and culture that both

adult and neonatal utricles undergo. The role of this activation was not investigated, and
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therefore it can be only speculated upon, however labelled cells didn’t always correlate with

damage regions as might be expected if activation was solely a damage response. This

spontaneous staining in the cultured neonatal tissue is illustrated in Figure 3.7 and can also be

seen in earlier examples such as 15 minute time point in Figure 3.6 (indicated by the yellow

arrows).

Figure 3.7: Spontaneous ERK1/2 activation in supporting cells of the cultured immature utricle.
A shows maximum intensity projection of confocal z-stack imaged at low magnification (20x) of the entire utricle. A
large amount of residual ERK1/2 (green) activation is observed throughout the utricle. Scale bars = 50µm B
confirms that this ERK1/2 activation is localized to supporting cells, clearly seen through the three different planes
of the confocal z-stack. C shows ERK1/2 activation in supporting cells in the XZ view. Scale bars = 10µm

3.2.6 Damage in MDCK monolayers elicits a wave of ERK1/2 activation

To further investigate whether ERK1/2 activation surrounding a damage site was a general

feature of epithelial cell death, laser ablation experiments were carried out in the MDCK model

epithelial system.

Damage using the multi-photon laser was comparatively straightforward, when compared to

the hair cell epithelia used in previous experiments, as MDCK grow to form a homogenous

monolayer. Issues associated with off target effects on other cell types are therefore no longer
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present and the protocol therefore did not need careful optimisation to reduce damage to

surrounding cells. A typical ablation in MDCK cells is illustrated in Figure 3.8.

Figure 3.8: MDCK cell laser ablation.
Time series showing typical MDCK cell ablation procedure. Cells are labeled with Hoechst 33342 to visualize DNA.
Panel A shows the undamaged cells, B shows immediately post ablation (t=20s), C-H show the cells response and
nuclear condensation following ablation, C=24s, D=29s, E=39s, F=3.5min, G=6m, H=23m. Scale bar = 2µm.

Samples were fixed at 1, 5, 15 and 30min post ablation to ascertain the spatiotemporal pattern

of ERK1/2 activation in this epithelial system. Figure 3.9 shows the pattern of ERK1/2

activation following laser ablation. Activation is observed in cells surrounding the damage site

and spreads out to a peak by 5mins before receding towards the damage site after 30mins.

This spread of ERK1/2 was quantified, as described for utricles, by measuring the total area of

spread. The radial spread was also measured and the quantifications of both are illustrated in

Figure 3.9. Compared to the utricles, the activation spreads to greater distances, and reaches

this peak earlier.
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Figure 3.9: Damage-induced ERK1/2 activation propagates from the laser ablated site in MDCK monolayers.
Samples fixed at time points post damage are shown with time increasing from left to right: The top row shows
pERK1/2 immunostaining. The middle row shows phalloidin stained actin. Bottom row shows colour merged
images. Scale bars = 50 μm.  Graph illustrates the spatiotemporal characteristics of damage-induced ERK1/2 
activation in MDCK monolayers. Data presented is mean ± SD, n=3 for all timepoints, except for t=1min, where n=2.
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Exposure to a short pulse of UV light is a damage protocol that has been used in the MDCK

model epithelial system in previous studies investigating cell death (Rosenblatt, Raff et al.

2001). A series of experiments were carried out using this damage paradigm to assess the

activation of ERK1/2.

Immunohistochemistry of samples fixed at predetermined time points showed time-

dependent ERK1/2 activation following UV exposure (Figure 3.10). A peak of activation is

observed at 15 minutes post damage before dropping to low levels at 60 minutes. This

correlates with that seen following laser-damage. There is then a suggestion of a second wave

of ERK1/2 activation at 120 minutes following damage.

Figure 3.10: Timecourse of ERK1/2 activation in MDCK monolayers following exposure to UV light.
An initial peak of activation is observed 15 minutes post exposure before receding to very low levels 60 minutes
post exposure. Cells begin dying at a greater rate after 60 minutes and this is seen by a large number of pyknotic
nuclei and actin rosettes present at 120 minutes post ablation. There is suggestion of a second wave of ERK1/2
activation at 120 minutes. Data is representative of at least 2 separate experiments at each timepoint. Scale bars =
50µm.

To assess whether ERK1/2 activation was involved in cell death and formation of actin rosettes,

characteristic of cell death and extrusion from the epithelia (Rosenblatt, Raff et al. 2001),

20µM U0126 was used to inhibit ERK1/2 activation following UV exposure. U0126 blocked

ERK1/2 activation and this successful inhibition is shown in Figure 3.11.
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Figure 3.11: 20µM U0126 inhibits activation of ERK1/2 in MDCK monolayers.
Upper panels: ERK1/2 activation in MDCK monolayer fixed 15 minutes post UV exposure DAPI stained nuclei (blue),
phalloidin stained actin (red) and pERK1/2 staining (green). Lower panels: ERK1/2 activation in MDCK monolayer in
the presence of 20µM U0126 fixed 15 minutes post UV exposure. Scale bars = 50µm.

Counts of pyknotic nuclei, total nuclei and actin rosettes were taken from each of three

conditions; UV-exposed + 20µM U0126, UV-exposed + 0.2% DMSO and unexposed + 0.2%

DMSO. Counts of pyknotic cells and actin rosettes were normalised to cell density. Actin

rosettes correlated with pyknosis, consistent with previous observations (Rosenblatt, Raff et al.

2001). The increase of rosettes following UV exposure is shown in Figure 3.12. Very little cell

death and rosette formation was observed up until and including 60 minutes post exposure, by

90 minutes cells are dying and actin rosettes are forming. This was observed to a much larger

extent at 120 minutes with some samples having as many as 35% of cells that have pyknotic

nuclei. There is no significant difference between the inhibited and uninhibited samples at any

of the time points examined (see Figure 3.12).
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Figure 3.12: Quantification of pyknotic cells and actin rosettes present in fixed MDCK samples in time following
UV exposure.
Pyknosis and rosette formation is low until 60 minutes post damage. The value of 0.0017 rosettes cells

-1
mm

2
for

the inhibited sample at 60 minutes corresponds to only a mean of 5.87 rosettes per sample counted. There are no
significant differences between the UV+DMSO and UV+U0126 samples at any of the time-points, for either rosettes
or pyknosis. For test samples, n=5 for 60 minutes, n=3 for 90 minutes, n=3 for 120 minutes. Error bars are standard
errors of the mean.
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3.3 Discussion

3.3.1 Cell ablation using the multi-photon laser

Multi-photon lasers have been previously used to affect ablations in different tissues, utilising

a feature afforded by the focal properties of the multi-photon laser. It has been demonstrated

that this targeting is localised enough to selectively ablate sub-cellular structures such as

neuronal axons and mitotic poles in developing embryos (Galbraith and Terasaki 2003).

However such use of the multi-photon in inner ear tissue has not been reported to date, and

therefore represents a novel approach to damage in this system.

The development of this technique to target hair cells is an improvement on techniques

previously used in our laboratory which also caused substantial damage to surrounding

support cells, and even cells beneath the basement membrane (Lahne and Gale 2008). It also

shows better damage specificity when compared to other acute damage protocols such as

using a micropipette/needle (Meyers and Corwin 2007).

The damage affected on the targeted cells is quite severe and the cells are terminally damaged

or ablated with disruption of the nucleus by the laser followed by rapid nuclear condensation.

Both hair cells and supporting cells have been targeted using this technique in cochlear

explants. In the case of supporting cell ablation, the specificity of damage was impressive,

with no obvious damage to the hair cells above (Figure 3.4). Such specific damage was harder

to achieve when damaging hair cells and there appears to be some transmission to the layer

beneath, as some of the underlying Deiters’ cells have condensed cell nuclei. The Deiters’ cells

also are negative for pERK1/2 staining, adding further weight to this assertion, as nearby

supporting cells with healthy nuclei are positive for pERK1/2. However damage transmission

varies and some Deiters’ cells beneath the damaged hair cells retain healthy morphology.

Changes are observed in supporting cells following hair cell damage in the utricle using this

paradigm. Whether this correlates with cell death, or is part of the response to acute hair cell

damage is not immediately clear. Commonly, the supporting cells move rapidly within the

same plane following hair cell ablation, and this is reflected in reduced packing between

supporting cells (see Figure 3.2 and Figure 3.6). At later time points there is indication of some

supporting cell nuclear condensation in the neonates, suggesting these cells may be

undergoing apoptosis. This is however observed in a small number supporting cells beneath

the damaged region. In adults, no supporting cell pyknosis was observed at 60 minutes,
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suggesting either reduced damage transmission to the supporting cells, or slower progression

of cell death compared to neonates.

There is no ERK1/2 activation observed in all the cells beneath the damage site in both adults

and neonates immediately after damage. This suggests there has been some damage to

supporting cells as they are unable to respond to the damage signal and activate ERK1/2. In

neonates, the area of negative ERK1/2 staining and the number corresponding supporting cells

seems to decrease with time, in line with wound healing. This suggests either that the

supporting cells have become active for ERK1/2 later or that the previously inactive supporting

cells are no longer present in this layer of the epithelium (see Figure 3.6). Whether they have

died, or been removed by surrounding cells is not clear.

The ‘off-target’ effect observed during this damage most likely arises from the structural

differences between the cochlear and utricular cell arrangements. In the utricle, processes

from supporting cells extend across and above the hair cell bodies and it may be that damage

is more readily transmitted to these layers. It seems unlikely that the off-target effect is due to

the distance in the z-axis separating the hair cell and supporting cell nuclei. This distance is

greater in the utricle compared to the cochlea, yet it is harder to produce the specific hair cell

damage in the utricle. Processes from the Deiters’ cells may also contribute to the ‘off-target’

damage in the cochlea. It may be that the tectorial membrane in the cochlear explant

interferes with the multi-photon focusing in the cochlea, whereas the otolithic membrane is

removed in the utricle preparation and so there is perhaps no equivalent interference. It is

also worth considering the fact that single photon affect may be involved, particularly at the

higher energies required for damage. This may affect damage outside of the multi-photon

focus. Further optimisation of the technique could be carried out to reduce off-target effects.

Additional measures of apoptosis beyond assessment of nuclear pyknosis and presence or

absence of ERK1/2 activity could be used to better quantify cell damage. For instance,

propidium iodide could be used to identify dying cells. Propidium iodide is a DNA binding dye

that is fluorescent when bound to DNA. It is unable to pass across the cell membrane and is

therefore excluded from healthy cells and there is no fluorescence. Fluorescence therefore

provides a measure of cell membrane integrity and when a dying cell loses this, the propidium

iodide is able to enter the cell, bind DNA and fluoresce (Rieger, Nelson et al. 2011). TOTO dyes

also work in a similar way, and have been used to assess progression of hair cell death in live

imaging of hair cell epithelia before (Bird, Daudet et al. 2010).
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Whilst not producing entirely cell specific damage in each system, the damage is far more

specific to hair cells than has been achieved previously in vitro and permits analysis of dynamic

signalling following acute hair cell damage. In cases where absolute specificity of damage is

required, it is possible to excluded samples with the ERK1/2 negative staining in impaired

supporting cells.

3.3.2 Cell ablation in the cochlea

Use of the multi-photon to target hair cells in neonatal cochlea showed that hair cell ablation

elicited supporting cell localised ERK1/2 activation in a similar pattern to that previously

observed with more severe damage (Lahne and Gale 2008). A peak of activation was observed

10-15 minutes after damage, consistent with previous damage.

The new multi-photon technique for targeting specific cell types has been extended to study

supporting cell ablation in the cochlea, and shows that the supporting cell ERK1/2 response is

also present following supporting cell ablation. This indicates that supporting cell ERK1/2

activation is not mediated by a specific signal released by a damaged hair cell; rather it is due

to a signalling pathway specific to supporting cells, which is not present in hair cells

themselves. This is consistent with previous results showing that ERK1/2 is activated in

support cells following application of external ATP, without damage to hair cells (Lahne and

Gale 2008), and suggests that supporting cells have an ATP receptor which is not present in the

hair cells. This result reduces concerns about the ‘off-target’ effects discussed previously.

3.3.3 Hair cell ablation in the utricle

Utricle organotypic cultures are currently the best-characterized in vitro preparation of adult

mammalian hair cells (Cunningham 2006). Use of this model system has permitted

investigation of the ERK1/2 response following damage in adult hair cell epithelium, furthering

the work from neonatal cochlear cultures. It is clear from these experiments that ERK1/2 is

activated in supporting cells of both neonatal and adult utricles following hair cell damage.

Despite the conserved cellular localisation of ERK1/2 activation in adult and neonatal utricles,

there is a difference in the spread of activation following damage. At the early time points

following damage, the ERK1/2 activation spreads at a similar rate in both adult and neonates.

However the neonate progresses to spread to much greater distances from the damage site,

compared to the adult. There is very little difference in cell density between P2 and adult

utricles, and so this is unlikely to account for the difference (Burns, On et al. 2012). This

difference in spread could arise from differences in capacity to respond to the damage signal

or a reduced signal could be released following damage in the adult.
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Purinergic (P2) receptors are likely to be involved in transmitting the ERK1/2 activation wave

via ATP (Lahne and Gale 2008) and it may be that changes in expression levels of these

receptors are responsible for the different ERK1/2 response in the utricle; a reduced P2

expression in adults could be responsible for a reduced ERK1/2 response. It has been shown

that there are changes in P2 receptor expression in the developing rat cochlea with a number

of receptor types expressed in early postnatal days, but not in the adult (Huang, Thorne et al.

2010), and it may be such changes are also present in the mouse utricle. Future work could

investigate P2 receptor expression, either by immunohistochemistry or qPCR. However, the

fact that both systems respond similarly immediately following damage (until at least 5

minutes), suggests that it may not be a difference in capacity to respond through P2 receptors

which is responsible for this difference, and perhaps a difference in ‘switching off’ the signal.

Such a feature could arise from increased phosphatase activity dephosphorylating and

deactivating ERK1/2 in the adult. This may take time to fully develop and therefore the ERK1/2

signal is not as rapidly switched off in the neonatal animals. However, the basis for this

difference can only be speculated upon with the current data and further characterisation of

the signalling molecules determining the on and off phases of the signal is required to make

further inferences.

Perhaps the best starting point for this would be consideration of calcium signalling, given that

this is known to correlate with the ERK1/2 signal following damage in many systems, including

the neonatal cochlea. Preliminary work (not shown) characterising the calcium response in the

two systems suggests no overt differences in the response between the adults and neonates,

when puffing ATP onto the tissue using a micropipette. However saturating concentrations of

ATP were used, making it difficult to discern subtle differences in response. This preliminary

work was unable to produce a replicable and correlating ERK1/2 signal, which further

complicates analysis. This is likely down to technical limitations with the adult tissue

orientation, which is often curved to different degrees, making controlling the ATP application

in relation to the epithelia difficult. It may be that use of caged-ATP will overcome this,

allowing controlled ATP release in relation to the tissue through use of two-photon photolysis,

as has been used elsewhere (Nakayama, Yamashita et al. 2004). However, in the neonates,

high levels of spontaneous activity (see Figure 3.7) further complicate the experiment and

could potentially mask lower level ERK1/2 signalling elicited by ATP application.

At the later time points there appears to be a small ring of higher activation close to the

damage site, whilst lower activation is present further away from the damage site. There are a

number of interpretations of what this might indicate. Potentially this ring of higher activators
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could correlate with those that are migratory, promoting closure at the would edge. This may

be indicative of the ERK1/2 activation wave receding, or a second wave of activation

beginning. Published work from scrape wounds in the MDCK system showing that the second

wave of ERK1/2 activation does not begin until a number of hours after damage, and

correlates with cell migration (Matsubayashi, Ebisuya et al. 2004), and results obtained here in

MDCK following UV damage suggest a similarly delayed second wave. The fact that the second

wave of ERK1/2 activation correlates with migration in wounded MDCK makes it tempting to

suggest a similar process is occurring in the utricle. Blocking this ERK1/2 activation to see

whether there was any effect on wound closure would need to be carried out to confirm this

however.

3.3.4 MDCK monolayer as an alternative model system

It has been shown that a mechanical scrape wound in MDCK cultures initiates two waves of

ERK1/2 activation extending from the wound; a fast, transient first wave lasting approximately

an hour, and a slow, sustained second wave lasting several hours (Matsubayashi, Ebisuya et al.

2004). This activation is associated with increased cell migration involved in wound repair, and

use of MEK1/2 inhibitor U0126 reduces this movement and associated wound repair. The

pattern of ERK1/2 activation following other types of damage has not been investigated. It has

however been suggested that a dying cell within a MDCK epithelium signals to neighbouring

cells, resulting in extrusion via and actin and myosin dependent contractile mechanism

(Rosenblatt, Raff et al. 2001).

In the experiments detailed here, a targeted laser ablation of cells in MDCK monolayers

resulted in a wave of ERK1/2 activation spreading out from the damage site, in a similar

manner to that observed in the utricle. This suggests that damage induced ERK1/2 signalling in

cells neighbouring a damage site is not specific to inner ear hair cell epithelia. This is

consistent with previous results (Matsubayashi, Ebisuya et al. 2004) following a more severe

scrape wound and suggests that the MDCK monolayer may be a good model epithelial system

in which to investigate the function of damage induced ERK1/2 activation.

Similar patterns of ERK1/2 activation have also been observed in many other systems. In

cultures of hepatocarcinoma cells, U0126 inhibits cell motility following a scrape wound

(Bessard, Fremin et al. 2007), and also in cultures of airway epithelial cells (Wesley, Bove et al.

2007). In cultures of corneal epithelial cells, ERK1/2 activation observed following scrape

wounding is analogous to that seen in MDCK cells (Teranishi, Kimura et al. 2009). The function

of ERK1/2 activation has been investigated further and in this system the effect of ERK1/2
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inhibition is at the initial, rapid response to wounding in the first 2 hours. Subsequent cell

migration is unaffected by ERK1/2 inhibition with the overall reduction of efficiency of

migration at 6 hours arising due to impairment of the initial response (Leiper, Walczysko et al.

2006).

Transgenic mice expressing a Förster Resonance Energy Transfer (FRET) biosensor for ERK1/2

have been used to live image ERK1/2 activation following laser damage in the auricular

epidermis (Kamioka, Sumiyama et al. 2012). This again showed very similar temporal

characteristics of ERK1/2 activation, with a wave of activity spreading out from the damage

site. This work adds the prospect of live imaging ERK1/2 activity directly, as opposed to using

antibodies in fixed tissue.

The UV damage protocol in MDCK cells was used as it resulted in damage to the whole

epithelium and allowed investigation into the functional effects of ERK1/2 activation in

epithelial cell death. The MEK1/2 inhibitor U0126 was used to investigate whether absence of

ERK1/2 activation following UV exposure altered outcome, in terms of cell death, or formation

of the actin rosettes, characteristic of extrusion of a dead cell from the epithelium. No

significant difference was seen in the presence of the inhibitor in either suggesting the ERK1/2

activation was not required for cell death and/or extrusion. However, the timing associated

with both cell death following the UV exposure, and the fact that the temporal characteristics

of ERK1/2 activity are crucial in determining outcome, complicate analysis of this result.

Finding a time-point where sufficient cell death is occurring, but the whole epithelium is not

severely degenerating is difficult. It seems that 90 minutes post damage may be the most

appropriate time to consider, but there is minimal ERK1/2 activity at this point as the first

wave has subsided. One possible issue with the data here is that the n-numbers are relatively

low. Additional experiments may illustrate with more certainty whether ERK1/2 inhibition is

having an effect. Furthermore, it is possible that long term inhibition is having a negative

effect, cancelling out any protective effect from short term inhibition of the first wave.

Given the relative convenience of the MDCK cell system compared to that of cochlear and

vestibular neuroepithelium, it may be useful to examine the role of ERK1/2 signalling in this

system as a model for cochlear and vesitbular neuroepithelium. Whilst only containing a single

type of cell, MDCK cells contain gap junctions, as supporting cells do (Berthoud, Ledbetter et

al. 1992). Furthermore they contain P2 receptors which may be involved in mediating the

extracellular component of the damage signalling (Post, Rump et al. 1998). The fact that

aminoglycosides are both ototoxic and nephrotoxic potentially adds weight to this idea (Forge
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and Schacht 2000), although the underlying toxic mechanisms may not be conserved.

However, aminoglycosides have been associated with MDCK cell toxicity (El Mouedden,

Laurent et al. 2000).

This seems like a particularly attractive idea when it comes to screening and investigating

potential downstream effectors of the damage-induced ERK1/2 activation. Any candidates

positively identified in the MDCK system could then be probed in the utricular and cochlear

systems. One potential downstream target of ERK1/2 has been identified in this system, and

may provide a good starting point in the search for effectors in the inner ear. 90 kDa

ribosomal S6 kinases (RSK1-4) are a well-known downstream target of ERK1/2 and use of fmk,

a specific inhibitor of the RSKs, reduces cell migration in wound healing following scrape

wounds in MDCK cells (Doehn, Hauge et al. 2009). The actin binding protein, epithelial protein

lost in neoplasm (EPLIN) has also been identified as a downstream target of ERK1/2 involved in

migration of cultured fibroblasts. ERK1/2 mediated phosphorylation of EPLIN at the wound

edge induces reorganisation of actin filaments, important in the migratory response (Han,

Kosako et al. 2007). Other targets, implicated in hepatocarcinoma migration, include

urokinase receptor (uPAR) and p70S6K, where inhibition/RNA-mediated knockdown inhibits

ERK1/2 induced motility (Bessard, Fremin et al. 2007).

3.3.5 Summary

These results indicate that ERK1/2 is activated in cells surrounding a damage site in all tested

epithelial systems. The supporting cell localised ERK1/2 activation does not arise from damage

of hair cells specifically, but is rather a response present in these cells to general damage

stimuli. The in vitro ERK1/2 activation in utricles following damage is reduced in adults,

compared to neonates; however the broad pattern of supporting cell specific activity

immediately surrounding the damage site is maintained. Whilst these results further describe

damage induced ERK1/2 activation, they all describe activity following relatively severe

damage. Furthermore, they do not provide any indication as to the functional role of ERK1/2

activation. These issues are addressed in the next chapter.
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4 ERK1/2 activation following
aminoglycoside-induced hair cell damage

4.1 Introduction

The previous chapter focused on ERK1/2 activation in a number of systems following relatively

severe damage induced by a laser. This does not well reflect in vivo hair cell loss following

physiologically relevant trauma, and thus questions arise as to its relevance in sensorineural

deafness. A large amount of on hair cell death in vitro uses the ototoxic aminoglycoside drugs

to specifically induce hair cell death (Richardson and Russell 1991; Gale, Marcotti et al. 2001;

Lahne and Gale 2008).

Aminoglycosides enter hair cells primarily through their mechanotransduction channels

(Alharazneh, Luk et al. 2011). Once inside the hair cell, they are thought to activate apoptosis

through production of reactive oxygen species and, ultimately, caspase activation (Audo and

Warchol 2012). In this manner they specifically target hair cells, overcoming the off target

issues of the laser. This is also more relevant to in vivo hair cell damage as aminoglycosides

are used clinically, with ototoxicity an undesired side effect (Forge and Schacht 2000) (see

section 1.4.2 for more detail).

Work in neonatal cochlear explants has shown ERK1/2 activation to be present following

aminoglycoside treatment (Lahne and Gale 2008). This chapter extends the characterisation of

aminoglycoside-induced supporting cell ERK1/2 activation to the immature and mature utricle.

The utricle organ culture system allows investigation of the in vitro response to aminoglycoside

induced damage.

Pharmacological inhibition of ERK1/2 activation facilitates investigation of its function. Here,

two different MEK1/2 inhibitors are used to probe the function of damage-induced ERK1/2

activation in vitro. MEK1/2 is the immediate upstream kinase of ERK1/2 in the ERK pathway

and has only been shown to highly selective for ERK1/2, its only identified target (Wortzel and

Seger 2011). This makes it an excellent point to target in the ERK1/2 pathway when

manipulating signalling.
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4.2 Results

4.2.1 Neomycin induces hair cell loss in adult utricle culture.

Adult utricles were cultured for 24 hours in different concentrations of neomycin to assess the

ototoxicity achieved in this system. A dose response was obtained out using 0.33mM, 1mM,

2mM and 3mM neomycin, with samples fixed after 24 hours and immunostained for MyoVIIa,

to label hair cells. Hair cells were counted based on positive MyoVIIa staining, whilst apoptotic

hair cells that were no longer positive for MyoVIIa were identified as such by their location

with the hair cell plane of the utricle. The results are presented in Figure 4.1, along with

representative images from confocal z-stacks. Dose response data was plotted for

log(neomycin) vs hair cells using GraphPad software and curves were fitted for determining

EC50 values, according to the equation =�ݕ ܤ� +
�ି �

ଵାଵ(ಶఱబషೣ) in which the upper

asymptote (‘A’) was defined by the mean total number of hair cells from each neomycin dose

(165.5), reflecting the maximum number of cells present in a cultured utricle. Lower

asymptotes (‘B’) were not less than zero as theoretically this is the minimum each curve could

reach if all cells were dead (myosin negative and pyknotic). These curves revealed EC50 values

of 1.38mM and 1.50mM based on MyoVIIa positive hair cells and pyknotic hair cells

respectively. Hill slopes (“p”) were -1.53 for MyoVIIa data and 1.76 for pyknotic data. This is

specific to 24 hours under these culture conditions and other values would be observed at

different times, or under different conditions.

Figure 4.1: Neomycin dose response of adult utricles cultured in suspension.
Graph shows quantification of hair cells (by positive myosin staining) and pyknosis (by DAPI). A dose response curve
is fitted to the data and EC50 based on MyoVIIa = 1.38mM, and on pyknosis = 1.50mM. Single confocal images from
z-stacks illustrate the reduction in myosin and corresponding increase in pyknosis in for control (0mM Neomycin),
1mM Neomycin and 3mM Neomycin. Scale bars = 10μm. N-numbers: Control =7, 0.33mM Neo =4, 1mM Neo = 5,
2mM Neo = 5, 3mM Neo = 4.
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When counting the hair cells in this analysis, it became clear that hair cell death proceeded

through a number of distinct phenotypic stages, defined by both the state of the MyoVIIa

immunostaining and the level of pyknotic condensation in the nucleus. This progression

ranged from healthy hair cell to the remnants of pyknotic cell nuclei, and the stages were

ordered according to the logical progression of hair cell death, with increasing pyknosis

defining each stage in death progression. This range of phenotypes is illustrated in Figure 4.2

and summarised in Table 4.1.

Table 4.1: Phenotypic stages in progression of hair cell death.

Stage Name Description

1 Healthy Healthy nucleus, healthy myosin stain (absent from the

nucleus).

2 Impaired Nucleus is beginning to condense as seen by a brighter outline,

also shows some minor disruption, Myosin stain remains, but

is now included in the nucleus.

3 Severely Impaired Nucleus is clearly condensed or pyknotic. Myosin stain is still

present and remains included within the nucleus.

4 Dying Nucleus is pyknotic, Myosin is punctate with only residual

staining, doesn’t completely enclose pyknotic cell.

5 Corpse Nucleus is pyknotic and myosin stain is absent.

6 Debris Nucleus is fragmented and this debris is all that remains.

Figure 4.2: Hair cell phenotypes.
The different phenotypes of utricle hair cells can be placed on a scale, from healthy (1) to nuclear debris (6). Nuclei
stained with DAPI (Green) were defined as healthy when they were not pyknotic, corresponding to states 1 and 2.
Myosin (Red) was counted as positive when it was not punctuate and fully defined around the cell nucleus (1-3).
The vertical red lines indicate these cut off points in counting. This allowed three populations of cells to be
quantified, 1-2, 3, and 4-6. Coloured arrows indicate the different states as seen in the XZ view.
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The six defined stages were separated into three different groups for analysis, which arose

from the method of counting that was employed. When counting, hair cells were considered

as MyoVIIa-positive (stages 1-3), or MyoVIIa-negative (4-6). Each nucleus in the hair cell plane

was then counted as either healthy (stages 1-2) or pyknotic (stages 3-6). These counts were

then used to derive three distinct populations for analysis: Healthy, MyoVIIa-positive (stages 1-

2), Pyknotic, MyoVIIa-positive (stage 3) and Pyknotic, MyoVIIa-negative.

These three different cell populations were quantified at each neomycin dose and the results

are illustrated in Figure 4.3.

Figure 4.3: Hair cell nuclei remaining in utricles treated with different doses of Neomycin.
Counts are for DAPI stained nuclei located within the hair cell plane. Pyknotic corresponds to stages 3-6 in Figure
4.2 whilst healthy corresponds to stages 1-2. Error bars represent standard error of the mean. The proportion of
pyknotic hair cells increases with increasing neomycin dosage, however the total number of hair cell nuclei remains
the same across all doses, with only a minor reduction compared to the control condition. This is the same data as
shown in Figure 4.1, with the additional subdivision illustrated. n-numbers: Control =7, 0.33mM Neo =4, 1mM Neo
= 5, 2mM Neo = 5, 3mM Neo = 4.

These results indicated that 1mM neomycin was a good aminoglycoside damage stimulus for

use in this system as it induced significant hair cell death, without substantial variation. 1mM

neomycin caused a reduction in MyoVIIa-positive hair cells from 169.5 ± 5.4 (per 8500μm2) in

control samples, to 106.8 ± 2.3 in 1mM neomycin. This corresponds to a loss of approximately
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35% of hair cells, or rather a transition into the pyknotic, MyoVIIa-negative phenotype. A

corresponding increase in pyknosis from 2.5 ± 1.0 pyknotic nuclei in the hair cell layer (per

8500μm2) in control samples, to 64.5 ± 9.2 is observed in 1mM neomycin. This reflects

approximately 40% of the total remaining cells. Such a lesion produces sufficient changes,

without completely destroying the tissue. Indeed this is only just below the EC50 values of

1.38mM and 1.50mM obtained using the dose response curve. A more severe lesion may

make it harder to observe any protective affects, with the aminoglycoside overpowering any

subtle affects. Likewise, a small lesion may make it difficult to observe any significant changes.

Furthermore, a high dosage may have a direct effect on the supporting cells.

4.2.2 Neomycin mediated hair cell damage induces ERK1/2 activation in

supporting cells of the adult and neonatal utricle.

Adult utricles were immunostained for pERK1/2 following incubation with 1mM neomycin to

assess whether aminoglycoside-induced hair cell damage caused supporting cell ERK1/2

activation. Following 24 hours neomycin exposure there was an increase in pERK staining with

a greater number of clusters observed in the utricle at low magnification. These clusters

corresponded to ERK1/2 activation around dying hair cells, consistent with the pattern

observed in other types of damage (see Figure 4.4). It is important to note that clusters were

also seen in control utricles, although to a much lesser extent, reflecting low levels of hair cell

loss in these samples.
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Figure 4.4: Neomycin-induced hair cell damage activates ERK1/2 in supporting cells surrounding dying hair cells in
the adult utricle.
Low magnification images (taken using 20x objective) show increased ERK1/2 activation in small clusters of
supporting cells. Note also the bright staining around the wounded roof epithelial edge (red arrows) acts as a good
internal control for pERK1/2 staining. Scale bars = 50μm. High magnification confocal stacks of this tissue illustrate
the supporting cell localised activity surrounding dying hair cells. Dying hair cells are indicated by the yellow arrows.
The supporting cell localisation is clearly visible in the XZ projection in the lower panels. Scale bars = 10μm.

Such supporting cell localisation of pERK1/2 was also present in the neonatal tissue, however

given the higher level of background ERK1/2 it was harder to distinguish between damage-

induced ERK1/2 activation and this background activation. Clusters were still observed around

dying cells in both neomycin exposed (see Figure 4.5) and control samples (see Figure 4.6),

suggesting the damaged-induced supporting cell ERK1/2 activation to be conserved across

neonates and adults. Additionally the clusters around dying hair cells in the neonatal tissue

appear to be more uniform, with all four of the neighbouring supporting cells showing

activation.
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Figure 4.5: Neomycin-induced hair cell damage activates ERK1/2 in supporting cells surrounding dying hair cells in
neonatal utricle.
High magnification confocal stack illustrates the supporting cell localised activation of ERK1/2 surrounding dying
hair cells. pERK1/2 staining (green) is localised to supporting cells immediately surrounding a dying hair cell
(indicated by the yellow arrows), which has a condensed cell nucleus (blue) and absent/reduced Myo7a staining
(Red). The supporting cell localisation is clearly visible in the XZ projection in the lower panels. Scale bars = 10μm.
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Figure 4.6: ERK1/2 activation in control neonatal utricle localised to supporting cells surrounding dying hair cells.
High magnification confocal stack illustrates the supporting cell localised activation of ERK1/2 surrounding dying
hair cells. pERK1/2 staining (green) is localised to supporting cells immediately surrounding a dying hair cell
(indicated by the yellow arrows), which has a condensed cell nucleus (blue) and absent/reduced Myo7a staining
(red). The supporting cell localisation is clearly visible in the XZ projection, lower panels. Scale bars = 10μm.

4.2.3 Inhibition of ERK1/2 activation by MEK1/2 inhibitor U0126 affords hair cell

protection.

After an initial pre-inhibition of 30mins in 20μM U0126 (MEK1/2 inhibitor), samples were 

incubated for 24 hours in 1mM neomycin and 20μM U0126, fixed and immunostained for

pERK1/2 and MyoVIIa. U0126 successfully blocked ERK1/2 activation, allowing the impact of

ERK1/2 activation on hair cell survival following neomycin insult to be assessed (see Figure

4.7A). Four conditions were run: Control, 1mM Neo (+ DMSO), 1mM Neo + 20μM U0126 and

Control + 20μM U0126.

1mM neomycin with DMSO sham caused a loss of hair cells from 169.5 ± 5.4 (s.e.m.) to 99.6 ±

5.4 myosin-positive hair cells per 8500μm2. U0126 afforded a modest, yet significant,

protection to hair cells against this neomycin ototoxicity at the 24 hour time point: in the

presence of U0126, 120.4 ± 5.4 myosin-positive hair cells remained. A t-test showed this to be

significantly greater than the samples exposed to 1mM neomycin alone, with a p-value of

0.015. This corresponded to a loss of only 30%, compared to the 40% observed with

neomycin, equivalent to a 25% reduction in the number of dead hair cells (see Figure 4.7).
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Figure 4.7: Inhibition of ERK1/2 activation promotes hair cell survival in the adult utricle.
XY confocal images (8500μm

2
) extrastriolar regions stained for Myo7a and DAPI. A reduction in hair cell number is

seen in the presence of 1mM neomycin. A corresponding increase in pyknotic nuclei is also seen. This effect is less
pronounced in the presence of U0126. Scale bars = 10μm. Graphs show pooled data for Myo7a+ve hair cells 
(*p=0.015). Note, U0126 alone does not cause any significant hair cell loss. This protection corresponds to
approximately 10% of total hair cells, and 25% of the hair cells that are dying following neomycin treatment and is
shown in the second graph presenting hair cell reduction compared to the control. Error bars = standard error of
the mean. N-numbers: Control n = 7, 1mM Neo+DMSO n = 10 , 1mM Neo+U0126 n= 7, Control+U0126 n = 3.

Quantification of the different hair cell phenotypes according to the previous definitions (see

Figure 4.2) revealed that this protection also correlated with reduced pyknosis, in addition to

the greater number of myosin positive cells. However, the total number of cells was not

influenced by ERK1/2 inhibition, with dying/dead cells persisting in the epithelium at 24 hours.
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Figure 4.8: Inhibition of ERK1/2 activation reduces the proportion of pyknotic hair cells.
A, Pooled counts of hair cells according to phenotype in Table 4.1. Healthy, myosin-positive (corresponding to
states 1-2) is shown in white bars, pyknotic, myosin-positive (corresponding to state 3) is shown in light grey,
pyknotic, myosin negative (corresponding to state 4-6) is shown in dark grey. U0126 changes the population of cells
in each state in the presence of neomycin, but not the total number of cells. The proportion of pyknotic cells
(shown in the second graph) is significantly lower in the presence of U0126 (p value=0.03). n-numbers: Control = 7,
1mM Neo + DMSO = 10, 1mM Neo + U0126 = 7.

4.2.4 Inhibition of ERK1/2 activation by more specific MEK1/2 inhibitor

PD0325901

As stated previously, U0126 has been reported to have off-target effects both in inhibiting

other kinases, such as ERK5, and upregulating other pathways, such as cAMP independently of

an inhibitory effect on ERK1/2. The MEK1/2 inhibitor PD0325901, has been shown to be more

specific, but its use is not as widespread as U0126 (Kohno and Pouyssegur 2006).

PD0325901 has a reported IC50 of 1nM in in vitro assay, and 0.43nM in cell-based assays

(Kohno and Pouyssegur 2006). Therefore, in the first experiments here, the inhibitor was used

in excess of this at a 10nM concentration, aiming to ensure maximal inhibition of MEK1/2. To

assess the inhibitor’s action in utricle tissue, samples were exposed to 1mM neomycin for

24hours in the presence of 10nM PD0325901, fixed and immunostained for pERK1/2, allowing

direct comparison with the U0126 used previously. At 10nM, PD0325901 was sufficient to

block phosphorylation and activation of ERK1/2, as had been observed with 20μM U0126 (see

Figure 4.9).  A higher concentration of 3μM was also used as, in theory, at this higher 

concentration some of the off target effects of U0126 would be present. This would

potentially replicate inhibition with U0126 (Bain, Plater et al. 2007).
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Figure 4.9: Inhibition of ERK1/2 by U0126 and PD0325901.
Maximum intensity projections from low magnification (20x) confocal z-stacks show successful blockade of ERK1/2
activation (green) by 20μM U0126 and 10nM PD0325901.  Note that both inhibitors are sufficient to block the high 
activation at the roof epithelial wound edge. Myo7a (red) and f-actin (blue) are shown as counterstains. Note that
at this low magnification the roughly 40% reduction of hair cell density in neomycin is not immediately apparent,
reflecting the high density and packing of hair cells in the control. Scale bars = 50μm.

Utricles were incubated with 1mM neomycin in the two concentrations of PD0325901 (10nM

and 3μM) to determine whether ERK1/2 inhibition with this more specific inhibitor correlated

with the data obtained using U0126.

The data obtained with this inhibitor did not fully replicate the results obtained with U0126,

and produced an intermediate result, falling midway between 1mM neomycin and 1mM

neomycin + U0126 in terms of surviving hair cell number. With PD0325901, there was no

longer a significant protection to hair cells, at either the lower or higher concentration (see

Figure 4.10). However the numbers were not significantly different from those obtained with

U0126, potentially reflecting an intermediate phenotype and perhaps emphasising the fairly

small protective effect observed with U0126.
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PD0325901 alone was not ototoxic at the higher dose, with 168.7 ± 11.0, compared to 169.5 ±

5.3 myosin positive hair cells (per 8500µm2) in the control. This replicated the phenotype of

U0126 in control conditions (164.5 ± 9.1 hair cells) and therefore further supported the

hypothesis that residual ERK1/2 activation is not required for hair cell survival.

An increased proportion of pyknotic hair cells were observed with 3μM PD0325901, compared 

to U0126 and 10nM PD0325901 (see Figure 4.10). It can be seen when looking at the raw

numbers (shown in Figure 4.11), that this increased proportion of pyknotic cells in 3μM 

PD0325901 arises from an increased number of pyknotic cells, as opposed to a reduction in

total hair cells. However, analysis of the pyknosis phenotype when using PD0325901 revealed

a significantly smaller proportion of pyknotic hair cells in the presence of 10nM PD032901 (t-

test p value=0.028), mirroring that observed in U0126.
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Figure 4.10: PD0325901 shows an intermediate result and does not significantly protect hair cells.
A, pooled data the number of myosin-positive hair cells following 24 hours culture in different conditions. Unlike
U0126, PD0325901 does not afford significant protection to hair cells, at either 10nM or 3µM. B illustrates the
percentage of pyknotic cells present after 24hours culture in the different inhibitors or sham. 10nM PD0325901
induces a similar phenotype to U0126, which is significantly different from control (p values=0.278 and 0.290
respectively). This difference is not present at the higher 3µM dose. Error bars represent standard error of the
mean. N-numbers: Control =7, 1mM Neo + DMSO = 10, 1mM Neo + U0126 = 7, 1mM Neo + 10nM PD0325901 = 5,
1mM Neo + 3µM PD0325901 = 6, Control + 3µM PD0325901 = 4.
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Figure 4.11: Effects of ERK1/2 inhibition on hair cell phenotype.
Graph illustrating the numbers of hair cells in each phenotype. Healthy, myosin-positive hair cells (corresponding to
states 1-2) are shown in white bars, pyknotic, myosin positive (corresponding to state 3) are shown in grey,
pyknotic, myosin negative (corresponding to state 4-6) are shown in black. Both inhibitors alter the population of
cells in each state, but not the total number of cells. The most significant effect is seen with U0126. Errors bars
represent standard error of the mean. N-numbers are the same as Figure 4.10.
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4.3 Discussion

4.3.1 Aminoglycoside toxicity in utricle preparation

The adult utricle allows investigation of hair cell toxicity in vitro and is often used in studying

aminoglycoside ototoxicity and hair cell survival (Cunningham 2006). The initial dose response

test revealed increasing hair cell loss with increasing neomycin concentration, as expected,

and the approximately 30% loss at 1mM neomycin was used as the damage paradigm, falling

close to the EC50 of 1.38mM. These values are specific to the 24 hour time point, and the

culture conditions. This produces sufficient loss to probe for changes, unlike the lower dose of

0.33mM neomycin, whilst the variation was not as great as seen at higher concentrations that

resulted in more severe loss. Previous reports have reported slightly different amount of cell

death in the utricle after 1mM neomycin exposure. Following 24hrs culture, extrastriolar

regions have higher density of hair cells in experiments presented herein; utricles have

approximately 18 hair cells per 900μm2 compared to approximately 15 per 900μm2 shown

elsewhere under control conditions (Cunningham, Cheng et al. 2002). The 1mM neomycin

protocol was also used in this other study, although due to the lower control hair cell numbers,

the percentage hair cell loss reported is marginally smaller.

These differences could arise from differences in dissection procedure inducing different

amounts of stress on the utricle. In particular, removing the otoconia with the eyelash tool

seems to be less severe than the syringe/needle method described elsewhere (Cunningham

2006). Furthermore, small differences in culture protocols may have minor effects on hair cell

numbers after 24 hours in vitro culture. However, the numbers of hair cells reported in the

utricle fixed immediately after dissection are very similar to the cultured utricles here,

suggesting that dissection is the most likely source of discrepancy (Cunningham, Cheng et al.

2002).

All analysis presented here pertains to the extrastriolar region, due to issues associated with

hair cell loss in the striolar region. The striolar region was excluded from analysis as there was

no significant difference between culture and aminoglycoside (see Appendix). This could be

due to a sampling error or the increased sensitivity of type I hair cells to death and is discussed

further in the appendix. Separate sampling of the striolar and extrastriolar regions is common

in assays for hair cell survival in the utricle due to different sensitivity of each region to damage

(Cunningham and Brandon 2006). Both lateral and medial extrastriolar regions were sampled

throughout this work. This had the added advantage of being able to confidently identify the

region, without double labelling of hair cells with a type I specific marker.
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By counting hair cells according to both their MyoVIIa immunostaining and nuclear

morphology by DAPI staining, it was intended to better characterise the fixed phenotype of

hair cells, following a damage stimuli. This has permitted a number of observations.

The pyknotic hair cell state seems to persist in the epithelia for a longer time period than the

condensing intermediate state, as dying hair cells were present in this state (stages 4-6) at

higher frequencies than other intermediate states, and indeed a plot of the total hair cells

(including both healthy and pyknotic) revealed there was no difference in total number of hair

cells across the range of neomycin doses tested. The proportion of pyknotic cells therefore is

greater in higher neomycin doses, but there do not seem be differences in clearance or

removal of these dead/dying cells at the 24 hour time point. Extending the time period of the

experiment may allow this process of clearance to be investigated.

This result was unexpected, particularly in the case of 3mM neomycin where there is severe

loss of MyoVIIa staining, yet almost all the corpses remain in the epithelium. Whether these

dying hair cells are being phagocytosed, as in chick, remains to be determined, however it

seems reasonable to suggest that these corpses are contained within the supporting cells and

take time to be completely removed. Indeed, there is no evidence of impaired scarring at the

cuticular plate (data not shown), suggesting the supporting cells are behaving in a manner

similar to that previously described.

4.3.2 Aminoglycoside induced damage and ERK1/2 activation

At 1mM neomycin ERK1/2 activation was observed in both adult and neonatal utricles. This

activation was apparent in small clusters of supporting cells surrounding dying hair cells,

suggesting that it is not a direct effect of neomycin and is more likely associated with dying

hair cells. The fact that there is a small amount of localised ERK1/2 activation in supporting

cells surrounding hair cells dying during 24 hours culture (independently of neomycin insult)

further supports the assertion that ERK1/2 activation is not a direct or specific effect of

neomycin, rather arising from a signal released by the damaged or dying hair cell. There are

far fewer clusters of ERK1/2 activation in the control compared to 1mM neomycin, indicating

that this is damage-induced, not spontaneous, activity.

Relatively few clusters of ERK1/2-activated supporting cells are observed at 1mM neomycin in

these fixed samples; activated cells are certainly in the minority. This is consistent however

with the temporal aspect of ERK1/2 activation in relation to damage. In neomycin exposed

utricles, the hair cells will die at different time points post exposure. Each hair cell then is
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presumably at different points in the death process at any fixed time point. From the laser

damage it seems that the peak of activation will be observed 10-15 minutes after release of a

damage signal. If the same mechanism is acting following neomycin insult, clusters would be

the expected pattern, with only a small subset of cells at the point in the death pathway which

is associated with ERK1/2 activation.

There is good conservation in ERK1/2 activation between adults and neonatal animals; in both

systems it is observed in supporting cells neighbouring dying hair cells. However, a qualitative

assessment suggests that the neonatal utricles more commonly show clusters of ERK1/2

activation in which all four of the supporting cells surrounding the dying hair cell are activated.

Such situations were never observed in the adults, with one or two ERK1/2-activated

supporting cells seen neighbouring the dying hair cell. It is also worth emphasising that

supporting cells surrounding dying hair cells were more likely to not be active for ERK1/2, likely

reflecting the temporal nature of the signal in relation to hair cell death. These observations

are suggestive of a greater response in neonatal supporting cells surrounding the dying hair

cell. This further supports the previous finding in laser damaged tissue in which a greater

response was observed in neonatal tissue.

As mentioned in the previous chapter, there is again the complicating factor of spontaneous

ERK1/2 activation in the neonatal utricle, however the four cell clusters were observed around

dying hair cells, with the background activation being predominantly in single supporting cells,

not in clusters, and not associated with obviously impaired hair cells.

The ERK1/2 activation state of supporting cells surrounding dying hair cells could perhaps be

considered an additional marker in the progression of the hair cell death phenotype. How this

correlates with the myosin and pyknotic state is difficult to say precisely, however it seems to

often be associated with reduced myosin stain and the initial signs of pyknosis in the nuclei

(stages 2-3). Further analysis may better define this relationship, such as detailed

quantification of the phenotype of hair cells surrounding supporting cells with ERK1/2

activated. However the pattern of ERK1/2 activation in both adults and neonates, for different

reasons may not assist in this; in adults, ERK1/2 activated cells are often in pairs or individually,

and so it is not immediately clear to which cell they are responding to. Conversely in the

neonate, the high spontaneous activation makes it difficult to be confident in analysing solely

damage-induced ERK1/2 activation, and data unrelated to damage may be included in analysis.
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4.3.3 Probing ERK1/2 function using U0126 and PD0325901 MEK1/2 inhibitors

Having confirmed neomycin activated ERK1/2 in supporting cells, the MEK1/2 inhibitors U0126

and PD0325901 were used to probe function of neomycin induced ERK1/2 activation in the

adult system.

U0126 is the most commonly used MEK1/2 inhibitor and has been previously used in neonatal

cochlea preparations, where it was shown to afford protection to inner hair cells. The timing

of this inhibition however was important, and protection was not observed following longer

term inhibition (Lahne and Gale 2008) and Gale, unpublished data). Here it was initially used

to inhibit for the 24 hours, as hair cells are being lost at different points throughout the whole

24 hours. U0126 afforded a small, but significant, protection to hair cells in these experiments.

This protection manifested as both an increase in number of healthy hair cells by MyoVIIa

staining, and also through a reduced number of pyknotic hair cell nuclei. This suggests that the

blocking of ERK1/2 activation is slowing the progression of hair cell death as more hair cells

remain in the healthy state, with fewer progressing to the pyknotic, myosin negative state.

Whether ERK1/2 activation is involved in mediating clearance of these dead cells could not be

investigated at this time point however, as the pyknotic nuclei and cell corpses persist in the

epithelia at 24 hours. Future work extending the time point to 48 hours may inform further on

this.

PD0325901 was used to further probe the role of ERK1/2 signalling, as U0126 is known to have

a number of off-target effects (discussed previously). PD0325901 however produced an

intermediate result, neither significantly different from the U0126 data, or the neomycin data.

There was however a consistent trend to increased numbers of hair cells at both the tested

doses of 10nM and 3μM. 

There was also a further trend towards a greater number of total hair cells at the higher

PD0325901 dose, suggesting perhaps that dying cells are being retained for longer in the

epithelium. This could also result from increased fragmentation of the pyknotic cell nuclei. A

single fragmented corpse could be easily counted as two separate cells, and the fact the

increase in total hair cells is due to an increased pyknotic component suggests that this could

be the case.

All these differences using PD0325901 are however not significant, only indicating trends in

the direction predicted from the U0126 data. Having said this, it seems fair to state that all the
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ERK1/2 inhibitors are behaving in a broadly similar manner, having only a modest effect on

progression of hair cell death. This is backed up by the fact there is no significant difference

between the healthy hair cells remaining in U0126 or PD0325901.

The data obtained using pharmacological inhibition of MEK1/2 provides a somewhat unclear

picture. There is a suggestion that ERK1/2 activation may be playing a role in progression of

hair cell death, as in some cases the small differences observed with the different inhibitors

are significant, whilst not in others. Despite this, the broad pattern is consistent across both

U0126 and PD0325901 and supports the assertion that the small effect of inhibition arises

from targeting ERK1/2, as opposed to off-target inhibition of ERK5.

Use of pharmacological inhibitors produces a broad spectrum inhibition, across the whole

tissue, making no distinction of cell type. It is therefore conceivable that any positive

protective effect of preventing ERK1/2 activation in supporting cells may be masked by a

negative effect of knocking down ERK1/2 in other cells. Both U0126 and PD0325901 were not

detrimental to hair cell survival in control conditions as assessed at 24 hours by myosin and

DAPI staining, suggesting no overt negative effect associated with ERK1/2 inhibition. However,

whilst there is no obvious ERK1/2 activation in other cells when exposed to neomycin, this

cannot be ruled out and there may be a direct negative effect on hair cells which reduces the

protective effect. Interestingly this long term inhibition data in the adult utricle in control

conditions contradicts with previous data suggesting ERK1/2 signalling is important for hair cell

survival in neonatal cochlea under control conditions (Battaglia, Pak et al. 2003).

4.3.4 Summary

This chapter provides further data to support the association of ERK1/2 signalling in supporting

cells with damage to the hair cells. Such activation is present in both neonates and adults

following neomycin exposure, although there is a question of whether neonates have a greater

response or are more responsive to the localised damage signal released from the hair cell.

The clustered pattern and location in relation to dying cells, which are also observed at low

density in control samples, strongly suggest that it is not a direct effect of neomycin, rather a

localised response in supporting cells to the dying hair cell.

However, use of inhibitors as provided a somewhat inconclusive assessment of the function of

supporting cell ERK1/2 activation in the adult tissue. Inhibition of this ERK1/2 activity provides

only a small protective effect, and this significance is not maintained across both inhibitors,

although there is consistently a trend towards protection. Combined with the protective
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effect of ERK1/2 inhibition on inner hair cells in the neonatal cochlea, this seems to be a

consistent pattern. However, the small effects seen from this approach may stem from

shortcomings in the pharmacological inhibitors approach to study specific cell signalling within

a complex epithelium, even more so when this signalling is acute and seemingly only active for

a short period in the process.

In order to further probe function, it is necessary to manipulate ERK1/2 signalling exclusively

within the supporting cell, and if possible manipulating in the temporal manner in which the

native damage signal is observed. It is towards this end that the next chapter is focused.
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5 Adenoviral mediated manipulation of
supporting cell ERK1/2 signalling.

5.1 Introduction

The work detailed in previous chapters describes the activation of ERK1/2 in supporting cells

following damage. The activation is seen in both cochlear and vestibular epithelia, and in both

systems there is evidence that it may be important in mediating hair cell death. To further

probe the role of supporting cell specific ERK1/2 activation in hair cell epithelia, it is necessary

to have a protocol which allows manipulation of ERK1/2 signalling, specifically within

supporting cells. The pharmacological inhibition is unsuitable in this regard as it makes no

distinction between different cell types within the epithelia and so their effects are spread

across the whole tissue. Given the multiple roles of ERK1/2, this makes it entirely conceivable

that any positive protective effect of ERK1/2 inhibition in supporting cells may be masked by

an ‘off target’ negative effect arising from ERK1/2 inhibition in other cells of the sensory

epithelia, such as the hair cells themselves. Also, there is the issue of inhibitor specificity; it is

well known that the widely used MEK1/2 inhibitor U0126, can inhibitor ERK5 at higher

concentrations (Bain, Plater et al. 2007). For these reasons it is important to consider other

ways of manipulating ERK1/2 activity.

It has recently been demonstrated that adenovirus will specifically infect supporting cells of

cultured adult utricle, and the protocol does not lead to loss of hair cells or supporting cells

(Lin, Golub et al. 2011; Brandon, Voelkel-Johnson et al. 2012). This new technique therefore

provides a relatively simple method of manipulating cell signalling within the supporting cells

specifically, without resorting to complex mutant mice systems

This technique is used to investigate the functional effects of both ERK1/2 activation and

suppression, specifically within supporting cells. An adenovirus expressing constitutively active

MEK1, the upstream kinase of ERK1/2, alongside a RFP marker, is used to infect supporting

cells and drive constitutive phosphorylation and activation of the endogenous pool of ERK1/2.

An adenovirus expressing a dominant negative MEK1 construct and RFP marker used to knock

down ERK1/2 activation.
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5.2 Results

5.2.1 Adenovirus titre optimisation

Previous work carried out in Dr. Cunningham’s laboratory had suggested a viral titre of

approximately 1x109 PFU ml-1 would be appropriate in producing sufficient supporting cell

infection, whilst not causing substantial hair cell death. At high titres, adenovirus can be

ototoxic, causing loss of hair cells. Similarly, long exposure to adenovirus can also be ototoxic,

however use of a smaller welled plate has reduced the exposure time dramatically from

several hours overnight to just two hours.

This was used as a starting point for these viruses, however it was found that this resulted in

too much infection and so a reduced titre of approximately 6 x 108 PFU ml-1 was used. This

produced a good level of infection, without substantial hair cell death. However, there were

differences between infection efficiencies achieved with each virus, with Ad-RFP resulting in

higher infection efficiency compared to the MEK1 viruses. Further optimisation of the titre

was carried out in order to achieve similar infection efficiency across the different viruses, to

allow comparison between viruses. Use of the same volume of adenovirus to infect, opposed

to the same titre, seemed to produce better matching infection efficiencies between viruses.

The range of titres tested is detailed in the Materials and Methods section, with a volume of

0.5μl adenovirus in a total volume of 15μl the final volume used. 

5.2.2 Ad-RFP infects supporting cells and does not activate ERK1/2.

Utricles were infected with Ad-RFP to confirm the previously reported supporting cell

specificity of infection. Ad-RFP reliably infected supporting cells of adult mice utricles as

expected. This was clear from the morphology of infected cells which spanned from the

basement membrane to epithelial surface and had classic supporting cell polygonal surfaces.

Furthermore, there was no colocalisation with the hair cell marker MyoVIIa (see Figure 5.1).

To determine whether adenoviral infection alone elicited activation of ERK1/2, pERK1/2 was

assayed by immunohistochemistry. Infection with Ad-RFP did not activate ERK1/2, either

within the infected supporting cells, or surrounding uninfected epithelium (including both hair

cells and uninfected supporting cells) (Figure 5.1).
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Figure 5.1: Adenovirus specifically infects supporting cells and does not activate pERK1/2.
Utricle infected with Ad-RFP, cultured for 24 hours, fixed and immunostained for Myo7a (Blue) and pERK1/2
(Green). RFP (Red) is expressed by the adenovirus and fluorescence persists post-fixation. Columns show
individual colours, with merged image shown on the far right. Rows show three individual confocal image planes in
the utricle sensory epithelium, as indicated in the schematic. The XZ projection for a region of interest within the
confocal stack is shown below. The data is representative of 8 utricles. Ad- RFP (Red) specifically infects supporting
, shown by lack of co-localisation of the infected support cell marker RFP (Red) with the hair cell marker, Myo7a
(Blue). Little pERK1/2 staining is observed (Green) with a single pERK1/2 positive cell marked by the white arrow.
pERK1/2 does not co-localise with the infected support cell marker (RFP), indicating that Ad-RFP does not activate
pERK1/2, either within infected supporting cells, or the surrounding sensory epithelium. Scale bars = 10µm.

5.2.3 Ad-RFP infection is not ototoxic.

To confirm that Ad-RFP infection itself did not damage the epithelia, hair cells were quantified

in utricles infected with Ad-RFP and compared with utricles that were sham treated with

culture media containing no adenovirus. In addition, both these groups were compared to

control utricles cultured in the normal manner, without the transfers in and out of serum-free

media that are required in the first two hours post dissection during the adenoviral infection

protocol.

In both sham treated controls and utricles infected with Ad-RFP, there was a reduction of hair

cell number compared to utricles cultured in suspension without media changes (Figure 5.1).

Control utricles had 170 ± 5 (± s.e.m) hair cells, Sham Control utricles 144 ± 11 and Ad-RFP
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utricles 139 ± 8. This suggests that the media changes and transfers associated with the

adenovirus infection protocol results in some hair cell loss, and that sham controls are

required for any analysis.

Figure 5.2: Quantification of hair cell in control conditions.
Confocal images at the hair cell plane show surviving hair cells stained for Myo7a after 24 hours culture. Scale bars
= 10µm. The ‘Control’ group (n=9) is taken from previous experiments, where utricles are immediately after
dissection. The ‘Sham Control’ group (n=5) are transferred into serum free culture media alongside the ‘Ad-RFP’
group (n=8), but has culture media dropped onto the epithelium opposed to adenovirus. Graph illustrate
quantification of these surviving hair cells. There is no significant difference between the Sham Control and Ad-RFP
indicating that adenovirus does not kill hair cells. Error bars show standard error of the mean.

In Figure 5.3 hair cell number from 13 regions of interest is plotted against infected supporting

cell number for Ad-RFP infected utricles. There is no correlation between increasing Ad-RFP

infection and reduced hair cell number (R2 = 0.08). Given this relationship, and the lack of

significant difference in hair cell number between sham and Ad-RFP infected utricles, it is

concluded that Ad-RFP itself does not cause significant hair cell loss.
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Figure 5.3: Number of hair cells plotted against number of supporting cells infected with Ad-RFP.
Points are shown for individual sampled regions (13 regions sampled from 8 utricles), falling in the 10-45 infected
cell range. Whilst there is a suggestion of increased RFP infection correlating with reduced hair cell number, the
majority of points fall within the range of hair cell numbers seen in the sham control utricles: 144. ± 25 (mean ± SD).

This analysis illustrates that adenovirus infection in adult utricles is suitable for studying the

role of ERK1/2 activation in supporting cells. Infection is not ototoxic and, equally importantly,

it does not activate ERK1/2, allowing the pathway to be manipulated with other viruses

expressing MEK1 constructs and to assess the impact this manipulation has on hair cell loss.

5.2.4 ERK1/2 activation does not correlate with Ad-RFP-CAMEK1 infection, when

RFP is under a separate CMV promoter.

The initial approach to activating ERK1/2 used Ad-RFP-CAMEK1, an adenovirus in which

CAMEK1 and the RFP marker are under the control of separate CMV promoters. The RFP

marker and CAMEK1 are therefore transcribed and translated separately, producing two

distinct proteins.

Again, Ad-RFP-CAMEK1 specifically infected supporting cells, as had been seen with infections

with Ad-RFP. Immunohistochemistry was used to assess the activity of ERK1/2 to determine
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whether the virus was driving ERK1/2 activation. Whilst there was a suggestion of the virus

working as expected and driving ERK1/2 phosphorylation in supporting cells, the RFP marker

did not always correlate with pERK1/2 staining with some RFP cells showing little to no ERK1/2

activation (see Figure 5.4).

Analysis to quantify the correlation between adenovirus infection (as indicated by RFP) and

ERK1/2 activation confirmed this observation. A total of 6 sample regions of 37060μm2 were

analysed from utricles infected with Ad-CAMEK1-RFP (n = 5) and Ad-RFP (n = 4). Ad-RFP-

CAMEK1 produced only a relatively modest increase in infected supporting cell ERK1/2

activation, compared to that seen with the control Ad-RFP virus. For utricles infected with Ad-

CAMEK1-RFP, 27 ± 6% of infected cells were double positive for RFP and pERK1/2 label, whilst

in utricles infected with Ad-RFP, 20 ± 6% of infected cells were double positive. These were

expressed as percentages owing to difference in infection efficiencies between the two

viruses. A t-test showed that this difference was not significant (p=0.430).

Figure 5.4: Ad-RFP-CAMEK1 infected support cells do not consistently activate ERK1/2.
Utricle infected with Ad-RFP-CAMEK1 and immunostained for pERK1/2. RFP and ERK1/2 staining do not always
correlate, some cells double label for both (yellow arrow), some show RFP, but no corresponding ERK1/2 activation
(white arrow), whilst others show very specific ERK1/2 activation, yet no RFP expression (blue arrow). Scale bars =
10μm

5.2.5 Ad-CAMEK1-T2A-RFP reliably activates ERK1/2.

In order to overcome the problems associated with correlation between infection and ERK1/2

activation, utricles were infected with a different adenovirus, Ad-CAMEK1-T2A-RFP. This virus

has CAMEK1 and RFP under the control of a single CMV promoter, with the two genes linked

by the ‘self-cleaving’ T2A peptide. This means that both CAMEK1 and RFP are translated in a

1:1 ratio from the same mRNA, removing any issue associated with differential expression

from two CMV promoters (Szymczak, Workman et al. 2004). The same CAMEK1 construct was

used as in the previous Ad-RFP-CAMEK1 virus.
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This virus specifically infects supporting cells, and reliably phosphorylated and activated

ERK1/2 in infected supporting cells (see Figure 5.5). The RFP marker of Ad-CAMEK1-T2A-RFP

always correlates with pERK1/2 immunostaining, and the ERK1/2 activity appeared to not be

effected by the amount of RFP expression.

Figure 5.5: Ad-CAMEK1-T2A-RFP activates ERK1/2 leading to supporting cell expansion.

Utricle infected with Ad-CAMEK1-T2A-RFP, cultured for 24 hours, fixed and immunostained for Myo7a (Blue) and
pERK1/2 (Green). RFP (Red) is expressed by the adenovirus and fluorescence persists post-fixation. Columns show
individual colours, with merged image shown on the far right. Rows show three individual confocal image planes in
the utricle sensory epithelium, as indicated in the schematic. The XZ projection for a region of interest within the
confocal stack is shown below. Ad- CAMEK1-T2A-RFP (Red) specifically infects supporting cells, shown by lack of co-
localisation of the infected support cell marker RFP (Red) with the hair cell marker, Myo7a (Blue). The infected
support cell marker RFP (Red) co-localises with pERK1/2 (Green), indicating that the virus activates pERK1/2, within
infected support cells of the sensory epithelium specifically. Yellow arrows indicate expanded cell surfaces and
phalangeal processes in support cells infected with Ad-CAMEK1-T2A-RFP. Scale bars = 10µm.

5.2.6 ERK1/2 activation alters supporting cell phenotype.

Activation of ERK1/2 in supporting cells infected with Ad-CAMEK1-T2A-RFP elicited a number

of changes in the supporting cell phenotype. Supporting cell surfaces and their phalangeal

processes are much expanded when ERK1/2 is activated (Figure 5.6, yellow arrows), compared

to Ad-RFP infected supporting cells.
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The infected supporting cells are also clearly identified by their actin phenotype. The actin in

each supporting cell appears to be enriched around the cell body, whilst there is an obvious

reduction at the cell surface (see Figure 5.6, red arrows indicate enrichment and green arrow

shows apparent reduction).

Figure 5.6: ERK1/2 activation causes supporting cell expansion and actin relocalisation.
A Shows an example area from a utricle infected with Ad-CAMEK1-T2A-RFP. Yellow arrows indicate expanded cell
surfaces and phalangeal processes in infected supporting cells, compared to utricle infected with Ad-RFP (shown in
B,Actin is enriched in the infected supporting cell body (indicated by the red arrows), whilst there is an apparent
reduction at the cell surface (indicated by the green arrow). Infected supporting cell expansion and altered actin
density is clearly visible in the XZ projection. Scale bars = 10µm.

Another feature was that many of the infected supporting cells were observed in the upper

hair cell layer of the epithelium. These cells did not stain with Myo7a, the hair cell maker, and

also did not display any characteristic actin bundles at their surfaces indicating that these were

not hair cells that infected with virus. Quantification of the number of infected supporting

cells revealed that the number of infected cells remained constant, suggesting that infected

supporting cell nuclei had moved into the upper layer (see Figure 5.7)
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Figure 5.7: Ad-CAMEK1-T2A-RFP causes supporting cell nuclei to move above the supporting cell layer.
XZ projection of a confocal stack showing two locations of transfected support cells within the utricule epithelium.
Myo7a (Green) marks hair cells, whilst RFP marks supporting cells transfected with Ad-CAMEK1-T2A-RFP. DAPI
(Blue) labels cell nuclei. Scale bars = 10µm. Supporting cells transfected with Ad-CAMEK1-T2A-RFP are found both
within in the supporting cell layer (indicated by the white arrow) and above the supporting cell layer, alongside the
hair cells (indicated by the yellow arrow). The changed location of supporting cells was not observed in Ad-RFP
transfections. The number of transfected cells found in and above the supporting cell layer is shown in the graph.
28 ± 2% of supporting cells transfected with Ad-CAMEK1-T2A-RFP are found above the supporting cell layer. Error
bars = standard error of the mean. Ad-RFP: n = 7, Ad-CAMEK1-T2A-RFP: n = 8.

A number of infected supporting cells also displayed a phenotype that was suggestive of

phagocytic activity. Cells in fixed samples were observed apparently ‘pinching off’ hair cell

bundles and having projections extending around healthy hair cells, as though they are

phagocytosing the cells (see Figure 5.8).
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Figure 5.8: Ad-CAMEK1-T2A-RFP causes supporting cells to present phagocytic-like projections around
surrounding hair cells.
CP indicates the cuticular plate level, HC indicates the hair cell level. Scale bars = 10µm.

5.2.7 Live imaging confirms phagocytic activity

In order to confirm the activity and transformation of supporting cells infected with Ad-

CAMEK1-T2A-RFP, live imaging of infected samples was carried out on a spinning disc confocal

microscope (see Materials and Methods).

A mutant mouse line (Atoh-nGFP) in which a GFP marker expression is directed by an enhancer

of the hair cell-specific transcription factor, Atoh1 (Lumpkin, Collisson et al. 2003) allow

visualization of hair cell nuclei in the live tissue, at the same time as the RFP labelled

supporting cells.

Live imaging indicated that hair cell phagocytosis by infected supporting cells, as suggested at

in the fixed samples, was indeed occurring in the tissue. In Figure 5.9, a single GFP-labelled

hair cell nucleus is seen being engulfed by a neighbouring infected RFP positive supporting cell.

The utricles were not subjected to a damage insult (eg. aminoglycosides). This occurred 23

hours after infection, correlating well with the activity seen in tissue fixed at 24 hours.
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Figure 5.9: Live imaging reveals hair cell phagocytosis.
Time lapse images record on a spinning disc confocal image for a utricle infected with Ad-CAMEK1-T2A-RFP (Red)
and cultured in control conditions. n-Atoh1-GFP (Green) labels the hair cell nucleus. The tissue is stable after
infection with adenovirus, with the expanded supporting cell phenotype observed in infected supporting cells.
before the apparently undamaged hair cell is rapidly phaogcytosed by the neighbouring supporting cell at 23hours
post infection. The data to make this figure was obtained by Lindsey May and Dr. Jonathan Gale. Scale bar = 5µm.

5.2.8 ERK1/2 activation significantly reduces hair cell number

To determine whether this increased phagocytic activity in supporting cells affected hair cell

survival, the numbers of hair cells in utricles infected with Ad-CAMEK1-T2A-RFP were

quantified and compared to that in control utricles infected with Ad-RFP.

Utricles infected with Ad-CAMEK1-T2A-RFP had significantly fewer hair cells than those

infected with Ad-RFP after 24 hours culture. Ad-CAMEK1-T2A-RFP utricles had 104 ± 21 hair

cells  per 8500μm2 compared to 139 ± 23 in Ad-RFP utricles (paired t-test, p-value = 0.008).

There was no difference in the number of infected supporting cells between the two samples,

reflecting the selection criteria when sampling regions. This confirms that differences in hair

cell number do not arise from different infection efficiencies in each sample (Figure 5.10).
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Figure 5.10: Ad-CAMEK1-T2A-RFP significantly reduces hair cell number.
Infected utricles were sampled for hair cell quantification. A shows sampled regions in the hair cell plane from
confocal z-stacks are show from utricles infected with Ad-RFP (Control, top row) and Ad-CAMEK1-T2A-RFP
(CAMEK1, bottom row). Utricles were immunostained for Myo7a (Green) and DAPI (Blue) and endogenous viral RFP
(Red) persists post-fixation. Hair cells were quantified by positive Myo7a staining and support cells were quantified
using DAPI staining in the support cell layer. Scale bars = 10µm. Graphs show B counts of surviving hair cells, C
infected support cells and D total support cells. There is a significant reduction in the number of hair cells in utricles
infected with Ad-CAMEK1-T2A-RFP (p<0.001), however there is no significant difference between Ad-RFP and Ad-
CAMEK1-T2A-RFP in either the number of infected support cells or total number of support cells. Error bars =
standard error of the mean. Ad-RFP: n = 7, Ad-CAMEK1-T2A-RFP: n = 8.

In Figure 5.11 hair cell numbers are plotted against infected supporting cell number for each of

the sampled regions. These results further emphasise the effect of Ad-CAMEK1-T2A-RFP

infection reducing hair cell number. Across the whole range of infection efficiencies analysed

(10-45 infected cells per sample), Ad-CAMEK1-T2A-RFP has fewer hair cells than Ad-RFP.

Furthermore, the correlation observed between increasing infection and reduced hair cell

number is increased, as indicated by an increased in R2 value for Ad-CAMEK1-T2A-RFP (R2 =

0.3093), compared to Ad-RFP (R2 = 0.0825)
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Figure 5.11: Number of hair cells plotted against number of supporting cells infected with Ad-RFP and Ad-
CAMEK1-T2A-RFP after 24 hours culture.
Points are shown for individual sampled regions falling in the 10-45 infected cell range. CAMEK1 has fewer hair cells
remaining across all the infection efficiencies. Points show individual sampled regions, for Ad-RFP 13 regions from 8
utricles, for Ad-CAMEK1-T2A-RFP 15 regions from 9 utricles. Lines of best fit equations are: Ad-RFP: y=-0.6489x +
159.99, Ad-CAMEK-T2A-RFP: y=-1.2612x + 139.06.

5.2.9 Hair cell loss is further promoted with increasing duration of ERK1/2

activation.

Utricles were cultured for an additional 24 hours to determine whether the phenotype

progressed over time. Samples were fixed after 48 hours and hair cell quantification carried

out in the same way as those fixed at 24 hours. The results from this time point mimicked that

of 24 hours with substantially fewer hair cells in the Ad-CAMEK1-T2A-RFP infected utricles (84

± 12), compared to Ad-RFP infected (168 ± 14) (shown in Figure 5.13).

The hair cell loss seen in Ad-CAMEK1-T2A-RFP infected utricles is greater at 48 hours than at 24

hours.  Utricles have 84 ± 12 hair cells per 8500μm2 at 48 hours compared to 104 ± 21 at 24

hours. At 48 hours this corresponds to a substantially larger percentage difference between

Ad-CAMEK1-T2A-RFP infected and Ad-RFP infected utricles (50%, compared to 25% at 24
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hours). This difference arises due to both an increase in the number of hair cells present in the

Ad-RFP samples at 48 hours (from 139 ± 23 at 24 hours to 168 ± 14 at 48 hours) and increased

loss in the Ad-CAMEK1-T2A-RFP samples (from 104 ± 21 at 24 hours to 84 ± 12 at 48 hours).

The apparent increase in hair cells in the control, Ad-RFP infected samples, though not

significant, is intriguing and could be due to regeneration/recovery of hair cells. There is

evidence of this in that a number of supporting cells undergoing transdifferentiation and

starting to display hair cell features have been observed in this system (see Figure 5.12). These

cells are however RFP negative, indicating that infection with adenovirus does not promote

transdifferentiation.

Figure 5.12: Evidence of hair cell recovery by transdifferentiation in cultured utricle.
Utricle is immunostained for Myo7a (green) and DAPI (Red). The signal for the Myo7a channel has been boosted by
altering the brightness and contrast parameters in the Zeiss LSM software. For this reasons the surviving hair cells
are saturated. This allows visualisation of low level Myo7a signalling in supporting cells. A single supporting cell
with lower myosin 7a staining is indicated by the blue arrows. A second similar cell is marked by the yellow arrow,
however this appears to be at a different stage with a new hair cell nearly formed in the hair cell layer. Scale bars =
5μm.
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Figure 5.13: Ad-CAMEK1-T2A-RFP significantly reduces hair cell number at 48 hours.
A, Example images of sampled regions at the hair cell plane from confocal z-stacks are show from utricles infected
with Ad-RFP (Control, top row) and Ad-CAMEK1-T2A-RFP (CAMEK1, bottom row) at 48 hour post infection. Myo7a
immunostaining and endogenous RFP are shown in green and red respectively. Scale bars = 10μm. B, Pooled data
of surviving hair cells and infected support cells 24 and 48 hours for Ad-RFP (shaded), and Ad-CAMEK1-T2A-RFP
(unfilled). There is a significant reduction in the number of hair cells in utricles infected with Ad-CAMEK1-T2A-RFP
at both time points (p<0.01). There is no significant difference between infected supporting cells in Ad-RFP and Ad-
CAMEK1-T2A-RFP. N-numbers: Ad-RFP 24 hours n = 8, 48 hours n=6, Ad-CAMEK1-T2A-RFP 24 hours n = 9, 48 hours
n = 6. Error bars = s.e.m.
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Figure 5.14 shows the even stronger correlation between the number of supporting cells

infected with Ad-CAMEK1-T2A-RFP and the loss of hair cells (R2 = 0.577). There is again no

correlation between increasing infection and hair cell loss in utricle infected with Ad-RFP (R2 =

0.023).

Figure 5.14: Number of hair cells plotted against number of supporting cells infected with Ad-RFP and Ad-
CAMEK1-T2A-RFP after 48 hours culture.
Points are shown for individual sampled regions falling in the 10-45 infected cell range. CAMEK1 has fewer hair cells
remaining across all the infection efficiencies. Points show individual sampled regions, for Ad-RFP 9 regions from 6
utricles, for Ad-CAMEK1-T2A-RFP 9 regions from 6 utricles. Lines of best fit equations are: Ad-RFP: y=-0.7668x +
193.81, Ad-CAMEK-T2A-RFP: y=-2.3446x + 153.36.

Quantification of all supporting cells (including infected cells in the hair cell layer) showed

there to be reduced density at the 48 hour time point in utricle infected with Ad-CAMEK1-T2A-

RFP, compared to utricles infected with Ad-RFP. Ad-CAMEK1-T2A-RFP utricles had 205 ± 10

supporting cells per 8500μm2 compared to 231 ± 5 in Ad-RFP utricles. This difference was

significant with a t-test p-value of 0.013 (see Figure 5.15).

There are a number of cells at this later time point which appear to have punctate RFP

suggesting the formation of intracellular aggregates (Figure 5.15). These punctate cells are
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commonly negative for pERK1/2 staining, which, taken together, could suggest that the cells

are impaired. However the nuclei of these cells are not pyknotic, and so they are not at that

stage of apoptosis. Extrusion of infected cells from the epithelia may also occur and in both

fixed tissue and live-imaging some infected supporting cells that are present in the hair cell

layer are seen ‘blebbing’ from the top of the epithelia, as if they are in the process of being

extruded (Figure 5.15C).

Figure 5.15: Infection with Ad-CAMEK1-T2A-RFP leads to reduced supporting cell density after 48 hours culture.
Graph in A shows quantification of supporting cells using DAPI signal. Error bars show standard error of the mean.
There are significantly fewer supporting cells in the CAMEK1 utricle (p=0.013). Confocal images taken from the
supporting cell plane in utricles infected with Ad-RFP (top) and Ad-CAMEK1-T2A-RFP (bottom) illustrate this
difference in density. B confocal images from the hair cell plane of utricles infected with Ad-CAMEK1-T2A-RFP
illustrate the infected cells containing punctate RFP staining are negative for ERK1/2 staining (indicated by the blue
arrow). C shows a z-projection of a confocal stack of an Ad-CAMEK1-T2A-RFP infected utricle. The supporting cell
indicated by the yellow arrow has moved out of the supporting cell plane and is ‘blebbing’ from the top of the
epithelium (red arrows). Scale bars = 10μm.

5.2.10 Activation of supporting cell ERK1/2 does not alter response to neomycin.

Utricles infected with Ad-CAMEK1-T2A-RFP were exposed to 1mM neomycin for 24 hours to

determine whether CAMEK1-driven ERK1/2 activation in supporting cells alters the response to

neomycin-induced hair cell damage. The previous experiments have been carried out in

control conditions and indicate that ERK1/2 activation can drive phagocytosis of healthy hair

cells; however it is not known how the infected cells will respond differently to damage signals

released from dying hair cells.

Ad-RFP infected utricles showed a significant reduction in hair cells when exposed to 1mM

neomycin for 24 hours. These utricles has 103 ± 8 hair cells per 8500μm2, a significant
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reduction compared to the 139 ± 8 hair cells in the control sample (p<0.01), corresponding to

an approximately 25% reduction.

However, there was no such significant hair cell reduction in utricles infected with Ad-

CAMEK1-T2A-RFP in the presence of 1mM neomycin. Control utricles infected with Ad-

CAMEK1-T2A-RFP had 105 ± 7, compared to 84 ± 9 hair cells per 8500μm2 in utricles exposed

to 1mM neomycin. A p-value of 0.194 reflected no significant difference between the two

samples. Likewise there was no significant difference between Ad-RFP and Ad-CAMEK1-T2A-

RFP infected utricles in the presence of 1mM neomycin (p=0.238). Activation of ERK1/2 within

supporting cells did not therefore accentuate ototoxicity in response to neomycin. These

results are illustrated in Figure 5.16.

Figure 5.16: Activation of ERK1/2 does not cause increased ototoxicity in the presence of neomycin.
A, Quantification of hair cells in utricles infected with Ad-RFP (grey bars) or Ad-CAMEK1-T2A-RFP (white bars), in the
presence or absence of 1mM neomycin after 24 hours culture. Control data is shown previously in Figures 5.10 and
5.13 and provides the comparison. (* indicates p<0.01) B, Examples of sampled regions in the hair cell plane from
confocal z-stacks are show from utricles infected with Ad-RFP (Control, top row) and Ad-CAMEK1-T2A-RFP
(CAMEK1, bottom row) after 24 hours culture with 1mM neomycin. Myo7a immunostaining and endogenous RFP
are shown in green and red respectively. The final single confocal images showing Myo7a staining are taken from
24 hour controls as a point of comparison to the 1mM neomycin exposed samples. Scale bars = 10μm. N-numbers:
Ad-RFP Control n = 8, 1mM neomycin n = 6, Ad-CAMEK1-T2A-RFP Control n = 9, 1mM neomycin n = 6. Error bars =
s.e.m.

A feature of hair cell death in the utricle noted in the chapter 4 is the presence of apoptotic

‘corpses’ that are negative for the hair cell marker, MyoVIIa, yet present in the hair cell layer

after death. ‘Apoptotic corpses’ were quantified in the adenovirus infected samples to

determine whether ERK1/2 activation in supporting cells affected the removal of these

corpses, as with the increased phagocytic activity of supporting cells it might be expected that

apoptotic hair cells would be removed more rapidly.

Figure 5.17 shows quantification of apoptotic hair cells (‘corpses’) in adenovirus infected

utricles treated with 1mM neomycin. In control conditions, despite a reduction of healthy hair
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cells in utricles infected with Ad-CAMEK1-T2A-RFP, there is no corresponding increase in

pyknotic nuclei. The simplest explanation is that the lost hair cells are being phagocytosed and

cleared by the activated supporting cells. This contrasts with neomycin induced hair cell loss

where a loss of healthy MyoVIIa positive hair cells is reflected by an increased in apoptotic

myosin negative hair cells (5.17B).

There is a trend towards fewer apoptotic hair cells in the Ad-CAMEK1-T2A-RFP infected utricles

(28 ± 4), compared to Ad-RFP infected controls (46 ± 7) (not a significant difference, p=0.088),

potentially supporting the hypothesis of increased phagocytosis and ‘corpse’ clearance.

However, when considering the total number of hair cells present (both apoptotic ‘corpses’

and healthy) there is no difference between control and neomycin conditions, suggesting that

there is no difference in removal between the two (see Figure 5.17C).

Figure 5.17: Activation of ERK1/2 does not alter progression of hair cell death following neomycin exposure.
Graphs illustrate (A) counts of healthy hair cells (indicated by positive myosin 7a stain), and shown previously in
Figure 5.16, provided here for comparison (B) apoptotic hair cells (pyknotic DAPI signal) and (C) total hair cells (both
healthy and apoptotic). There is no significant difference between healthy hair cells or apoptotic hair cells after
neomycin treatment in utricles infected with Ad-RFP or Ad-CAMEK1-T2A-RFP. The total hair cell count is the same
in both control and neomycin exposed conditions with neomycin increasing the proportion of apoptotic hair cells.
31 ± 5% are apoptotic in Ad-RFP infected samples, compared to 27 ± 3% in Ad-CAMEK1-T2A-RFP infected samples,
indicating no difference in the response to 1mM neomycin. . N-numbers: Ad-RFP Control n = 8, 1mM neomycin n =
6, Ad-CAMEK1-T2A-RFP Control n = 9, 1mM neomycin n = 6. Error bars = s.e.m.

5.2.11 Ad-DNMEK1-T2A-RFP offers no protection against neomycin ototoxicity, but

does not completely block ERK1/2 activation.

Following the success of using the T2A system, Ad-DNMEK1-T2A-RFP was produced to further

probe the function of ERK1/2 activation in the supporting cells of the adult utricle.

In control conditions, utricles infected with Ad-DNMEK1-T2A-RFP showed the same supporting

cell specificity of infection. Furthermore, Ad-DNMEK1-T2A-RFP did not cause any significant
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hair cell loss when compared to Ad-RFP infected utricles (see Figure 5.18). Ad-DNMEK1-T2A-

RFP infected utricles had 128 ± 6, compared to 139 ± 8 hair cells per 8500µm2 in the Ad-RFP

controls. There was a slight trend to fewer hair cells in the Ad-DNMEK1-T2A-RFP infected

utricles, however these utricles also had a trend to higher infection efficiencies, which could

explain this.

Figure 5.18: Ad-DNMEK1-T2A-RFP does not significantly reduce hair cell number.
A, Infected utricles were sampled for hair cell quantification. Example images of regions in the hair cell plane from
confocal z-stacks are show from utricles infected with Ad-RFP (Control, top row) and Ad-DNMEK1-T2A-RFP
(DNMEK1, bottom row). Utricles were immunostained for Myo7a (Green) and DAPI (Blue) and endogenous viral
RFP (Red) persists post-fixation. Hair cells were quantified by positive Myo7a staining and support cells were
quantified using DAPI staining in the support cell layer. Scale bars = 10µm. B, graphs show (from left to right)
counts of surviving hair cells, infected support cells and total support cells. There is no significant reduction in the
number of hair cells in utricles infected with Ad-DNMEK1-T2A-RFP (p=0.2564). There is no significant difference
between Ad-RFP and Ad-CAMEK1-T2A-RFP in either the number of infected support cells (p=0.0836) or total
number of support cells. N-numbers, Ad-RFP: n = 8, Ad-DNMEK1-T2A-RFP: n = 6. Error bars = s.e.m

Utricles infected with Ad-DNMEK1-T2A-RFP were therefore exposed to neomycin to determine

whether the construct was functional and able to suppress ERK1/2 phosphorylation and

activation, and if so, whether such suppression afforded protection to hair cells. A 1mM
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neomycin insult activates ERK1/2 in a relatively small subset of supporting cells when probed

24 hours after application of the drug (as is the case in these fixed samples). Given an

infection efficiency of approximately 15%, the chances of adenovirus infected supporting cells

being caught at the point when ERK1/2 is activated is quite low, independent of the

adenovirus used (Ad-RFP or Ad-DNMEK1-T2A-RFP). Therefore, in these experiments a stronger

insult of 3mM neomycin was used. This treatment causes a much larger amount of hair cell

death, and a corresponding increase in the amount of supporting cell ERK1/2 activation. It was

clear from these data that Ad-DNMEK1-T2A-RFP was unable to fully block activation of ERK1/2

(Figure 5.19), suggesting that the endogenous MEK1/2 was able to overcome this action during

damage signalling.
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Figure 5.19: Ad-DNMEK1-T2A-RFP is unable to block activation of ERK1/2.
Utricles infected with Ad-RFP and Ad-DNMEK1-T2A-RFP, exposed to 3mM neomycin and fixed after 24hours. pERK
staining is shown in green, and the endogeneous RFP stain in red. ERK1/2 is activated following hair cell damage
induced by 3mM neomycin treatment. For both viruses, there are cells which co-label for ERK1/2 and RFP and
appear yellow (indicated by blue arrows), showing that DNMEK1 cannot block endogenous ERK1/2 activation. Scale
bars = 10µm.

Utricles infected with Ad-DNMEK1-T2A-RFP were exposed to 1mM neomycin to determine

whether there was a change in phenotype, which would perhaps further inform whether the

DNMEK1 construct was working. In utricles infected with Ad-DNMEK1-T2A-RFP neomycin did

not cause a significant decrease in hair cell number, as it does with Ad-RFP infected utricles

(see Figure 5.20A), suggesting that Ad-DNMEK1-T2A-RFP is having some effect. This is

emphasised when normalising hair cell loss to infected supporting cells (see Figure 5.20B).

However, the difference between normalised hair cell lost between Ad-RFP and Ad-DNMEK1-

T2A-RFP is not significant (p-value = 0.211) and quantification of raw hair cell number
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indicates that Ad-DNMEK1-T2A-RFP affords no significant protection of hair cells (see Figure

5.20A).

Figure 5.20: Ad-DNMEK1-T2A-RFP does not afford protection hair cells.
A shows hair cell quantifications in utricles infected with Ad-RFP (grey bars) or Ad-DNMEK1 (white bars) after 24
hours culture in the presence of absence of 1mM neomycin. There is no significant difference between Ad-RFP
infected utricles and Ad-DNMEK1-T2A-RFP infected utricles after 24hours in 1mM neomycin. Likewise, there is no
significant hair cell loss in the presence of neomycin for Ad-DNMEK1-T2A-RFP infected utricles. B shows hair cell
loss normalized to number of infected hair cells. Hair cell loss is calculated based on reduction to mean of control
cultured utricles, which do not undergo the viral infection protocol (hence the loss in Ad-RFP under control
conditions). This emphasizes the increase in hair cell loss in utricles infected with Ad-CAMEK1-T2A-RFP in control
conditions. 1mM neomycin produces a significant increase in the number of hair cells lost in Ad-RFP, whilst no such
increase is present in either CAMEK1 or DNMEK1 – hair cell loss remains significant in CAMEK1, and remains lower
in DNMEK1. However, the difference in normalised hair cell loss between Ad-RFP and Ad-DNMEK1-T2A-RFP is not
significant (p-value = 0.211) N-numbers: Ad-RFP Control n = 8, 1mM neomycin n = 6, Ad-CAMEK1-T2A-RFP Control n
= 9, 1mM neomycin n = 6, Ad-DNMEK1-T2A-RFP Control n = 6, 1mM neomycin n = 5. Error bars = s.e.m.
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5.3 Discussion

5.3.1 Manipulation of ERK1/2 activation in supporting cells

An adenovirus expressing constitutively active MEK1, the upstream kinase of ERK1/2, has been

used to infect supporting cells of the mature mammalian utricle and drive constitutive

phosphorylation and activation of the endogenous pool of ERK1/2. This has demonstrated

that activation of ERK1/2 in supporting cells is sufficient to drive hair cell death. Live-imaging

studies indicate that supporting cells expressing activated ERK1/2 remove undamaged hair

cells via phagocytic engulfment.

In order use the adenovirus infection protocol, it is necessary for infection with control Ad-RFP

virus to have no effect on ERK1/2 activation. Data presented herein confirm that this is the

case with Ad-RFP infected cells being indistinguishable from uninfected cells with regards to

ERK1/2 immunostaining. Furthermore, adenovirus infection itself did not alter ERK1/2

activation in the tissue in general.

The initial strategy for activating ERK1/2 utilised a standard viral construct in which CAMEK1

and the RFP marker were expressed from separate CMV promoters. This produced a strong

mosaic pattern of activation, however, there was no reliable correlation of RFP with ERK1/2

activation, suggesting there was an issue with timing or relative expression of the two genes,

as opposed to function of the CAMEK1 construct itself.

An alternative approach whereby the CAMEK1 and RFP were under control of a single CMV

promoter overcame this problem. The two proteins were linked by the viral T2A peptide. This

peptide promotes a skip in peptide bond formation, producing two separate proteins in a 1:1

ratio, and this has been used to improve the co-expression of two genes (Szymczak and Vignali

2005). However, the efficiency of this skipping mechanism varies between cell types and it

was not known what the situation would be in these utricles (Kim, Lee et al. 2011).

This chapter shows that this approach was successful in the utricle and ERK1/2 was reliably

activated in supporting cells and correlated with RFP expression. This result suggests that the

T2A construct will be a valuable tool when requiring expression of a gene that correlates with a

fluorescent marker in the inner ear, without using fusion proteins which may alter the

properties of the individual proteins. Compared to the two gene/two separate CMV promoter

construct, the T2A construct proved to be a major improvement.
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The Ad-DNMEK1-T2A-RFP provides a good control for the T2A peptide in so far as the result of

ERK1/2 activation; the DNMEK1 adenovirus contains the same T2A peptide as the CAMEK1

adenovirus, yet displays a different phenotype, ruling out the possibility of the CAMEK1

phenotype being a result of the T2A peptide expression system. This also reduces any

concerns regarding the ribosome skipping efficiency of the T2A peptide affecting outcome.

However, prior to any further work using the T2A expression system, it may be advisable to

test a control T2A peptide, whereby the two genes expressed are both fluorescent markers,

and not genes of interest, to assess skipping efficiency. These experiments have however been

carried out in other expression systems, including human cell lines, zebrafish embryos and

adult mouse tissue. Two fluorescent markers, each attached to either a membrane or nuclear

localisation signals were separated by 2A peptides and expressed in each system to assess the

efficiency of ribosome skipping and production of the two proteins. These data found T2A to

be relatively efficient at promoting ribosome skipping and production of two distinct proteins,

with over 50% efficiency in all three systems (Kim, Lee et al. 2011).

One very useful feature that was evident when using this system; low RFP expressing cells

have similar intensity of pERK1/2 staining to high RFP expressing cells, suggesting that

CAMEK1/2 is driving the endogenous ERK1/2 to a maximum level of activity. This means the

RFP is not only a reliable marker of ERK1/2 activation, but also the intensity of RFP staining is

not important in analysis of the ERK1/2 activity. If any RFP expression is seen, ERK1/2 is being

activated to a maximum level in the RFP expressing cell. Subsequent analysis of samples which

are not counter-stained for ERK1/2 can rely on this, in both fixed samples and live-imaged

samples (in which it is not possible to counter stain for ERK1/2 anyway). However, there is the

caveat that this should only be taken for the earlier time points. At the later 48 hour time

point, some infected cells showed RFP aggregates and were no longer positive pERK1/2

staining.

pERK1/2 can be localised within the cell nucleus or cytoplasm, and this localisation can be

important in determining the outcome of ERK1/2 signalling, by determining the targets that

ERK1/2 is able to phosphorylate. For example, preventing pERK1/2 translocating to the

nucleus, prevents it from activating certain transcription factors (Ebisuya, Kondoh et al. 2005).

ERK1/2 localisation in the infected supporting cells seems to be higher in the cytoplasm, with

reduced intensity being seen in the nucleus. This may reflect that ERK1/2 can be activated to

higher levels in the cytoplasm than the nucleus. However this pattern does correlate well with

previous observations in both laser-damaged and aminoglycoside-exposed utricles where

ERK1/2 activation is higher in the cytoplasm of the cells (see previous chapters). Therefore,
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whilst the temporal pattern of ERK1/2 activation may differ when driven by the CAMEK1

construct, the basic spatial pattern of ERK1/2 activation appears to be similar.

5.3.2 The effect of supporting cell ERK1/2 activation

Constitutive activation of ERK1/2 in supporting cells elicited a number of changes in the

properties of the supporting cell, including actin reorganisation and cell movement and

expansion, indicating a transformation had occurred.

The apparent reduction in apical filamentous actin may reflect reduced concentration arising

from the expanded phenotype, opposed to an actual reduction. However given the increased

concentration in the hair cell and supporting cell layer it is tempting to suggest that the actin

has relocalised within the cell following activation of ERK1/2. This is a very consistent

phenotype, with all infected supporting cells displaying it and is interesting given the actin

observations in other systems. In the avian system, actin rich ‘phagosomes’ are observed

surrounding dying hair cells in (Bird, Daudet et al. 2010). Furthermore, increased

concentrations of apical filamentous actin have been shown to correlate with the reduction in

proliferative capacity and ability to re-enter the cell cycle in mammalian systems (Burns,

Christophel et al. 2008). The supporting cell phenotype induced by CAMEK1 therefore shares

some features with the regenerative chick system.

The enriched actin about the cell bodies also reveals a number of projections extending from

the infected cells. These often extend out and surround hair cells, and in some cases

completely enclose hair cells. Similarly, pinching like activity is also observed about hair cell

bundles. Live imaging data showed phagocytosis of hair cells by infected supporting cells and

it seems reasonable to suggest that this correlates with the phenotype observed in the fixed

samples. This is remarkably consistent with phagocytosis of hair cells reported in chick (Bird,

Daudet et al. 2010).

ERK1/2 activation also causes an expanded supporting cell phenotype, seen in both an

increased cell surface area, and also total volume. This amount of cell expansion varies, and in

the more extreme cases it seems possible that these expanded cells may contain additional

cellular material. This is evidenced by some fixed cells showing remnants of MyoVIIa staining

within them, as well as the live imaging engulfment. Furthermore these expanded cells are

often located in the hair cell layer of the epithelium, perhaps having moved to fill the space of

an absent hair cell. The fact that there is often localised hair cell loss around these expanded

and relocalised supporting cells further supports this.
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The phenomena described above suggest that activated supporting cells removed hair cells by

phagocytosis, with expanded supporting cells filling the vacated space. Cell counts reflected

this with a reduced number of hair cells in utricles infected with CAMEK1, compared to utricles

infected with control RFP. Whilst there was a substantial difference between the two groups,

it is possible that supporting cell expansion could be contributing to this by pushing hair cells

outside of the field of view. This means an observed reduction would not reflect hair cell

death. However this was consistent across several sampled regions, and if cells were being

pushed outside the field of view, you would expect a corresponding increase in other sampled

regions of the same utricle, suggesting this is not the case. Furthermore, the fact that

phagocytosis was observed in live imaging suggests this was unlikely and quantification of

supporting cells in the field of view confirmed there was no significant difference in supporting

cells numbers in the sampled areas of the two groups. There is a trend towards reduced

supporting cell density in the Ad-CAMEK1-T2A-RFP utricles. One possibility is that some

supporting cells are being phagocytosed by the infected supporting cells. Figure 5.10

illustrates these results.

Extending the culture period a further 24 hours to 48 hours led to an even greater hair cell loss

in CAMEK1 infected utricles, compared to RFP controls. The trend towards further reduction

in hair cells at the later time point is not associated with increasing numbers of infected

supporting cells, nor in an increase in the number of cells expressing CAMEK1 over time, as

there is no significant difference between the number of infected supporting cells in any of the

conditions. This suggests that the phenotype progression with increasing time results from

maintained activity and phagocytosis by the infected cells. This therefore provides further

support that activation of ERK1/2 is driving hair cell death, especially give the control utricles

improve over this period and the ERK1/2 activation removes any improvement.

At 48 hours post infection there was an approximate 10% reduction in supporting cells in

utricles infected with Ad-CAMEK1-T2A-RFP, compared to those infected with Ad-RFP (Figure

5.15A). The difference in supporting cell number may arise from phagocytosis of supporting

cells by the infected cells, and there is nothing to suggest this isn’t taking place. However it is

also possible that the loss results from the death of infected supporting cells.

There is evidence for the latter in that some supporting cells appear to be impaired at this later

time point. Punctate RFP staining is observed and often correlates with a loss in ERK1/2

activation. Furthermore, infected cells are potentially seen being extruded from the

epithelium. In this case the unmodified supporting cells may be acting to remove the
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transformed supporting cell from the epithelia, perhaps responding in a manner analogous to

that in hair cell damage.

An interesting observation was that there was reduced ototoxicity of 1mM neomycin in the

sham treated samples which underwent the protocol media changes, compared to that seen in

previous neomycin experiments detailed in Chapter 4. This could potentially result from the

stress to the utricle during the viral infection protocol (media changes/transfers etc.), priming

the utricles and protecting against hair cell death. Such protection is seen following heat shock

both in organotypic cultures (Cunningham and Brandon 2006) and in vivo (Yoshida, Kristiansen

et al. 1999) and it seems possible that a similar stress based protection may be occurring here.

Stress based protection may help to explain the observation that infection with Ad-CAMEK1-

T2A-RFP did not accentuate ototoxicity following neomycin treatment; it may be that CAMEK1-

driven ERK1/2 activation is unable to overcome this protection. Alternatively, the lack of

additive effect may indicate CAMEK1 cells do not respond to the damage signal in the manner

of uninfected supporting cells. This is perhaps unsurprising as it seems likely that the temporal

characteristics of the damage induced ERK1/2 pathway are important in controlling response.

When constitutively active these cells are unlikely to be able to transmit important spatial

and/or temporal cues downstream, and therefore coordinate a response with the damage

signal. The conclusion is that CAMEK1 is not priming the supporting cells to respond to a

damage signal, but rather is driving them independently of damage.

These data seems to support the original hypothesis of this work that ERK1/2 activation in

supporting cells can drive hair cell death, by activating a phagocytic supporting cell phenotype.

The approach of targeting MEK, the upstream kinase, as opposed to ERK1/2 directly is a good

one as it means we are not increasing the endogenous capacity for ERK1/2 activity, rather we

are just activating it maximally. However the relevance of this is to the native activation

described in previous chapters is debatable. Whilst overcoming the localisation of activation

that was previously, the issue surrounding timing of activation remains. Activation following

damage is transient and persists for only a short time; up to an hour afterwards. This is clearly

a key difference here using the adenovirus, where ERK1/2 activation is chronic, coming on with

expression of the CAMEK1, and remaining until the cell becomes impaired. This may well

explain the striking supporting cell transformation that is observed, with the phenotype being

more severe than that observed in transient activation. Further live imaging experiments

could be used at early times to observe the RFP expression switching on and determine how

this correlates in time with some of the phenotype changes. However, precisely mimicking the
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temporal activation of ERK1/2 to that seen following native damage is likely to be challenging,

requiring different inducible constructs.

5.3.3 DNMEK1 construct is unable to block endogenous ERK1/2 activation

The T2A expression system was used to attempt to block ERK1/2 activation with a dominant

negative MEK construct (DNMEK1). This virus appeared to induce no overt phenotype change

in terms of cell structure, as had been seen in with activating ERK1/2, and there was no

significant hair cell death in control conditions. This provides a good control for the CAMEK1

T2A construct, suggesting that the supporting cell activity and hair cell loss observed with Ad-

CAMEK1-T2A-RFP is not a result of T2A peptide expression. However this provided no

indication to whether the DNMEK1 construct suppresses ERK1/2 activation in situ, as there is

limited ERK1/2 activation in control conditions.

Counts of hair cells were made following neomycin exposure to determine whether DNMEK1

had a functional impact on hair cell survival, as would be expected if ERK1/2 activation is

promoting hair cell death. These counts revealed no significant hair cell protection afforded by

DNMEK1, suggesting that either the construct was not working and blocking ERK1/2 activation,

or that blocking this activation had no impact. When normalising the hair cell loss data to

number of infected supporting cells however, there appears a reduction in hair cell loss in the

DNMEK1, compared to the RFP control, which would perhaps argue that the DNMEK1

construct is able to protect against aminoglycoside induced ototoxicity. This difference

however is again not significant and the question arises as to whether the DNMEK1 is

functioning as hoped.

A 3mM neomycin insult was used to probe the activity of DNMEK1, as this produced much

greater hair cell loss, and correspondingly increased ERK1/2 activation. Whilst the supporting

cell ERK1/2 activation is widespread under these conditions after 24hours culture, it is unlikely

to be a direct effect of neomycin as this is 24hours after the initial exposure, and there is still

association with dying hair cells. Regardless, the mechanism by which ERK1/2 is activated is

likely to proceed through MEK1/2, whether it is damage induced or a direct effect of

neomycin, and so it provides a good system in which to test the activity of the DNMEK1.

Under these conditions, it is clear that the DNMEK1 construct was unable to fully block ERK1/2

activation; cells infected with the construct did not appear to be distinguishable from

uninfected cells when looking at their ERK1/2 activation, using pERK1/2 staining. However,

there did not appear to be the brightly pERK1/2 stained cells, as there was in the control
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utricles infected with Ad-RFP. This suggests that perhaps the construct is effective to a degree,

but is not able to prevent activity of endogenous MEK1/2 which is still present.

This then may not provide a good construct in which to investigate blocking ERK1/2 within

supporting cells, however it is the best we have available at the present time. A conditional

knock out animal, whereby Ad-Cre could be used to switch off ERK1/2 activation specifically in

supporting cells may be a more suitable approach here.

5.3.4 Adenovirus infection, sampling and analysis

Sampling regions of the utricle, opposed to analysing the whole utricle, helped minimise

differences between samples, by sampling regions of equivalent infection efficiency.

Extrastriolar regions were sampled for analysis and an infection efficiency of 10-45 infected

supporting cells per 8500μm2 sample region was required for each region to be included in

analysis.

This selection was carried out to prevent bias against any viral affect in the case of low

infection levels - a field of view with very few infected cells may have too large a number of

uninfected supporting cells to observe any effect. The upper limit was set based on infection

data from Ad-RFP suggesting higher infection rates were associated with reduced cell density,

either due to Ad-RFP preferentially infected regions of low density arising from

dissection/culture protocol, or high Ad-RFP doses being ototoxic.

The plot of surviving hair cells against number of infected supporting cells (Figure 5.3) suggests

that there may be a weak correlation between increasing infection and reduced hair cell

number. Furthermore, the majority of hair cells lost falls within the range of the sham

controls. However there is a suggestion that increasing infection does cause increased hair cell

death. This is not surprising given two other observations from the adenovirus protocol.

Firstly, it is common for regions that are damaged during dissection to display much higher

levels of adenoviral infection, all the supporting cells in a damage area being infected. This is

very different from the usual scattered mosaic pattern of infection observed in undamaged

tissue. The second observation is that stressed or impaired regions, arising during dissection,

have an associated reduction in hair cell number. This is seen in all experiments involving

utricle dissection. It follows therefore that regions of high adenovirus infection will have fewer

hair cells, and the conclusion here is that it is not that adenovirus infection itself that kills hair

cells. The upper limit of 45 infected supporting cells per sample should minimise any selection

of damaged region.
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It is also the case that in many samples, there appeared to be loss of hair cells within the

striolar region. The striolar region was excluded from analysis in the aminoglycoside exposure

experiments presented previously, potentially due to hair cell death in the region associated

with dissection and culture, and the same exclusion was carried out in this analysis. In the

absence of a striolar marker however, samples were taken from the periphery to ensure

sampling of extrastriolar regions only. Striolar regions also displayed higher infection

efficiency than extrastriolar regions, emphasising the difference between the two regions and

perhaps providing further evidence that adenovirus preferentially infected regions of lower

hair cell density.

Identification of the different cell types within each sampled region is essential for the analysis,

given the change in supporting cell phenotype induced by Ad-CAMEK1-T2A-RFP. MyoVIIa

expression marks hair cells, and supporting cells are identifiable from their position in the

epithelium, as was the case with the aminoglycoside experiments presented in the previous

chapter. In these adenovirus-infected samples, the RFP clearly marks the infected supporting

cells.

However, there were a number of cells located above the supporting cell layer, in the hair cell

layer, which were not positive for myosin, and therefore of uncertain identity. Of these cells,

those that were RFP positive were likely supporting cells that had moved from the supporting

cell layer, and in agreement with this there was commonly a corresponding gap in the

supporting cell layer beneath them. They were thus considered as infected supporting cells for

the analysis. It is possible that these were virally infected hair cells, however the absence of

hair cell bundles and the position of the cell surface within the reticular laminar would argue

against this. Whilst there is a remote possibility that there were adenovirus-infected hair cells

included in this analysis, it is likely to be very much in the minority. There was a further subset

of uncertain cells that were pyknotic, and not positive for either RFP or MyoVIIa. These are

either apoptotic hair cells or apoptotic supporting cells that have moved into the hair cell

layer. The simplest explanation given the placement in relation to surviving hair cells suggests

that the majority were apoptotic hair cells. Pyknotic supporting cells were occasionally seen

within the supporting cell layer, suggesting that these cells do not necessarily move out of the

supporting cell layer when they are dying. Figure 5.12 shows that there was some evidence of

transdifferentiating supporting cells that displayed low levels of myosin staining, yet clear

supporting cell morphology and localisation. These cells were not counted as hair cells and

were very rare and so were very unlikely to have impacted on the analysis here. However,

transdifferentiation of supporting cells to produce hair cells provides an explanation for the
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observed increase in hair cells observed at the 48 hour time point. If this is the case, the fact

that very few cells are seen in the intermediate stage of transdifferentiation suggests that this

stage is relatively short lived.

It is important to note that the protocol itself elicits some minor hair cell loss, in the absence of

adenovirus. In both sham treated controls and utricles infected with adenovirus, there was a

reduction of hair cell number compared to utricles which were cultured, without the media

changes associated with adenovirus infection. This suggests that the media change protocol

which uses very small volumes resulted in a small effect on hair cell survival. These are

however consistent across all the different viruses. Thus the Ad-RFP treatment provides a

good control, and does not in itself reduce hair cell survival. The sampling procedure

described in the Materials and Methods chapter, section 2.13, helps to exclude regions of

damage or stress and associated high infection rates, as well as excluding regions of low

infection efficiency, where effects would be difficult to observe.

5.3.5 Summary

The results presented in this chapter provide the most definite information on the role of

ERK1/2 activation in supporting cells to date. Importantly, the adenovirus protocol facilitates

manipulation of ERK1/2 signalling specifically within the supporting cells, and this indicates

that constitutive ERK1/2 activation is sufficient to drive hair cell phagocytosis by activated or

transformed supporting cells. However, unfortunately the temporal aspects of ERK1/2

activation could not be controlled with this protocol and this may explain the difference in

phenotype between native ERK1/2 activated supporting cells and constitutively activated

ERK1/2 supporting cells. Damage-induced ERK1/2 activation in supporting cells appears to be

temporally restricted, and appears to have subsided 30 minutes after (see chapter 4), whilst

ERK1/2 activation by CAMEK1 is not switched off or downregulated.

The absence of protection in using DNMEK1 could be due to insufficient blocking of

endogenous activity, and as such probably shouldn’t be considered as strong evidence against

the hypothesis that ERK1/2 activation is important in supporting cell death.

The data here then provides further evidence for the role of supporting cell ERK1/2 activation

in hair cell death. This allows further refining of the hypotheses surrounding ERK1/2 signalling

and supporting cells in the inner ear, and this is covered in the next chapter.
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6 Discussion
6.1 ERK1/2 activation in the inner ear

6.1.1 Damage-induced ERK1/2 activation

The adult utricle has been used as the in vitro culture system, permitting investigation of

ERK1/2 signalling in both adult and neonatal tissue. This builds on previous in vitro work

carried out in neonatal cochlea cultures (Lahne and Gale 2008).

The laser damage protocol indicated that both adults and neonates display supporting cell-

specific ERK1/2 signalling following damage. The phosphoERK1/2 signal is observed to

propagate in a ‘wave’ from the damage site, with a peak observed 15-30mins after wounding.

Both neonates and adults displayed supporting cell localised ERK1/2 activation, however the

spread of the signal was significantly greater in the neonate. The latter could indicate one of

three things: either a greater response to the damage signal, a greater release of the signalling

factor following damage or a reduced capacity to switch off the signal/dephosphorylate

ERK1/2 in the neonate. There is very little difference in cell density between P2 and adult

utricles, and so this is unlikely to account for the difference in ERK1/2 spread (Burns, On et al.

2012).

Work in the neonatal cochlea has shown the ERK1/2 response to be associated with a damage-

induced calcium signalling wave, mediated by the release of ATP (Lahne and Gale 2008).

Preliminary attempts to replicate external ATP puff experiments in the utricle were relatively

unsuccessful. In the adult utricles this was likely due to curvature of the tissue affecting the

puff, whilst in the neonatal utricles the high level of background staining complicated analysis.

Further optimisation of this protocol is required to determine whether extracellular ATP is

sufficient to activate ERK1/2 signalling in the mammalian utricle.

6.1.2 Spontaneous ERK1/2 activation

A high level of spontaneous ERK1/2 activation was observed in supporting cells of the cultured

neonatal utricle, in the absence of any damage insult (see Figure 3.7). Such activity was not

observed in adult utricles, suggesting that it did not relate to damage associated with

dissection and culture that both adult and neonatal utricles undergo. This is an interesting

observation that could warrant further investigation. The scattered, mosaic pattern of

activation, coupled to the fact that this is strong activation (as determined by the comparative

intensity in the immunostaining) could indicate a critical function that is absent in adults. The

spontaneous signals could arise from increased sensitivity to damage signals, and simply
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culturing the utricles may be sufficient to elicit this in the absence of an overt damage signal.

However, the fact that neonatal utricles seem to maintain hair cell number in culture better

than adult tissue suggest this is not the case; there appears to be less damage in the neonatal

utricles. Alternatively the spontaneous ERK signalling may be involved in some form of

regenerative response or developmental process, and perhaps this is in fact why neonatal

utricles appear to culture more successfully.

It seems quite possible that this ERK1/2 activation is independent to the damage-induced

signal characterised in the laser and aminoglycoside experiments. It may be performing

another function, mediated by different temporal or spatial characteristics, or different

targets. Having suggested this however, the localisation appears predominantly cytoplasmic

and remarkably similar to that damage induced signalling and by immunostaining alone, it is

difficult to distinguish the two type of signalling.

Recent work has shown that there is continued production of hair cells in the mouse utricle in

the two weeks following birth, which is subsequently reduced in the mature system (Burns, On

et al. 2012). This is assessed by EdU staining and the pattern is not dissimilar from the

background or damage-independent ERK1/2 signalling seen in experiments throughout this

thesis, and thus it is tempting to suggest that ERK1/2 activation in this situation may be related

to this proliferation of supporting cells. Interestingly, post-natal mitotic production occurs in

the striolar region; qualitatively this region commonly has greater spontaneous ERK1/2

activity. The ERK activity could equally however correlate with increased sensitivity to hair cell

loss in this region and associated damage signalling. Co-labelling with EdU and ERK1/2 could

be carried out to indicate whether there was any correlation between the two populations of

supporting cells. This is an attractive hypothesis, given that it has been shown that inhibiting

ERK1/2 activation using U0126 is able to reduce proliferation induced by growth factors in

both mammalian and avian utricular epithelial cultures (Montcouquiol and Corwin 2001;

Witte, Montcouquiol et al. 2001).

Further investigation as to whether this background ERK1/2 activity is observed in the neonatal

cochlea would also be interesting. The neonatal cochlea does not display post-natal

proliferation and as such, if the ERK1/2 signalling is associated with proliferation, it would be

expected that such prevalent damage-independent signalling would not be observed in the

cochlea. Comparison with the avian system may also further inform this hypothesis. The avian

system is able to regenerate, with supporting cells either transdifferentiating, or re-entering
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the cell cycle and proliferating during recovery and it might be expected, therefore, that

ERK1/2 signalling would be present here if it is indeed involved in this proliferative function.

6.1.3 ERK1/2 activation is reduced in mature system

The difference between neonatal and adult tissues is perhaps not unexpected as it has been

shown that other properties of the utricle change as it matures. The proliferative capacity of

the mammalian utricle decreases rapidly after birth (Gu, Montcouquiol et al. 2007), whilst

apical actin junction thickness between cells increases as the system matures (Burns,

Christophel et al. 2008) (see Figure 6.1).

Figure 6.1: Changes in proliferative capacity and apical junction actin concentration as a function of age in the
mammalian utricle.
Proliferative capacity (black squares) is defined by BrdU labeling is plotted normalized to P0, where P0 = 100%. This
data was obtained from rats. Apical junction region (AJR) width (white squares) Data taken and replotted from (Gu,
Montcouquiol et al. 2007; Burns, Christophel et al. 2008). Highlighted regions show P0-P2 and P21-P50 age range.
These are the two age groups used in the neonatal and adult work in this thesis.

The increase in apical junction width with maturation is manifested as increased

concentrations of apical filamentous actin and this correlates with the reduction in

proliferative capacity and ability to re-enter the cell cycle (Burns, Christophel et al. 2008).

There is also a correlation with the ability of supporting cell to change shape from a columnar

to spreading form (Meyers and Corwin 2007). It has also been shown that the wound healing

efficiency reduces with age in mammalian utricles (Collado, Burns et al. 2011)
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In this thesis, when supporting cells were infected with CAMEK1 to activate ERK1/2 they

exhibit reduced F-actin localisation at the apical junctions. The infected supporting cells also

show a change in shape, often being greatly expanded. They also show increased motility,

commonly moving up into the hair cell layer of the epithelia. This seems to hold some parallels

with then proliferating and more active supporting cells in utricles with regenerative capacity

observed by Collado and Burns and it is tempting to suggest then that ERK1/2 activation may

be involved in regulating this response. It is possible that, once activated, supporting cells of

the adult utricle may be reverting to an immature phenotype, or at least one more akin to that

observed in the proliferating systems of the chicken and the early post-natal mouse. A

number of questions arise from this. First, does endogenous ERK1/2 activity correlate with the

reduced actin phenotype and the ability to change shape and proliferate? It seems unlikely

that ERK1/2 is continually active in the chicken with reduced apical junctions, as it is not in the

neonatal mouse. However there does appear to be increased responsiveness and endogenous

activity in the neonatal mouse utricle and it may be the case that this is correlated with the

actin phenotype. Second, does the chicken retain the same ERK1/2 responsiveness seen at

early post-natal time points into the mature system?

The data presented in this thesis clearly shows a maturing phenotype in the mammalian

utricle, which may be related to other changes previously characterised (see Figure 6.1).

However, what underlies the reduction of ERK1/2 signalling in the mature mammalian system?

The data gathered here suggests that the activation of ERK1/2 after laser damage occurs at a

very similar rate in both the mature and immature systems. Therefore, given that the laser

damage protocol is consistent in both experiments, it seems likely that the damage signal is

the same, consistent with the similar rate of initial activation, and thus the difference in the

spread of ERK1/2 signalling that is observed arises from more efficient switching off,

dephosphorylation or down regulation in the adult. However, the increase in the proportion

of neighbouring supporting cells activated around an individual damaged hair cell in the

neonate suggests that there is perhaps an increased response to the damage signal. There are

a number of possible explanations for the observed difference between adult and neonates

and further investigation will be required to better characterise this.

Given that the reduced ERK signalling in the adult may result in differential activation of

ERK1/2 targets, the difference observed in the data here may well be important and could be a

point of therapeutic intervention. For instance, it may be possible to inhibit the down

regulation or dephosphorylation of ERK1/2 in the adult, if this is the mechanism underlying the

difference, and it is desired to better replicate the response observed in the immature system.
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Alternatively, therapeutic intervention may be upstream of ERK1/2 activation, to modulate the

responsiveness to damage.

6.2 Function of supporting cell ERK1/2 activation

The interesting and specific patterns of supporting cell ERK1/2 activation in response to hair

cell damage begs the question as to the function of such ERK1/2 activation in the inner ear.

The experiments with aminoglycosides and adenovirus containing MEK constructs described in

this thesis have begun to probe this.

Previous data from different laboratories seems to give a conflicting view as to the role of

ERK1/2 in aminoglycoside ototoxicity. Short term inhibition (8hrs) causes a significant

protection of neonatal cochlear inner hair cells exposed to neomycin (Lahne and Gale 2008),

whilst long term inhibition (24hrs) accentuates hair cell loss in neonatal cochlear cultures, both

in controls and in those exposed to gentamycin (Battaglia, Pak et al. 2003). The simplest

explanation is that differences in time of exposure to the inhibitor are important here, as both

groups used the same U0126 inhibitor. However, the differences could also arise from analysis

of different regions of the cochlea or differences in culture procedure.

Data from adult utricle cultures in this thesis reveal a modest but significant protection

afforded by ERK1/2 inhibition using U0126 over a 24 hour period, and that the MEK1/2

inhibitor alone (in control conditions) doesn’t elicit cell death. This supports the data from

Lahne et al. 2008 in the neonatal cochlea suggesting that supporting cell ERK1/2 activation can

play a role in hair cell death. Furthermore, in contradiction with the work of Battaglia et al.

(2003), it suggests that long term inhibition (of at least up to 24 hours) is not detrimental to

hair cell survival. However, this present work was carried out in adult tissue, where the strong

background ERK1/2 activity is not observed. As suggested earlier it may be that this

background activity in the neonates is essential for survival and could reconcile the two

observations, especially if this background activity is damage-independent and performing a

different function.

Use of the more specific MEK inhibitor, PD0325901 produced less convincing results. There

could be many reasons for this, including the fact that the relatively small amount of

protection may only become statistically significant at higher sample numbers. Furthermore

the issue surrounding targeting of the supporting cell rather than the hair cell remain;

inhibition over long periods of time may have off target negative effects that mask the positive

protective effect.
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Another factor impacting here may be that preventing ERK1/2 activation in supporting cells is

not sufficient to protect severely damaged hair cells. These cells may die regardless of any

supporting cell activity and it may be the small levels of protection reflect that mildly impaired

hair cells are protected by preventing supporting cells from affecting their death or removal

from the epithelia. It may be sensible to consider a two-pronged strategy here, where direct

inhibition of hair cell death (for example a JNK-inhibitor) is used in conjunction with the

ERK1/2 inhibitor. Theoretically this would block hair cell death and any action of the

surrounding supporting cells. Targeting each hair cell individually may be insufficient to

overcome the effect of the other.

Off target effects at both the molecular and cellular level are an issue with all drugs/inhibitors,

and whilst reduced through use of more specific inhibitors, they cannot be fully overcome. In

particular, spatio-temporal inhibition of specific cell types within a tissue at particular times,

are not trivial to investigate. For this reason, the adenovirus infection system was employed,

which facilitates specific manipulation of signalling within supporting cells in order to analyse

the role of ERK1/2 activation in supporting cells.

Data presented in this thesis shows that infection of adenovirus expressing constitutively-

active MEK1 was successful in activating the endogenous pool of ERK1/2 to maximum levels.

Furthermore, this was sufficient to drive transformation of the supporting cells and by both

direct and indirect means it has been shown that this transformation leads to hair cell

phagocytosis by the supporting cells. These data support the hypothesis that activation of

ERK1/2 in supporting cells can promote hair cell death. Here, activated supporting cells were

able to phagocytose healthy hair cells, in the absence of any damage or impairment signal. A

logical interpretation of these data is that by inhibiting ERK1/2 with the MEK1/2 inhibitor the

supporting cell-dependent phagocytosis was reduced and thus protection of hair cells

observed (as shown in this thesis and previously by Lahne et al. 2008). Attempts at the reverse

experiment, using a dominant-negative MEK1 viral construct, proved unsuccessful, most likely

a result of its inability to act as an effective dominant-negative and prevent endogenous

ERK1/2 activation. Therefore, an effective method for specifically knocking down ERK1/2

within supporting cells is required here; one possibility is via siRNA knockdown of MEK1/2 or

ERK1/2 itself. The phagocytic phenotype observed here in the adult mammalian utricle is

consistent with the phagocytosis of hair cells by supporting cells described in the avian system

by live imaging (Bird, Daudet et al. 2010). Moreover, data from the Gale and Cunningham

laboratories indicate that supporting cells in the mammalian utricle phagocytose hair cells

under ototoxic conditions (J. Gale, personal communication).
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Given the known temporal aspects of ERK1/2 signalling, the viral method used to manipulate

ERK1/2 activity in supporting cells described herein has caveats, such that the ERK1/2

activation effected by this method will not equate to the endogenous activity following

damage. Indeed, the more extreme changes in phenotype following constitutive ERK1/2

activity have not been observed following aminoglycoside or laser induced ERK1/2 activation.

However, the supporting cell localisation, predominantly within the cytoplasm, does reflect

that observed following damage, and the ERK1/2 targets activated may be the same or similar

following both damage and constitutive activation. This could perhaps illustrate what the

supporting cells are capable of under certain conditions.

The theory that activated phagocytes can drive the death and removal of their neighbouring

cell is not without precedent. This has been termed ‘primary phagocytosis’ and is known to be

carried out by microglia in the brain (Neher, Neniskyte et al. 2011). In both the brain and inner

ear, rapid removal of dying cells is required to maintain tissue integrity. In the inner ear, rapid

removal of dying hair cells prevents leakage between the different fluid compartments (Forge

and Li 2000; Bird, Daudet et al. 2010), whilst in the brain it prevents the release of

proinflammatory intracellular components. In neuronal cell cultures, blocking activation of the

microglia is able to prevent neuron loss by primary phagocytosis (Neher, Neniskyte et al.

2011), adding weight to the suggestion that this may be the basis for the protective effect of

MEK1/2 inhibitors on hair cells.

Phagocytosis is mediated by several ‘eat me’ and ‘find me’ signals, of which externalisation of

phosphatidyl serine (PS) from the inner to outer leaflet of the cell membrane is perhaps the

most well-known ‘eat me’ signal (Lauber, Blumenthal et al. 2004). This has been shown in

many systems, including the inner ear, where aminoglycoside treatment causes rapid

externalisation of PS in the sensory hair cells (Goodyear, Gale et al. 2008). It is interesting to

note that the primary phagocytosis of healthy neurons proceeds via a similar mechanism

whereby peroxynitrate released from microglia elicits externalisation of PS on neurons, which

in turn mediates phagocytosis of the neuron, via MFG-E8 glycoproteins which bind both

macrophage vitronectin receptors on the microglia and the externalised PS on the neurons

(Neher, Neniskyte et al. 2011). It would be interesting to further investigate whether

supporting cells of the inner ear express the same machinery that is used by microglia in the

brain.

The nucleotides ATP and UTP have been identified as ‘find me’ signals that bind to P2Y2

receptors (metabotropic GPCRs) on phagocytic cells, promoting clearance of apoptotic cells
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(Elliott, Chekeni et al. 2009). This is of particular interest given the role of ATP in propagating

the damage signal in the cochlea. Furthermore, the ATP-binding cassette protein ABCA7 is

known to enhance macrophage phagocytic activity, via associated ERK1/2 signalling (Jehle,

Gardai et al. 2006), making it conceivable that the ATP induced ERK1/2 activation in supporting

cells could be promoting their phagocytic activity.

The phagocytic activity could also relate to the wound closure function that may be present as

removal of the hair cell by phagocytosis involves the movement of the supporting cell to fill the

space of the hair cell. Such movement is present in the laser ablated experiments, although

whether the ERK1/2 activation is required for this is yet to be investigated. However, it is

worth noting that supporting cells with constitutively-active-ERK1/2 display increased

movement and activity, independent of phagocytic events, and so it seems reasonable to

suggest that ERK1/2 activation may facilitate movement of supporting cells and associated

wound closure. It is interesting to note that there is a reduced efficiency of wound closure in

older animals (Collado, Burns et al. 2011) and this could correlate with the reduced

spontaneous ERK1/2 activation previously described. In support of an ERK1/2-mediated

migratory response, ERK1/2 activation has been shown to be involved in wound closure and

cell migration in MDCK epithelia (Matsubayashi, Ebisuya et al. 2004), and this may be

analogous to what is happening in the utricle.

6.3 Summary

In conclusion, the data presented in this thesis suggest that there may be two functions for

ERK1/2 activation in supporting cells. One is damage-independent and could be involved in

proliferation and entry into the cell cycle, and this would fit with observations of high

background activity in the neonatal utricle, along with other reports regarding ERK1/2 function

in proliferation, as described by other laboratories (Montcouquiol and Corwin 2001).

The second is that of damage-induced ERK1/2 activation, of which this thesis is concerned.

Data presented herein has shown damage-induced ERK1/2 activation to be present in both

adult and neonatal mammalian hair cell epithelia, clarifying that this signalling pathway is not

restricted to immature tissue and can be active in the adult inner ear. Preventing ERK1/2

activation in all cells following/during neomycin insult affords a modest but significant

protection of hair cells, further supporting the hypothesis that, under certain conditions,

supporting cells actively promote hair cell death. Constitutive activation of ERK1/2 specifically

within the supporting cells results in a reduction in hair cell numbers and elicits phagocytosis

of healthy hair cells by infected cells, indicating that simply activating this signalling pathway
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can indeed result in phagocytic response. This result provides an explanation as to how

blocking ERK1/2 activation may afford protection. This activation may also be switching on the

damage-independent ERK1/2 phenotype seen in neonatal utricles which may correlate with

proliferative capacity.

Future work will begin the search for the downstream targets of ERK1/2 signalling. Given the

ubiquity of ERK1/2, any potential therapeutic is unlikely to directly target this pathway without

eliciting a number of side effects. ERK1/2 is only one point in the pathway and the function in

the inner ear will likely be mediated by specific downstream molecules which may provide

better therapeutic targets.
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8 Appendix
8.1 Hair cell loss in striolar region of cultured adult utricles

Type I hair cells in the utricle are reported to be lost more easily than type II hair cells,

rendering the striola more sensitive to aminoglycosides (Cunningham, Cheng et al. 2002). Both

extrastriolar and striolar regions were sampled during the quantifications following

aminoglycoside in the experiments here. This utilised the presence of the type I hair cell label,

Calbindin, in defining the striolar region. No significant difference was observed between

control samples and neomycin exposed samples, suggesting this was not a good model for

studying ototoxicity, or at least not when using this method of assaying the striolar hair cells.

This could result could arise from a sampling error, as the sampling method is directed by

calbidnin-positive surviving hair cells, and would then likely overestimate striolar cell survival –

damaged or dead regions would not meet the criteria. Alternatively, the increased sensitivity

causing hair cell loss in the striola through the dissection and culture procedure alone could be

behind this result. This was not investigated however and it should be noted that experiments

detailed focused on the extrastriolar region, to avoid any contribution and influence of the

striolar region on analysis. Counts of striolar hair cells and representative images from

confocal z-stacks are shown in Figure 8.1.

Figure 8.1: Striolar region does not show ototoxicity as observed in the striolar region.
Graph illustrates quantification of type I and type II hair cells in control (grey bars) and 1mM neomycin conditions
(white bars). Type II hair cell counts are derived by subtracting calbindin positive cells (type I hair cells) from myosin
positive cells (total hair cells). There is no significant loss of either type I or type II hair cells when cultured in 1mM
neomycin for 24 hours. Scale bars = 10μm.  Note that counts are normalised to 8500μm

2
to correspond with

extrastriolar regions.


