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Abstract	
  

	
  

Aim:	
  

I	
  aimed	
  to	
  investigate	
  methods	
  of	
  delivering	
  neuroprotection	
  to	
  the	
  retina:	
  a)	
  using	
  
magnetofection	
  (a	
  non-­‐viral	
  transfection	
  technique)	
  in	
  ocular	
  tissue,	
  b)	
  using	
  stem	
  cells	
  as	
  a	
  
vector	
  of	
  neuroprotection	
  delivery	
  and	
  c)	
  harnessing	
  galvanotaxis	
  to	
  direct	
  migration	
  of	
  stem	
  
cells	
  into	
  the	
  retina.	
  	
  

	
  

Methods:	
  

For	
  the	
  recipient	
  test	
  bed	
  of	
  the	
  experiments	
  in	
  my	
  thesis,	
  I	
  used	
  retinal	
  explants	
  from	
  mice.	
  The	
  
viability	
  of	
  retinal	
  explants	
  was	
  determined	
  using	
  retinal	
  ganglion	
  cell	
  health	
  as	
  a	
  read-­‐out	
  in	
  
the	
  form	
  of	
  Sholl	
  plots.	
  I	
  also	
  explored	
  magnetofection	
  with	
  oscillation	
  as	
  a	
  non-­‐viral	
  technique	
  
for	
  neuroprotection	
  delivery	
  in	
  ocular	
  tissue	
  using	
  cornea	
  and	
  retinal	
  explants.	
  Using	
  the	
  
galvanotaxis	
  technique,	
  I	
  explored	
  its	
  use	
  in	
  directing	
  neural	
  stem	
  cells	
  in-­‐vitro	
  with	
  and	
  
electrotactic	
  chamber	
  and	
  ex-­‐vivo	
  on	
  the	
  retinal	
  explant	
  in	
  a	
  modified	
  Boyden	
  chamber.	
  Finally,	
  
I	
  magnetofected	
  neural	
  stem	
  cells	
  to	
  over-­‐express	
  BDNF	
  and	
  directed	
  their	
  migration	
  into	
  the	
  
retina	
  using	
  galvanotaxis.	
  

	
  

Results:	
  

The	
  retinal	
  explants	
  had	
  a	
  viability	
  of	
  up	
  to	
  3	
  days	
  based	
  on	
  the	
  Sholl	
  plots	
  of	
  retinal	
  ganglion	
  
cells.	
  Magnetofection	
  with	
  oscillation	
  transfected	
  cornea	
  endothelium	
  and	
  the	
  retinal	
  ganglion	
  
cell	
  layer	
  with	
  GFP	
  in	
  the	
  explant	
  models.	
  It	
  also	
  transfected	
  neural	
  stem	
  cells	
  with	
  BDNF-­‐myc.	
  
Directed	
  migration	
  with	
  neural	
  stem	
  cells	
  occurred	
  in	
  the	
  electrotactic	
  chamber	
  as	
  well	
  as	
  in	
  the	
  
retinal	
  explant	
  model.	
  In	
  the	
  absence	
  of	
  electric	
  field,	
  no	
  migration	
  into	
  the	
  retina	
  occurred.	
  
Neurospheres	
  transfected	
  with	
  BDNF-­‐myc	
  also	
  migrated	
  into	
  the	
  retina	
  when	
  exposed	
  to	
  an	
  
electric	
  field.	
  

	
  

Conclusion:	
  

Within	
  the	
  period	
  of	
  up	
  to	
  3	
  days,	
  retinal	
  explants	
  can	
  be	
  used	
  to	
  investigate	
  neuroprotective	
  
therapeutic	
  agents	
  using	
  Sholl	
  plots	
  of	
  retinal	
  ganglion	
  cells.	
  Magnetofection	
  with	
  oscillation	
  is	
  a	
  
novel	
  non-­‐viral	
  technique	
  for	
  potentially	
  transfecting	
  the	
  eye	
  in	
  the	
  anterior	
  and	
  posterior	
  
segment.	
  Neurospheres	
  can	
  be	
  directed	
  to	
  migrate	
  into	
  the	
  retina	
  using	
  an	
  electric	
  field	
  in	
  the	
  
ex-­‐vivo	
  model
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CHAPTER	
  1	
  INTRODUCTION	
  

Retinal	
   degenerative	
   diseases	
   are	
   often	
   incurable,	
   due	
   to	
   damage	
   or	
   atrophy	
   of	
   the	
   retinal	
  

layers.	
  In	
  2014,	
  the	
  WHO	
  Report	
  estimated	
  39	
  million	
  people	
  to	
  be	
  blind	
  and	
  246	
  million	
  people	
  

to	
   have	
   low	
   vision(RNIB,	
   2002).	
   The	
   annual	
   total	
   costs	
   for	
   sight	
   loss	
   is	
   in	
   the	
   region	
   of	
   £49	
  

billion	
  a	
  year	
  (RNIB,	
  2002).	
  It	
  has	
  been	
  suggested	
  that	
  via	
  stem	
  cells,	
  replacement	
  of	
  lost	
  cells,	
  

delivery	
  of	
  neuroprotection	
  or	
  correction	
  of	
  gene	
  defects	
  maybe	
  the	
  cure	
  to	
  retinal	
  degenerative	
  

diseases.	
  

Survival,	
   controlled	
   differentiation,	
   directed	
  migration	
   and	
   integration	
  with	
   accurate	
   synapse	
  

formation	
  in	
  the	
  retina	
  are	
  crucial	
   for	
  a	
  stem	
  cell-­‐based	
  retinal	
  repair.	
  The	
  retina	
  is	
  a	
  complex	
  

laminar	
   structure	
   with	
   multiple	
   interconnecting	
   circuits.	
   Transplanted	
   stem	
   cells	
   need	
   to	
  

migrate	
  and	
  integrate	
  into	
  this	
  sophisticated	
  structure.	
  Therefore,	
  for	
  successful	
  stem	
  cell	
  based	
  

therapy	
   to	
   occur,	
   a	
   focus	
   on	
   optimizing	
   directed	
  migration	
   is	
   a	
   priority.	
   In	
   this	
   thesis,	
   I	
   will	
  

attempt	
  to	
  direct	
  magnetofected	
  stem	
  cells	
  using	
  an	
  external	
  electrical	
  field	
  to	
  achieve	
  migration	
  

from	
  the	
  inner	
  layer	
  of	
  retina	
  to	
  the	
  outer	
  layer	
  of	
  retina.	
  	
  

The	
   delivery	
   of	
   stem	
   cells	
   allow	
   for	
   neuroprotection	
   of	
   inner	
   and	
   outer	
   retina	
   through	
  

neurotrophic	
  growth	
  factors	
   inherent	
  with	
  their	
  properties.	
  However,	
   tachyphylaxis	
  can	
  occur	
  

and	
  repetitive	
  administration	
  of	
  neurotrophic	
  growth	
  factors	
  is	
  necessary	
  to	
  sustain	
  this	
  effect.	
  

To	
  circumvent	
  this,	
  a	
  controlled	
  delivery	
  of	
  intraocular	
  neurotrophic	
  growth	
  factors	
  is	
  needed.	
  

Here,	
  I	
  propose	
  to	
  deliver	
  this	
  by	
  transfected	
  stem	
  cells	
  which	
  over	
  secrete	
  neurotrophic	
  factors.	
  

1 .1 .1  RETINAL	
  STRUCTURE	
  AND	
  CIRCUITRY	
   	
  

The	
  retina	
  consists	
  of	
  a	
  neural	
   layer	
  and	
   the	
  retinal	
  pigment	
  epithelium	
  making	
  up	
   ten	
   layers	
  

(see	
   Figure	
   1.1).	
   The	
   retinal	
   pigment	
   epithelium	
   consists	
   of	
   a	
   single	
   layer	
   of	
   cells	
   from	
   the	
  

margin	
   of	
   the	
   optic	
   nerve	
   to	
   the	
   ora	
   serrata	
   [Snell	
   1998].	
   The	
   adjacent	
   ends	
   of	
   the	
   retinal	
  

pigment	
  epithelium	
  are	
  bound	
  together	
  by	
  tight	
  junctions	
  called	
  the	
  zonula	
  adherens	
  and	
  zonula	
  

occludens.	
  These	
  are	
  essential	
   in	
  maintaining	
  the	
  barrier	
  between	
  the	
  retina	
  and	
  the	
  systemic	
  

circulation.	
   The	
   retinal	
   pigment	
   epitheliums’	
   functions	
   also	
   include	
   light	
   absorption,	
  

participation	
   in	
   turnover	
   of	
   the	
   outer	
   segments	
   of	
   the	
   photoreceptors,	
   and	
   the	
   formation	
   of	
  

rhodopsin	
  and	
  iodopsin	
  by	
  storing	
  and	
  releasing	
  vitamin	
  A.	
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The	
  neural	
  retina	
  consists	
  of	
  three	
  main	
  groups	
  of	
  neurons:	
  the	
  photoreceptors,	
  the	
  bipolar	
  cell	
  

and	
  the	
  retinal	
  ganglion	
  cells.	
  There	
  also	
  other	
  important	
  neurons	
  that	
  modulate	
  their	
  activity:	
  

the	
  horizontal	
  cells	
  and	
  the	
  amacrine	
  cells	
  [Snell	
  1998].	
  	
  

The	
  photoreceptors	
  consist	
  of	
  the	
  rods	
  and	
  the	
  cones.	
  The	
  rods	
  are	
  mainly	
  responsible	
  for	
  vision	
  

in	
  dim	
   light	
  where	
   else	
   the	
   cones	
   are	
   adapted	
   to	
  bright	
   light	
   and	
   can	
   resolve	
   fine	
  details	
   and	
  

colour	
  vision	
  [Snell	
  1998].	
  The	
  density	
  of	
  rods	
  and	
  cones	
  varies	
  in	
  different	
  parts	
  of	
  the	
  retina.	
  

The	
  rods	
  are	
  absent	
  at	
  the	
  fovea	
  but	
  increases	
  in	
  numbers	
  towards	
  the	
  periphery.	
  The	
  cones	
  are	
  

most	
  dense	
  at	
  the	
  fovea	
  and	
  are	
  lesser	
  in	
  numbers	
  in	
  the	
  periphery.	
  	
  

Bipolar	
  cells	
  have	
  a	
  radial	
  orientation	
  with	
  one	
  or	
  more	
  dendrites	
  passing	
  outward	
  to	
  synapse	
  

with	
   the	
   photoreceptor	
   cell	
   terminals	
   and	
   a	
   single	
   axon	
   directed	
   inward	
   to	
   synapse	
  with	
   the	
  

retinal	
  ganglion	
  cells	
  and	
  amacrine	
  cells	
  [Snell	
  1998].	
  	
  

Retinal	
  ganglion	
  cells	
  are	
  situated	
  in	
  the	
  inner	
  layer	
  of	
  the	
  retina	
  and	
  form	
  a	
  single	
  layer.	
  Their	
  

dendrites	
  synapse	
  with	
  the	
  axons	
  of	
  bipolar	
  cells	
  and	
  amacrine	
  cells.	
  The	
  retinal	
  ganglion	
  cells	
  

have	
  a	
  non-­‐myelinated	
  axon	
  that	
  make	
  a	
  right	
  angled	
  turn	
  when	
  they	
  reach	
  the	
  inner	
  surface	
  of	
  

the	
  retina	
  and	
  converge	
  at	
  the	
  exit	
  of	
  the	
  optic	
  nerve	
  at	
  the	
  optic	
  disc	
  [Snell	
  1998].	
  

Müller	
  cells	
  are	
  supporting	
  cells	
  that	
  have	
  long	
  processes	
  extending	
  through	
  almost	
  the	
  whole	
  

thickness	
  of	
  the	
  retina.	
  In	
  the	
  outer	
  surface	
  of	
  the	
  retina	
  a	
  dense-­‐staining	
  line	
  traditionally	
  called	
  

the	
  outer	
  limiting	
  membrane	
  is	
  formed	
  by	
  the	
  radial	
  processes	
  of	
  the	
  Müller	
  cells	
  between	
  the	
  

photoreceptors.	
   At	
   the	
   vitreous	
   surface	
   the	
   neural	
   retina	
   the	
   Müller	
   cell	
   processes	
   have	
  

expanded	
   terminations	
   covered	
   by	
   the	
   basement	
  membrane.	
   This	
   is	
   called	
   the	
   inner	
   limiting	
  

membrane	
  [Snell	
  1998].	
  

The	
   retinal	
   circuitry	
   is	
   generated	
   by	
   two	
   streams	
   of	
   visual	
   information:	
   the	
   main	
   vertical	
  

pathway	
  (from	
  the	
  photoreceptors	
  to	
  the	
  bipolar	
  cells	
  and	
  from	
  the	
  bipolar	
  cells	
  to	
  the	
  retinal	
  

ganglion	
   cells)	
   and	
   the	
   secondary	
   lateral	
   pathway	
   made	
   of	
   local	
   feedback	
   circuits	
   (from	
  

horizontal	
   cells	
   back	
   to	
   the	
   photoreceptors	
   [Kamermans	
   2001]	
   and	
   from	
   the	
   amacrine	
   cells	
  

back	
  to	
  the	
  bipolar	
  cells	
  [Kaneko	
  1987]).	
  The	
  vertical	
  flow	
  is	
  directly	
  involved	
  in	
  sending	
  signals	
  

to	
  the	
  brain	
  and	
  the	
   lateral	
  circuits	
  adjust	
   the	
  gain	
  of	
   the	
  pre-­‐synaptic	
  and	
  post-­‐synaptic	
  cells,	
  

optimizing	
  signal	
  transmission.	
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Figure	
  1.1	
  Diagram	
  showing	
  the	
  ten	
  layers	
  of	
  the	
  retina:	
  ILM=	
  Inner	
  Limiting	
  Membrane,	
  NFL=	
  
Nerve	
  Fibre	
  Layer	
  consists	
  of	
  axons	
  of	
  the	
  retinal	
  ganglion	
  cells	
  that	
  are	
  converging	
  toward	
  the	
  
optic	
  disc,	
  RGC=	
  Retinal	
  Ganglion	
  Cell	
  nuclei,	
  IPL=	
  Inner	
  Plexiform	
  Layer	
  consists	
  of	
  the	
  
synaptic	
  connections	
  between	
  the	
  bipolar	
  cells,	
  the	
  horizontal	
  cells	
  and	
  the	
  retinal	
  ganglion	
  
cells,	
  INL=	
  Inner	
  Nuclear	
  Layer	
  consists	
  of	
  the	
  nuclei	
  of	
  the	
  bipolar	
  cells,	
  the	
  horizontal	
  cells,	
  
the	
  amacrine	
  cells	
  and	
  the	
  Müller	
  cells,	
  OPL=	
  Outer	
  Plexiform	
  Layer	
  made	
  of	
  synapses	
  between	
  
the	
  terminal	
  synapses	
  of	
  the	
  rod	
  and	
  cone	
  cells,	
  the	
  bipolar	
  cells	
  and	
  the	
  horizontal	
  cells,	
  ONL=	
  
Outer	
  Nuclear	
  Layer	
  consists	
  of	
  nuclei	
  from	
  rods	
  and	
  cones,	
  OLM=Outer	
  Limiting	
  Membrane,	
  
P=Photoreceptors,	
  RPE=	
  Retinal	
  Pigment	
  Epithelium.	
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1.1 .2 	
  RETINAL	
  DISEASES	
  AND	
  STEM	
  CELL-­‐BASED	
  THERAPY	
  

There	
  has	
  been	
  great	
  interest	
  in	
  stem	
  cell	
  therapy	
  in	
  the	
  retina	
  as	
  it	
  holds	
  the	
  potential	
  to	
  treat	
  a	
  

number	
   of	
   blinding	
   diseases	
  which	
   impacts	
   a	
   large	
   proportion	
   of	
   the	
   population.	
   Any	
   retinal	
  

disease	
   that	
   results	
   in	
  neuronal	
   loss	
   could	
  potentially	
  be	
  a	
   target	
   for	
   stem	
  cell-­‐based	
   therapy.	
  

Diseases	
   that	
   could	
   benefit	
   from	
   stem	
   cell-­‐based	
   therapy	
   so	
   far	
   are	
   age	
   related	
   macular	
  

degeneration,	
  retinitis	
  pigmentosa	
  (RP),	
  glaucoma,	
  Staargardt’s	
  dystrophy,	
  Gyrate	
  atrophy	
  and	
  

Leber’s	
  congenital	
  amaurosis(Schwartz	
  et	
  al.,	
  2012,	
  Bull	
  et	
  al.,	
  2009,	
  Lamba	
  et	
  al.,	
  2009,	
  Howden	
  

et	
   al.,	
   2011,	
   Tibbetts	
   et	
   al.,	
   2012).	
  However,	
   stem	
   cell	
   based	
   rescue	
  of	
   inner	
   retinal	
   layers	
   i.e.	
  

retinal	
  ganglion	
  cells	
   (RGC)	
   in	
  glaucoma,	
  should	
  not	
  be	
  excluded	
   from	
  this	
   list.	
   It	
  has	
  received	
  

relatively	
   less	
   attention	
   due	
   to	
   the	
   difficulties	
   of	
   SC	
   as	
   a	
   cell	
   replacement	
   therapy	
   for	
   RGC.	
  

Furthermore,	
  the	
  ability	
  of	
  SCs	
  to	
  migrate	
  and	
  integrate	
  into	
  the	
  inner	
  retinal	
  layer	
  is	
  thwarted	
  

by	
  physical	
  barriers	
  such	
  as	
  the	
  Inner	
  Limiting	
  Membrane	
  (ILM)	
  (Johnson	
  et	
  al.,	
  2010b).	
  In	
  this	
  

thesis,	
   I	
  will	
   attempt	
   to	
  address	
   this	
  by	
  harnessing	
  galvanotaxis	
  with	
  a	
  view	
  of	
  using	
  SCs	
  as	
  a	
  

vector	
  for	
  neuroprotective	
  delivery.	
  

	
  

1.1.2.1	
  AGE	
  RELATED	
  MACULAR	
  DEGENERATION	
  

Age	
  related	
  macular	
  degeneration	
  (AMD)	
  is	
  one	
  of	
  the	
  most	
  commonly	
  recorded	
  causes	
  for	
  the	
  

certification	
   of	
   blindness	
   and	
   partial	
   sight	
   in	
   the	
   UK	
   (Bunce	
   and	
   Wormald,	
   2006).	
   The	
  

pathogenesis	
   of	
   AMD	
   is	
   the	
   subject	
   of	
   active	
   research.	
   	
   It	
   is	
   thought	
   to	
   have	
   a	
  multifactorial	
  

aspect	
   to	
   include	
   age	
  dependence,	
   a	
   complex	
   interaction	
  of	
  metabolic,	
   functional,	
   genetic	
   and	
  

environmental	
   factors	
   which	
   create	
   chronic	
   changes	
   in	
   the	
   macula(Nowak,	
   2006).	
   Two	
  

subgroups	
   of	
   AMD	
   exists;	
   atrophic	
   (dry)	
   form	
   and	
   exudative	
   (wet)	
   form,	
   both	
   of	
   which	
  

eventually	
   cause	
  disruption	
  and	
   loss	
  of	
   retinal	
  pigment	
  epithelium	
  (RPE)	
  and	
  photoreceptors.	
  

Although,	
   treatments	
   for	
   the	
   exudative	
   form	
  works	
   through	
  molecular	
   inhibition	
   of	
   choroidal	
  

new	
  vessels	
  (Rosenfeld	
  et	
  al.,	
  2006),	
  the	
  majority	
  still	
  suffer	
  some	
  degree	
  of	
  photoreceptor	
  loss,	
  

which	
   is	
   inevitable	
   in	
   the	
   atrophic	
   (dry)	
   subgroup.	
   Theoretically,	
   stem	
   cell	
   derived	
   RPE	
   can	
  

replace	
  diseased	
  RPE	
  and	
  is	
  thought	
  to	
  be	
  feasible	
  given	
  that	
  RPE	
  cells	
  do	
  not	
  have	
  to	
  reconnect	
  

into	
   a	
   complex	
   synaptic	
  network.	
   Indeed,	
   there	
  have	
  been	
   several	
   on-­‐going	
  phase	
   I/II	
   human	
  

clinical	
   trials	
   looking	
   at	
   treating	
   patients	
  with	
   AMD	
  with	
   RPE	
   derived	
   from	
   embryonic	
   stems	
  

cells	
  or	
  umbilical	
  tissue(Schwartz	
  et	
  al.,	
  2012).	
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1.1.2.2	
  HEREDITARY	
  RETINAL	
  DISEASES	
  

One	
  of	
  the	
  most	
  commonly	
  investigated	
  hereditary	
  retinal	
  diseases	
  in	
  stem	
  cell-­‐based	
  therapy	
  is	
  

RP.	
  The	
  prevalence	
  of	
  non-­‐syndromic	
  RP	
  is	
  approximately	
  1/4000	
  (Hamel,	
  2006).	
  It	
  belongs	
  to	
  

a	
  group	
  of	
  pigmentary	
  retinopathies	
  that	
  cover	
  all	
  retinal	
  dystrophies	
  presenting	
  with	
  a	
  loss	
  of	
  

photoreceptors	
   and	
   retinal	
   pigment	
   clumping	
   mainly	
   in	
   the	
   peripheral	
   retina	
   and	
   a	
   relative	
  

sparing	
  of	
   the	
  central	
  retina.	
  There	
   is	
  degeneration	
  of	
   the	
  rods	
   initially	
   followed	
  by	
  the	
  cones,	
  

explaining	
   the	
   early	
   symptom	
   of	
   nyctalopia	
   in	
   patients.	
   RP	
   is	
   genetically	
   heterogenous	
   with	
  

more	
   than	
  45	
   causative	
   genes/loci	
   identified	
   in	
   the	
  non-­‐syndromic	
  RP	
   (Hartong	
   et	
   al.,	
   2006).	
  

Currently,	
   there	
   is	
   no	
   therapy	
   at	
   present	
   that	
   stops	
   the	
   evolution	
   of	
   RP	
   and	
   restores	
   vision,	
  

although	
  some	
  promising	
  advances	
  have	
  been	
  made	
  in	
  AAV-­‐mediated	
  gene	
  therapy	
  (Ghazi	
  et	
  al.,	
  

2016).	
  Stem	
  cell-­‐based	
  therapy	
  aims	
  to	
  replace	
  the	
  lost	
  photoreceptors,	
  or	
  serve	
  as	
  a	
  vector	
  for	
  

corrective	
   gene	
   therapy.	
   Indeed,	
   cell	
   replacement	
   in	
   the	
   form	
   of	
   fetal	
   neural	
   tissue	
   and	
  

intravitreal	
  autologous	
  bone	
  marrow-­‐derived	
  mononuclear	
  cells	
   transplanted	
   into	
  RP	
  patients	
  

has	
  been	
  assessed	
  in	
  an	
  on-­‐going	
  phase	
  I/II	
  clinical	
  trials	
  with	
  promising	
  results	
  (Siqueira	
  et	
  al.,	
  

2011,	
  Radtke	
  et	
  al.,	
  2008).	
  	
  

Stargardt’s	
  macular	
  dystrophy	
  is	
  the	
  commonest	
  paediatric	
  macular	
  degeneration.	
   It	
   is	
  caused	
  

by	
   mutations	
   in	
   the	
   ABCR	
   (ABCA4)	
   gene	
   leading	
   to	
   Defective	
   Rim	
   Protein	
   causing	
   and	
  

accumulation	
  of	
  protonated	
  N-­‐retinylidene-­‐PE	
  in	
  the	
  rod	
  outer	
  segments	
  followed	
  by	
  A2-­‐E	
  a	
  by-­‐

product	
   of	
   N-­‐retinylidene-­‐PE	
   which	
   is	
   toxic	
   to	
   RPE,	
   resulting	
   in	
   its	
   degeneration	
   along	
   with	
  

photoreceptor	
   loss.	
   Clinical	
   trials	
   involving	
   cell	
   replacement	
  with	
  human	
  embryonic	
   stem	
  cell	
  

derived	
  RPE	
  have	
  been	
  reported(Schwartz	
  et	
  al.,	
  2012),	
  with	
  three	
  more	
  phase	
  I/II	
  clinical	
  trials	
  

on-­‐going.	
  

Leber’s	
   congenital	
   amaurosis	
   (LCA)	
   comprises	
   of	
   a	
   group	
   of	
   inherited	
   disorders	
   involving	
  

retinal	
   degeneration	
   with	
   severe	
   vision	
   loss	
   noted	
   in	
   early	
   infancy.	
   Most	
   patients	
   will	
   have	
  

severe	
   visual	
   impairment	
   throughout	
   childhood,	
  which	
   deteriorates	
   to	
   total	
   blindness	
   by	
   the	
  

third	
  or	
  fourth	
  decade	
  of	
  life.	
  There	
  is	
  genetic	
  heterogeneity	
  with	
  LCA	
  and	
  14	
  genes	
  have	
  been	
  

identified,	
  with	
  considerable	
  overlap	
  in	
  other	
  non-­‐syndromic	
  or	
  syndromic	
  retinal	
  diseases	
  such	
  

as	
  RP(den	
  Hollander	
  et	
  al.,	
  2008).	
  There	
  is	
  currently	
  no	
  treatment	
  for	
  LCA	
  but	
  promising	
  results	
  

have	
   been	
   reported	
   in	
   phase1-­‐2	
   trial	
   of	
   gene	
   therapy	
   in	
   humans	
   with	
   RPE	
   65	
   mutations	
  

(Bainbridge	
  et	
  al.,	
  2015).	
  

The	
  treatment	
  of	
  inherited	
  retinal	
  dystrophies	
  with	
  gene	
  therapy	
  is	
  making	
  good	
  progress,	
  with	
  

eight	
  registered	
  on-­‐going	
  clinical	
  trials	
  for	
  LCA	
  (targeting	
  patients	
  with	
  RPE65	
  deficiency)	
  and	
  

two	
  for	
  Stargardt’s	
  macular	
  dystrophy.	
  These	
  advances	
  could	
  potentially	
  be	
  a	
  primer	
   for	
  stem	
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cell-­‐based	
   gene	
   delivery	
   as	
   these	
   studies	
   are	
   viral-­‐based.	
   Stem	
   cell-­‐based	
   gene	
   correction	
   in	
  

humans	
  has	
  not	
  yet	
  taken	
  place.	
  For	
  this	
  to	
  occur,	
  repair	
  of	
  a	
  disease	
  causing	
  gene	
  defect	
  will	
  be	
  

necessary.	
  With	
   the	
  recent	
  advances	
  of	
  gene	
   therapy,	
   it	
   is	
  hopeful	
   that	
  a	
  stem	
  cell-­‐based	
  gene	
  

correction	
  is	
  close.	
  Indeed,	
  in	
  recent	
  years	
  gene-­‐correction	
  of	
  human	
  induced	
  pluripotent	
  stem	
  

cell-­‐RPE	
  taken	
  from	
  gyrate	
  atrophy	
  patient,	
  has	
  been	
  demonstrated	
  in	
  vitro	
  (Meyer	
  et	
  al.,	
  2011,	
  

Howden	
   et	
   al.,	
   2011).	
   Furthermore,	
   intravitreal	
   implants	
   of	
   encapsulated	
   RPE	
   cell	
   lines	
  

genetically	
  modified	
  to	
  secrete	
  CNTF	
  have	
  reported	
  varying	
  degrees	
  of	
  success	
  in	
  patients	
  with	
  

RP	
  or	
  geographic	
  atrophy	
  (Birch	
  et	
  al.,	
  2013,	
  Kauper	
  et	
  al.,	
  2012,	
  Zhang	
  et	
  al.,	
  2011b).	
  	
  

Essentially,	
   there	
   is	
   scope	
   for	
   application	
   of	
   stem	
   cell-­‐based	
   therapeutics	
   in	
   this	
   group	
   of	
  

patients.	
  Retinal	
  degenerative	
  diseases	
  encompass	
  a	
   large	
  proportion	
  of	
   the	
  visually	
   impaired	
  

population	
  that	
  if	
  treated	
  could	
  reduce	
  morbidity	
  and	
  a	
  growing	
  socioeconomic	
  burden.	
  	
  

	
  

1.1.2.3	
  GLAUCOMA	
  

Glaucoma	
   is	
   a	
   common	
   irreversible	
  neurodegenerative	
  disease	
   in	
  which	
   retinal	
   ganglion	
   cells	
  

(RGC)	
   are	
   damaged	
   and	
   degenerate,	
   resulting	
   in	
   a	
   characteristic	
   cupping	
   appearance	
   of	
   the	
  

optic	
  nerve	
  head	
  and	
  a	
  corresponding	
  pattern	
  of	
  visual	
  field	
  loss.	
  Worldwide,	
  glaucoma	
  affects	
  

more	
   than	
  45	
  million	
  people	
   and	
   is	
   the	
   second	
   commonest	
   cause	
  of	
  blindness.	
   It	
   remains	
   the	
  

second	
   leading	
   cause	
   of	
   blind	
   registration	
   in	
   the	
   UK(Bunce	
   and	
  Wormald,	
   2006,	
   Quigley	
   and	
  

Broman,	
   2006).	
   Its	
   pathophysiological	
   feature	
   is	
   a	
   combination	
   of	
   impaired	
   axonal	
   transport,	
  

oxidative	
  stress	
  and	
  reactive	
  glial	
  changes	
  (Bull	
  et	
  al.,	
  2009).	
  Elevation	
  of	
   intraocular	
  pressure	
  

(IOP)	
  is	
  the	
  strongest	
  treatable	
  known	
  risk	
  factor.	
  Hence,	
  treatment	
  has	
  mainly	
  been	
  focused	
  on	
  

reduction	
   of	
   IOP.	
   Nevertheless,	
   IOP	
   reduction	
   alone	
   fails	
   to	
   arrest	
   a	
   proportion	
   of	
   glaucoma	
  

cases.	
   Novel	
   treatment	
   targeting	
   neuroprotection	
   delivery	
   to	
   surviving	
   RGCs	
   or	
   even	
   RGC	
  

replacement	
  has	
  been	
  considered	
  as	
  a	
   therapeutic	
  option.	
  However,	
   stem	
  cell-­‐based	
   therapies	
  

for	
   glaucoma	
   have	
   mainly	
   developed	
   around	
   a	
   neuroprotective	
   strategy	
   rather	
   than	
  

replacement	
   therapy.	
  This	
   is	
  due	
   to	
   the	
  complex	
  migration	
  and	
   integration	
   transplanted	
  stem	
  

cells	
  would	
  have	
  to	
  undertake	
  for	
  successful	
  replacement	
  therapy	
  to	
  take	
  place.	
  The	
  transplants	
  

will	
  need	
  to	
  also	
  differentiate	
  into	
  RGC-­‐like	
  cells	
  and	
  generate	
  neurite	
  connections	
  and	
  multiple	
  

complex	
  axons	
  not	
  only	
   from	
  within	
   the	
  retina	
  but	
  which	
  must	
  also	
  extend	
   to	
   the	
  optic	
  nerve	
  

and	
   project	
   to	
   various	
   parts	
   of	
   the	
   brain.	
   This	
   is	
   a	
   much	
   more	
   complex	
   task	
   than	
   RPE	
   and	
  

photoreceptor	
   cell	
   replacement.	
   Attempts	
   at	
   generating	
   RGC-­‐like	
   cells	
   from	
   SC	
   have	
   shown	
  

varying	
  degrees	
  of	
  success	
  (Sluch	
  et	
  al.,	
  2015)	
  and	
  migration	
  (Venugopalan	
  et	
  al.,	
  2016).	
  It	
  is	
  still	
  

thought	
  to	
  work	
  on	
  a	
  neuroprotective	
  basis	
  rather	
  than	
  replacement	
  (Johnson	
  et	
  al.,	
  2010a,	
  Aoki	
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et	
   al.,	
   2008,	
   Chen	
   et	
   al.,	
   2010).	
   Indeed,	
   encapsulated	
  NSC-­‐based	
   intraocular	
   administration	
   of	
  

CNTF	
  has	
  been	
  reported	
  to	
  protect	
  RGCs	
  in	
  axotomized	
  mice	
  eyes(Flachsbarth	
  et	
  al.,	
  2014).	
  The	
  

reasoning	
  behind	
  encapsulation	
  of	
  SC	
  is	
  that	
  it	
  protects	
  the	
  cells	
  from	
  the	
  immune	
  system	
  of	
  the	
  

host.	
  During	
  intravitreal	
  implantation,	
  results	
  of	
  SC	
  migration	
  are	
  often	
  low,	
  leaving	
  them	
  on	
  the	
  

surface	
  of	
  the	
  inner	
  retina.	
  In	
  this	
  thesis,	
  I	
  aim	
  to	
  deliver	
  BDNF	
  by	
  using	
  stem	
  cells	
  which	
  have	
  

been	
  magnetofected	
   to	
   over-­‐express	
   BDNF.	
   Instead	
   of	
   encapsulation,	
   I	
   will	
   attempt	
   to	
   direct	
  

their	
  migration	
  into	
  the	
  retina	
  with	
  galvanotaxis	
  to	
  increase	
  their	
  chances	
  of	
  survival.	
  

1 .1 .3 	
  STEM	
  CELL	
  SOURCES	
  

Stem	
   cells	
   have	
   the	
   ability	
   to	
   self-­‐renew,	
   divide	
   and	
   differentiate	
   into	
   specialized	
   cell	
   types.	
  	
  

They	
   are	
   divided	
   into	
   five	
   categories	
   according	
   to	
   their	
   increasing	
   ability	
   to	
   differentiate;	
  

unipotent,	
  oligopotent,	
  multipotent,	
  pluripotent	
  and	
   totipotent.	
  Totipotent	
   stem	
  cells	
  have	
   the	
  

ability	
  to	
  differentiate	
  into	
  any	
  type	
  of	
  cell	
   in	
  the	
  body	
  and	
  have	
  the	
  ability	
  to	
  create	
  an	
  entire	
  

organism.	
  They	
  are	
  derived	
  during	
  development	
  when	
  male	
  and	
  female	
  gametes	
  fuse	
  to	
  form	
  a	
  

zygote.	
  Pluripotent	
  stem	
  cells	
  also	
  have	
  the	
  ability	
  to	
  differentiate	
  into	
  all	
  cell	
  types	
  but	
  are	
  not	
  

capable	
   of	
   developing	
   a	
   full	
   organism.	
   Multipotent	
   stem	
   cells	
   are	
   able	
   to	
   differentiate	
   into	
   a	
  

limited	
  number	
  of	
  cells	
  from	
  a	
  particular	
  tissue-­‐specific	
  group	
  i.e.	
  marrow	
  stem	
  cell	
  produce	
  any	
  

blood	
   cell	
   type,	
   oligopotent	
   stem	
   cells	
   are	
   able	
   to	
   differentiate	
   into	
   just	
   a	
   few	
   cell	
   types	
   and	
  

unipotent	
  stem	
  cells	
  can	
  only	
  differentiate	
  into	
  a	
  single	
  type	
  of	
  cell.	
  For	
  this	
  thesis,	
  my	
  choice	
  of	
  

stem	
   cell	
   source	
   was	
   NSCs	
   as	
   they	
   have	
   well	
   described	
   galvanotaxic	
   properties	
   and	
   are	
   of	
  

similar	
  origins	
   to	
   the	
  retina	
  which	
  may	
   influence	
  migration.	
  However,	
  other	
  stem	
  cell	
   sources	
  

have	
  been	
   investigated	
   in	
  eyes	
  and	
  a	
  brief	
  overview	
  of	
   them	
  will	
  be	
  described	
   in	
  the	
  next	
   few	
  

subheadings.	
  

	
  

1.1.3.1	
  STEM	
  CELL	
  SOURCES	
  FOR	
  RETINAL	
  REPAIR:	
  EMBRYONIC	
  STEM	
  CELL	
  

Embryonic	
  stem	
  cell	
  (ESC)s	
  are	
  pluripotent	
  cells	
  isolated	
  from	
  the	
  inner	
  cell	
  population	
  of	
  day	
  

5-­‐8	
  blastocysts	
  with	
   indefinite	
   self-­‐renewal	
   capabilities	
  and	
   the	
  ability	
   to	
  differentiate	
   into	
  all	
  

cell	
   types	
   derived	
   from	
   the	
   3	
   embryonic	
   germ	
   layers.	
   This	
   was	
   first	
   demonstrated	
   in	
  mouse	
  

ESCs	
  in	
  1981,	
  where	
  they	
  were	
  driven	
  into	
  all	
  cell	
  types	
  of	
  the	
  body	
  in	
  vitro	
  and	
  in	
  vivo(Evans	
  

and	
  Kaufman,	
  1981,	
  Martin,	
  1981).	
  Human	
  ESC	
  was	
  achieved	
  not	
  long	
  after	
  in	
  1998	
  (Thomson	
  

et	
  al.,	
  1998).	
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ESCs	
   can	
   differentiate	
   into	
   retina-­‐specific	
   cells	
   in	
  mouse,	
   primate	
   and	
   human	
  ESC(Aoki	
   et	
   al.,	
  

2006,	
  Aoki	
  et	
  al.,	
  2008,	
  Haruta	
  et	
  al.,	
  2004,	
  Ikeda	
  et	
  al.,	
  2005,	
  Lamba	
  et	
  al.,	
  2009).	
  Their	
  potential	
  

to	
  differentiate	
  and	
  their	
  viability	
  in	
  long	
  term	
  culture	
  makes	
  them	
  a	
  strong	
  candidate	
  for	
  retinal	
  

repair(Bi	
  et	
  al.,	
  2009).	
  Retinal	
  neurons,	
  RPE	
  cells,	
  eye-­‐like	
  structures	
  and	
  photoreceptors	
  have	
  

been	
  derived	
  from	
  mouse	
  and	
  human	
  ESC(Meyer	
  et	
  al.,	
  2011,	
  Haruta	
  et	
  al.,	
  2004,	
  Eiraku	
  et	
  al.,	
  

2011).	
   	
   Most	
   protocols	
   published	
   involve	
   combining	
   defined	
   growth	
   factors	
   such	
   as	
   Retinoic	
  

Acid	
   and	
   Taurine,	
   Sonic	
   hedgehog[SHH],	
   Insulin	
   Growth	
   Factor-­‐1[IGF-­‐1],	
   bFibroblast	
   Growth	
  

Factor[bFGF],	
  Wnt2b,	
  noggin	
  and	
  Dickkopf-­‐1[dkk1](MacLaren	
  et	
  al.,	
  2006).	
  

Furthermore,	
   ESC	
   have	
   been	
   cultured	
   to	
   produce	
   a	
   three-­‐dimensional	
   neural	
   retina	
   in	
   vitro	
  

from	
  mouse	
  ESC(Eiraku	
  et	
  al.,	
  2011).	
  They	
  were	
  cultured	
  with	
  extracellular	
  matrix	
  components	
  

to	
   produce	
   optic	
   vesicles,	
   which	
   then	
   underwent	
   dynamic	
   morphogenesis	
   to	
   form	
   bilayered	
  

cups.	
  	
  This	
  development	
  of	
  growing	
  a	
  three-­‐dimensional	
  retina	
  in-­‐vitro	
  brings	
  new	
  possibilities	
  

of	
   generating	
   artificial	
   retinal	
   tissues	
   sheets	
   rather	
   than	
   simple	
   cell	
   grafting.	
   Early	
   phase	
   I/II	
  

trials	
   fetal	
   retinal	
   sheet	
   transplantation	
   have	
   shown	
   that	
   fetal	
   retinal	
   sheet	
   transplantation	
  

improved	
  visual	
  acuity	
   in	
  patients	
  with	
  AMD	
  and	
  RP.(Radtke	
  et	
  al.,	
  2008,	
  Radtke	
  et	
  al.,	
  2002).	
  

These	
   data	
   suggest	
   that	
   retinal	
   sheets	
   derived	
   from	
   human	
   ESC	
   could	
   deliver	
   a	
   similar	
  

treatment	
  effect.	
  

In	
   animal	
   models	
   of	
   disease,	
   ESC-­‐derived	
   RPE	
   has	
   been	
   successfully	
   transplanted	
   with	
   a	
  

resultant	
  visual	
  improvement	
  and	
  photoreceptor	
  rescue	
  (Lu	
  et	
  al.,	
  2009).	
  This	
  has	
  translated	
  to	
  

phase	
  I/II	
  clinical	
  trials	
  of	
  ESC	
  derived	
  RPE	
  transplanted	
  in	
  patients	
  with	
  Stargardt’s	
  and	
  AMD	
  

with	
  encouraging	
  visual	
   improvement	
  results	
   in	
   their	
  preliminary	
  data(Schwartz	
  et	
  al.,	
  2012).	
  

However,	
   the	
  authors	
  acknowledge	
  that	
   it	
   is	
  unclear	
  whether	
  the	
  visual	
  gains	
  were	
  due	
  to	
  the	
  

transplanted	
  ESC,	
  immunosuppression	
  or	
  intervention	
  bias.	
  

Although	
   ESC’s	
   pluripotency	
   is	
   attractive,	
   obstacles	
   remain	
   for	
   ESCs	
   clinical	
   application.	
   This	
  

includes	
  ethical	
  use,	
  better	
  isolation,	
  identification	
  and	
  differentiation	
  protocols	
  (Osakada	
  et	
  al.,	
  

2009),	
  host	
  immune	
  rejection,	
  and	
  the	
  risk	
  of	
  teratocarcinoma.	
  

	
  

1.1.3.2	
  STEM	
  CELL	
  SOURCES	
  FOR	
  RETINAL	
  REPAIR:	
  INDUCED	
  PLURIPOTENT	
  STEM	
  CELLS	
  

Induced	
   pluripotent	
   stem	
   cells	
   (iPSC)	
   are	
   derived	
   directly	
   from	
   adult	
   tissue	
   such	
   as	
   skin	
  

fibroblasts	
  and	
  then	
  differentiated	
  into	
  a	
  variety	
  of	
  cell	
  types(Stadtfeld	
  et	
  al.,	
  2008).	
  This	
  avoids	
  

the	
  need	
   for	
   immunosuppression	
   and	
  offers	
   the	
  potential	
   to	
   remove	
   ethical	
   issues	
   associated	
  

with	
  ESCs.	
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The	
   process	
   involves	
   reprogramming	
   of	
   adult	
   somatic	
   cells	
   by	
   numerous	
   combinations	
   of	
  

transfected	
  genes	
  and	
  small	
  molecules	
  such	
  as	
  K1f4,	
  Sox2,	
  c-­‐Myc	
  and	
  Oct4;	
  a	
  core	
  set	
  of	
  genes	
  

for	
   reprogramming	
   (Takahashi	
   et	
   al.,	
   2007).	
   Other	
   reprogramming	
   cocktails	
   use	
   Oct4,	
   Sox2,	
  

Nanog,	
   and	
   Lin28	
   (Yu	
   et	
   al.,	
   2007),	
   or	
   replace	
   a	
   number	
   of	
   the	
   reprogramming	
   factors	
   with	
  

closely	
  related	
  proteins(Nakagawa	
  et	
  al.,	
  2008),	
  suggesting	
  multiple	
  possible	
  avenues	
  towards	
  

achieving	
  pluripotency	
  from	
  adult	
  somatic	
  cells.	
  

It	
  has	
  been	
  demonstrated	
  that	
  human	
  photoreceptors,	
  RPE	
  and	
  RGC	
  can	
  be	
  derived	
  from	
  iPSCs	
  

and	
  survive	
  post	
   transplantation	
   into	
  animal	
  disease	
  models(Buchholz	
  et	
  al.,	
  2009,	
  Carr	
  et	
  al.,	
  

2009,	
  Meyer	
  et	
  al.,	
  2009,	
  Lamba	
  et	
  al.,	
  2010a,	
  Hirami	
  et	
  al.,	
  2009,	
  Ohlemacher	
  et	
  al.,	
  2016).	
   In	
  

principle,	
   a	
   small	
   tissue	
   sample	
   from	
   a	
   patient	
   such	
   as	
   a	
   skin	
   biopsy	
   could	
   be	
   cultured	
   and	
  

reprogrammed	
   into	
   iPSC	
   to	
   derive	
   retinal	
   cells	
   for	
   transplantation.	
   A	
   more	
   realistic	
   and	
  

immediate	
   benefit	
   is	
   to	
   use	
   these	
   cells	
   as	
   an	
   accurate	
   disease	
   model	
   for	
   drug	
   screening	
  

technologies.	
  	
  

However,	
   the	
   disadvantage	
   of	
   iPSCs	
   is	
   that	
   the	
   patient’s	
   inherent	
   genomic	
   error	
   causing	
   the	
  

retinal	
   disease	
   will	
   persist	
   in	
   the	
   iPSCs.	
   Indeed,	
   Ohlemacher	
   et	
   al.	
   demonstrated	
   that	
   RGCs	
  

cultured	
   from	
   a	
   patient	
   with	
   and	
   inherited	
   form	
   of	
   glaucoma	
   exhibited	
   increase	
   in	
  

apoptosis(Ohlemacher	
  et	
  al.,	
  2016).	
  Since	
  this	
  could	
  be	
  rescued	
  by	
  neuroprotective	
  factors	
  the	
  

study	
   highlighted	
   the	
   clinical	
   value	
   in	
   hiPSC	
  may	
   lie	
   in	
   its	
   use	
   for	
   pharmacological	
   screening	
  

rather	
   than	
   cell	
   replacement	
   therapy(Ohlemacher	
   et	
   al.,	
   2016).	
   To	
   overcome	
   this,	
   the	
   iPSC	
  

would	
   have	
   to	
   be	
   repaired	
   by	
   targeted	
   gene	
   editing	
   prior	
   to	
   transplantation	
   back	
   into	
   the	
  

patient.	
  A	
  more	
   efficient	
   culture	
  protocol	
   to	
   increase	
   the	
   yield	
  of	
   iPSC	
   in	
   a	
   shorter	
   amount	
  of	
  

time	
   also	
   needs	
   to	
   be	
   developed.	
   Furthermore,	
   as	
   adult	
   cells,	
   there	
   are	
   issues	
   on	
   their	
  

regenerative	
   abilities	
   given	
   that	
   they	
   are	
   “older”	
   than	
   ESCs,	
   as	
   well	
   as	
   the	
   inherent	
   risk	
   of	
  

tumorgenesis.	
  	
  	
  

1.1.3.3	
  STEM	
  CELL	
  SOURCE	
  FOR	
  RETINAL	
  REPAIR:	
  ADULT	
  STEM	
  CELLS:	
  BONE	
  MARROW	
  

DERIVED	
  STEM	
  CELLS	
  

Adult	
   stem	
   cells	
   are	
   present	
   in	
   most	
   organs	
   and	
   tissues	
   such	
   as	
   brain,	
   bone	
   marrow,	
   blood	
  

vessels,	
   skin,	
   teeth	
   and	
   heart.	
   They	
   are	
   situated	
   in	
   the	
   tissue	
   [niche]	
   into	
   which	
   they	
   will	
  

differentiate.	
  They	
  rarely	
  divide	
  but	
  do	
  so	
  when	
  stimulated	
  producing	
  rapidly	
  diving	
  cells,	
  which	
  

can	
  differentiate	
  into	
  all	
  cell	
  types	
  found	
  in	
  the	
  niche.	
  

Bone	
  marrow	
  derived	
  stem	
  cells	
   (BMDSC)	
  are	
  multipotent	
  progenitor	
  cells	
   that	
  are	
  harvested	
  

from	
  a	
  heterogenous	
  cell	
  population	
  found	
  in	
  the	
  bone	
  marrow.	
  They	
  have	
  an	
  advantage	
  in	
  that	
  

they	
  offer	
  easy	
  access	
  for	
  harvesting	
  and	
  an	
  autologous	
  stem	
  cell	
  source	
  avoiding	
  the	
  need	
  for	
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immunosuppression.	
   The	
   bone	
   marrow	
   is	
   considered	
   the	
   richest	
   reservoir	
   of	
   versatile	
   stem	
  

progenitor	
   cells	
   capable	
   of	
   differentiating	
   into	
   various	
   cell	
   types	
   of	
   the	
   human	
   organism,	
  

including	
   photoreceptors(Kicic	
   et	
   al.,	
   2003).	
   Furthermore,	
   there	
   is	
   considerable	
   clinical	
  

experience	
  in	
  their	
  use	
  in	
  the	
  treatment	
  of	
  leukaemia.	
  

There	
   are	
   two	
   distinct	
   stem	
   cell	
   populations	
   which	
   can	
   be	
   derived	
   from	
   bone	
   marrow:	
  

haematopoietic	
   stem	
   cells	
   and	
   mesenchymal	
   stem	
   cells.	
   Hematopoietic	
   stem	
   cells	
   are	
  

multipotent	
   and	
   able	
   to	
   give	
   rise	
   to	
   all	
   blood	
   cell	
   types:	
   monocytes	
   and	
   macrophages,	
  

neutrophils,	
   basophils,	
   eosinophils,	
   erythrocytes,	
   megakaryocytes/platlets,	
   dendritic	
   cells,	
   T-­‐

cells,	
  B-­‐cells	
  and	
  NK-­‐cells.	
  Mesenchymal	
  stem	
  cells	
  are	
  progenitors	
  of	
  connective	
  tissue	
  cells	
  and	
  

have	
  been	
  differentiated	
  into	
  bone,	
  cartilage,	
  fat,	
  muscle,	
  tendon,	
  liver,	
  kidney,	
  heart	
  and	
  brain	
  

cells.	
  	
  

It	
   has	
   been	
   proposed	
   that	
   BMDSC	
   may	
   be	
   able	
   to	
   restore	
   retinal	
   function	
   through	
   cellular	
  

differentiation,	
  as	
  a	
  paracrine	
  effect	
  and	
  through	
  RPE	
  repair(Siqueira	
  et	
  al.,	
  2010).	
  BMDSC	
  can	
  

be	
   aspirated	
   from	
  bone	
  marrow	
  harvested	
   from	
   the	
   superior	
   iliac	
   crest,	
   tibia,	
   femur,	
   thoracic	
  

and	
   lumbar	
  spine.	
  Although	
  BMDSCs	
  circulate	
  peripherally	
   in	
  response	
  to	
  RPE	
  damage,	
   this	
   is	
  

insufficient	
   to	
   repair	
   retinal	
   damage(Machalinska	
   et	
   al.,	
   2011).	
   Potentially,	
   inducing	
   more	
  

BMDSC	
   into	
   peripheral	
   blood	
   may	
   increase	
   their	
   accessibility.	
   Hence,	
   BMDSC	
   delivered	
  

intravenously	
   was	
   attempted	
   and	
   showed	
   repair	
   and	
   migration	
   into	
   a	
   laser-­‐induced	
   	
   retinal	
  

injury	
  model(Chung	
  et	
  al.,	
  2011).	
  However,	
   they	
  did	
  not	
  determine	
  the	
  cell	
  differentiation	
  and	
  

so,	
  the	
  exact	
  mechanism	
  of	
  repair	
  in	
  this	
  injury	
  model	
  is	
  not	
  known.	
  Interestingly,	
  another	
  group	
  

who	
  also	
  looked	
  at	
  intravenous	
  delivery	
  of	
  mesenchymal	
  stem	
  cells	
  reported	
  rescue	
  of	
  cone	
  and	
  

rod	
  photoreceptors	
  and	
  increase	
   in	
  visual	
  acuity	
   in	
  the	
  Royal	
  College	
  of	
  Surgeons	
  rat	
  model,	
  a	
  

recognised	
   animal	
   model	
   for	
   RP(Wang	
   et	
   al.,	
   2010b).	
   They	
   also	
   labelled	
   the	
   infused	
  

mesenchymal	
  stem	
  cells	
  and	
  were	
  found	
  not	
  only	
  in	
  retinal	
  ganglion	
  cell	
  layers,	
  inner	
  and	
  outer	
  

plexiform	
  layers	
  but	
  also	
  in	
  the	
  lungs,	
  kidneys	
  and	
  liver.	
  The	
  fates	
  of	
  the	
  cells	
  deposited	
  in	
  the	
  

extraocular	
  sites	
  were	
  not	
  investigated.	
  	
  

Most	
   groups	
   have	
   looked	
   at	
   intravitreal	
   transplantation	
   of	
   BMDSC	
   rather	
   than	
   intravenous	
  

methods	
   of	
   delivery,	
   possibly	
   to	
   minimise	
   off-­‐target	
   effect	
   and	
   maximise	
   impact.	
   Many	
   have	
  

used	
   an	
   injury	
   model	
   either	
   through	
   laser	
   application	
   to	
   the	
   retina,	
   ischaemic/reperfusion	
  

injury,	
  or	
  mechanical	
  injury	
  to	
  the	
  retina	
  with	
  a	
  hooked	
  needle,	
  to	
  induce	
  BMDSC	
  incorporation	
  

into	
   the	
   retina.	
   Direct	
   injection	
   of	
   BMDSC	
   without	
   pre-­‐treatment	
   with	
   some	
   form	
   of	
   injury	
  

induction	
  is	
  ineffectiveas	
  the	
  BMDSCs	
  do	
  not	
  migrate	
  into	
  the	
  neurosensory	
  retina(Minamino	
  et	
  

al.,	
   2005).	
   Stimulatory	
   signals	
   are	
   required	
   to	
   ensure	
   that	
   injected	
   BMDSC	
   integrate	
   into	
   the	
  

retina.	
  It	
  has	
  been	
  hypothesized	
  that	
  inflammatory	
  factors	
  and	
  cytokines	
  from	
  damaged	
  retina	
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may	
  have	
  a	
  role	
  in	
  directing	
  migration	
  of	
  BMDSC(Li	
  et	
  al.,	
  2006).	
  The	
  SDF-­‐1/CXCR4	
  axis	
  is	
  one	
  

proposed	
  pathway	
   in	
  directing	
   stem	
   cell,	
   as	
  well	
   as	
   the	
   complement	
   component	
  C3a(Li	
   et	
   al.,	
  

2006).	
  Once	
  incorporated	
  into	
  the	
  retina,	
  BMDSC	
  have	
  been	
  reported	
  to	
  survive	
   in	
  the	
  eye	
  for	
  

up	
   to	
  one	
  year	
   in	
  mice	
  and	
   still	
   express	
   retina	
  nerve	
   cell	
   specific	
   antigens	
   such	
  as	
   rhodopsin,	
  

MAP2	
  and	
  nestin(Minamino	
  et	
  al.,	
  2005).	
  

Adult	
  human	
  peripheral	
  blood	
  mononuclear	
  cells	
  have	
  also	
  been	
  reported	
  to	
  differentiate	
   into	
  

retinal	
  neuron-­‐like	
  cells	
  in-­‐vitro	
  and	
  in-­‐vivo(Xian	
  et	
  al.,	
  2016).	
  Post	
  subretinal	
  transplantation	
  in	
  

RD1	
  mice,	
  survival	
  and	
  migration	
  with	
  differentiation	
  into	
  photoreceptor	
  and	
  neuronal	
  markers	
  

were	
  present	
  at	
  6	
  months,	
  providing	
  another	
  source	
  for	
  SC	
  transplantation	
  in	
  retina.	
  	
  

Indeed,	
   the	
   encouraging	
   results	
   seen	
   in	
   animal	
   models	
   [see	
   Table	
   1]	
   have	
   prompted	
   human	
  

transplantation	
   of	
   bone	
   marrow	
   derived	
   mononuclear	
   cell	
   transplantation	
   in	
   a	
   patient	
   with	
  

atrophic	
  retina	
  and	
  optic	
  nerve	
  atrophy,	
  three	
  diabetic	
  retinopathy	
  patients	
  and	
  a	
  glaucomatous	
  

optic	
   neuropathy	
   patient(Jonas	
   et	
   al.,	
   2008).	
   Autologous	
   bone	
   marrow	
   derived	
   mononuclear	
  

cells	
  were	
  also	
  transplanted	
  into	
  five	
  advanced	
  RP	
  patients	
  by	
  intravitreal	
  injection	
  (Siqueira	
  et	
  

al.,	
   2011).	
  They	
   concluded	
   that	
   there	
  was	
  no	
   functional	
   or	
   structural	
   toxicity	
  over	
  10	
  months	
  

after	
   a	
   single	
   intravitreal	
   injection	
   of	
   these	
   cells.	
   The	
   same	
   group	
   is	
   currently	
   recruiting	
   RP	
  

patients	
   for	
   a	
   follow-­‐up	
   Phase	
   II	
   non-­‐randomized	
   open	
   label	
   trial.	
   Also	
   of	
   note,	
   there	
   is	
   one	
  

Phase	
   I	
   safety	
   study	
   recruiting	
   patients	
   with	
   RP	
   for	
   treatment	
   with	
   BMDSC	
   in	
   Bangkok,	
  

Thailand.	
   Further	
   trials	
   are	
   needed	
   to	
   determine	
   the	
   ideal	
   stage	
   at	
  which	
   RP	
   patients	
   can	
   be	
  

transplanted,	
  the	
  effect	
  of	
  pre-­‐treatment	
  with	
  laser,	
  the	
  long	
  term	
  effects	
  of	
  transplanted	
  BMDSC	
  

with	
  regards	
  to	
  safety	
  and	
  its	
  effect	
  on	
  other	
  diseases	
  such	
  as	
  glaucoma	
  and	
  diabetic	
  retinopathy	
  

given	
  its	
  paracrine	
  and	
  enhanced	
  angiogenic	
  effect.	
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Reference	
   Disease	
  	
  model	
   Route	
   Type	
   of	
   Bone	
   marrow	
   derived	
  
stem	
  cell	
  

(Otani	
  et	
  al.,	
  
2004)	
  

	
  

rd1	
  and	
  rd10	
  mouse	
  
model	
  of	
  retinal	
  
degeneration	
  

Intravitreal	
  	
   Adult	
  bone	
  marrow	
  derived	
  lineage	
  
negative	
  hematopoietic	
  stem	
  cells	
  

(Li	
  et	
  al.,	
  2009)	
  

	
  

Rat	
  injured	
  by	
  
ischaemic/perfusion	
  

Intravitreal	
   Mesenchymal	
  stem	
  cells	
  

	
  

(Zhang	
  and	
  
Wang,	
  2010)	
  

Light-­‐damaged	
  rats	
   Subretinal	
  space	
   Mesenchymal	
  stem	
  cells	
  

(Tomita	
  et	
  al.,	
  
2002)	
  

	
  

Mechanical	
  injury	
  of	
  
rat	
  retina	
  with	
  hooked	
  
needle	
  

Intravitreal	
  	
   Hematopoietic	
  stem	
  cells	
  

(Wang	
  et	
  al.,	
  
2010a)	
  

	
  

Mice	
  with	
  laser-­‐
induced	
  retinal	
  injury	
  

Intravitreal	
   Lineage	
  negative	
  hematopoietic	
  
stem	
  cells	
  

(Johnson	
  et	
  al.,	
  
2010a)	
  

	
  

Glaucoma	
  model:	
  
Ocular	
  hypertension	
  
induced	
  rats	
  by	
  laser	
  
to	
  trabecular	
  
meshwork	
  

Intravitreal	
  
versus	
  
intravenous	
  

Mesenchymal	
  stem	
  cells	
  

(Castanheira	
  et	
  
al.,	
  2008)	
  

	
  

Rats	
  with	
  laser-­‐
injured	
  retina	
  

Intravitreal	
   Mesenchymal	
  stem	
  cells	
  

(Xian	
  et	
  al.,	
  
2016)	
  

RD1	
  mice	
   Subretinal	
   Adult	
  human	
  peripheral	
  blood	
  
mononuclear	
  cells	
  

Table	
  1	
  table	
  showing	
  experimental	
  studies	
  using	
  bone	
  marrow	
  derived	
  stem	
  cell	
  therapy	
  for	
  
retinal	
  diseases	
  adapted	
  from	
  [adapted	
  from	
  Siqueira	
  et	
  al.	
  2010]	
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1.1.3.4	
  STEM	
  CELL	
  SOURCE	
  FOR	
  RETINAL	
  REPAIR:	
  ADULT	
  STEM	
  CELLS:	
  NEURAL	
  STEM	
  CELLS	
  

Neural	
  stem	
  cells	
  (NSC)	
  ,	
  neural	
  progenitor	
  cells	
  and	
  oligodendrocyte	
  precursor	
  cells	
  (OPC)	
  are	
  

multipotent	
   cells	
   with	
   the	
   ability	
   to	
   differentiate	
   into	
   three	
   central	
   nervous	
   system	
   lineages;	
  

neurons,	
   astrocytes	
   and	
   oligodendrocytes.	
   They	
   have	
   been	
   isolated	
   from	
   the	
   adult	
  

subventricular	
  zone	
  and	
  dentate	
  gyrus	
  of	
  the	
  hippocampus	
  in	
  the	
  central	
  nervous	
  system.	
  Their	
  

harvest	
  and	
  preparation	
  are	
  complicated	
  by	
  their	
  deep	
  location	
  within	
  the	
  brain.	
  However,	
  they	
  

are	
   highly	
   proliferative	
   and	
   their	
   ability	
   to	
   differentiate	
   into	
   site-­‐specific	
   lineage	
   under	
   the	
  

influence	
  of	
  the	
  microenvironment	
  is	
  advantageous.	
  

Most	
  groups	
  have	
  used	
  adult	
  hippocampus-­‐derived	
  neural	
  stem	
  cell	
   [AHSC](Akita	
  et	
  al.,	
  2002,	
  

Takahashi	
  et	
  al.,	
  1998,	
  Young	
  et	
  al.,	
  2000).	
  Takahashi	
  et	
  al	
  found	
  that	
  AHSCs	
  will	
  integrate	
  into	
  

neonatal	
  rat	
  retina	
  post	
  intravitreal	
  transplantation	
  and	
  adopted	
  the	
  morphology	
  and	
  positions	
  

of	
  Muller,	
   amacrine,	
  bipolar,	
  horizontal,	
   and	
  photoreceptor	
   cells(Takahashi	
   et	
   al.,	
   1998).	
  They	
  

have	
  also	
  been	
  shown	
  to	
  integrate	
  into	
  a	
  variety	
  of	
  injury	
  models:	
  retinal	
  ischaemia-­‐reperfusion	
  

models,	
  genetically-­‐degenerated	
  adult	
  rat	
  retina,	
  mechanically	
  injured	
  rat	
  retina	
  with	
  a	
  hooked	
  

needle	
   and	
   retinal	
   ganglion	
   cell	
   depleted	
   mouse	
   retina(Nishida	
   et	
   al.,	
   2000,	
   Kurimoto	
   et	
   al.,	
  

2001,	
  Guo	
  et	
   al.,	
   2003,	
  Mellough	
  et	
   al.,	
   2004).	
  Moreover,	
  migration	
  has	
   also	
  been	
  observed	
   in	
  

normal	
  adult	
  retina	
  without	
  prior	
   trauma	
  or	
  disease	
  models(Warfvinge	
  et	
  al.,	
  2001).	
  This	
  was	
  

demonstrated	
   using	
   a	
   subretinal	
   transplantation	
   method	
   using	
   two	
   different	
   brain-­‐derived	
  

precursor	
  cell	
  lines;	
  C17-­‐2	
  (from	
  postnatal	
  mouse	
  cerebellum)	
  and	
  RN33B(from	
  embryonic	
  rat	
  

medullary	
  raphe)(Warfvinge	
  et	
  al.,	
  2001).	
  However,	
  these	
  are	
  not	
  adult-­‐derived	
  stem	
  cells	
  and	
  

so	
  a	
  higher	
   integration	
  capability	
  would	
  be	
  expected,	
  and	
  subretinal	
   implantation	
   is	
   in	
   itself	
  a	
  

form	
  of	
   trauma	
  due	
   to	
   the	
   induced	
  serous	
   retinal	
  detachment	
  prior	
   to	
   implantation.	
  Although	
  

migration	
  and	
  assumed	
  morphology	
  of	
  neurons	
  have	
  been	
  demonstrated,	
  they	
  failed	
  to	
  express	
  

retina-­‐specific	
  markers	
  and	
  retinal	
  function	
  had	
  not	
  been	
  tested.	
  

OPCs	
  are	
  highly	
  proliferative	
  and	
  are	
  abundant	
  in	
  the	
  adult	
  central	
  nervous	
  system.	
  They	
  have	
  

been	
   shown	
   to	
   deliver	
   a	
   dramatic	
   neuroprotective	
   effect	
   in	
   the	
   trabecular	
   laser	
   glaucoma	
   rat	
  

model(Bull	
  et	
  al.,	
  2009).	
  RGC	
  survival,	
  reported	
  in	
  optic	
  nerve	
  axon	
  count	
  was	
  nearly	
  30%	
  less	
  

than	
   controls.	
   However,	
   the	
   protection	
   of	
   retinal	
   ganglion	
   cell	
   death	
   was	
   dependent	
   on	
  

inflammatory	
  cell	
  activation	
  of	
  the	
  OPC	
  by	
  Zymosan.	
  

Recently,	
   human	
   neural	
   progenitor	
   cells	
   transplanted	
   subretinally	
   into	
   RCS	
   rats	
   not	
   only	
  

survived	
   and	
   migrated	
   into	
   the	
   retina,	
   but	
   also	
   protected	
   photoreceptors	
   from	
  

degeneration(Gamm	
  et	
  al.,	
  2007).	
  Gamm	
  et	
  al	
  investigated	
  both	
  neural	
  progenitor	
  cells	
  with	
  and	
  

without	
   glial	
   cell	
   derived	
   neurotrophic	
   growth	
   factor	
   (GDNF)	
   transduction.	
   Both	
  managed	
   to	
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preserve	
   retinal	
   function	
   recorded	
  by	
  ERG	
  waves,	
   optomotor	
   response	
   testing	
   and	
   luminance	
  

threshold	
   responses.	
   The	
   protective	
   effect	
   was	
   augmented	
   with	
   genetically	
   modified	
   human	
  

neural	
  progenitor	
  cells.	
  These	
  results	
  are	
  encouraging	
  and	
  suggest	
  that	
  neural	
  progenitor	
  cells	
  

have	
  potential	
  as	
  a	
  therapeutic	
  option	
  for	
  retinal	
  degenerative	
  disease.	
  

1.1.3.5	
  ADULT	
  STEM	
  CELLS:	
  OLFACTORY-­‐DERIVED	
  STEM	
  CELLS	
  

The	
  lack	
  of	
  a	
  suitable	
  donor	
  site	
  i.e.	
  one	
  with	
  easy	
  access	
  is	
  a	
  major	
  limitation	
  of	
  utilizing	
  neural	
  

stem	
  cells.	
  Recently,	
  the	
  olfactory	
  system	
  has	
  attracted	
  interest	
  due	
  to	
  its	
  regenerative	
  capacity	
  

and	
   extracranial	
   location	
   giving	
   it	
   easy	
   access.	
   The	
   olfactory	
   system	
   undergoes	
   active	
  

neurogenesis	
   throughout	
   life	
   including	
   the	
   subventricular	
   zone	
   and	
   the	
   olfactory	
   epithelium.	
  

Olfactory	
   ensheathing	
   cells	
   (OEC)	
   are	
   glial	
   cells	
   in	
   the	
   nasal	
   mucosa	
   and	
   olfactory	
   bulb	
   that	
  

guide	
  and	
  ensheath	
  the	
  axons	
  of	
  olfactory	
  nerve	
  from	
  the	
  nose	
  to	
  the	
  brain.	
  However,	
  harvest	
  of	
  

OECs	
   from	
   the	
   olfactory	
   bulb	
   requires	
   highly	
   invasive	
   surgery,	
   which	
   is	
   a	
   major	
   obstacle.	
  

Moreover,	
  obtaining	
  sufficient	
  therapeutic	
  quantities	
  of	
  OECs	
  from	
  olfactory	
  bulbs	
  is	
  difficult.	
  	
  

By	
  contrast,	
  olfactory	
  epithelium	
  (OE);	
   located	
  high	
   in	
   the	
  nasal	
  vault,	
   also	
  has	
  a	
   regenerative	
  

capacity	
  and	
   is	
  readily	
  accessible	
   form	
   its	
   location	
   in	
   the	
  nasal	
  cavity,	
  allowing	
   for	
  autologous	
  

harvest	
  with	
  minimal	
  donor	
  damage.	
  The	
  human	
  OE	
  is	
  located	
  high	
  in	
  the	
  nasal	
  vault.	
  Cultures	
  

of	
  OE	
  prepared	
   from	
  fresh	
  postmortem	
  tissue	
  or	
  endoscopic	
  biopsy	
   from	
  patients	
  undergoing	
  

sinus	
  surgery	
  have	
  been	
  subcultured	
   to	
  generate	
  neurosphere	
   forming	
  cell	
   lines(Roisen	
  et	
  al.,	
  

2001,	
   Winstead	
   et	
   al.,	
   2005).	
   They	
   have	
   been	
   cultured	
   for	
   over	
   200	
   passages	
   and	
   can	
   be	
  

generated	
  from	
  OE	
  biopsy	
  irrespective	
  of	
  donor	
  age	
  or	
  gender	
  and	
  remain	
  equivalent.	
  So	
  far,	
  no	
  

studies	
  have	
  investigated	
  its	
  effect	
  on	
  the	
  retina.	
  

To	
  date,	
  studies	
  have	
  been	
  mainly	
  focused	
  on	
  animal	
  models	
  and	
  OEC.	
  Early	
  work	
  with	
  RGC	
  and	
  

OEC	
  was	
   carried	
   out	
   by	
   Sonigra	
   et	
   al	
   (Sonigra	
   et	
   al.,	
   1999).	
   They	
   found	
   that	
   OECs	
   promoted	
  

retinal	
  ganglion	
  cell	
  survival	
  and	
  neurite	
  outgrowth	
  in	
  rats	
  in	
  vitro.	
  They	
  considered	
  a	
  number	
  

of	
  mechanisms	
  for	
  this	
  result;	
  neurotrophin	
  release,	
  interaction	
  between	
  adhesion	
  molecules	
  on	
  

the	
  surface	
  of	
  two	
  cell	
  types	
  and	
  interaction	
  between	
  neuronal	
  integrins	
  or	
  other	
  receptors	
  and	
  

matric	
  proteins	
  elaborated	
  by	
  OECs.	
  The	
  lack	
  of	
  evidence	
  for	
  a	
  secretory	
  factor	
  suggested	
  that	
  a	
  

neurotrophic	
   mechanism	
   was	
   unlikely	
   neurotrophins.	
   Other	
   groups	
   have	
   confirmed	
   OEC	
  

promotes	
  neurite	
  outgrowth	
  in	
  RGC	
  in	
  vitro	
  and	
  in	
  retinal	
  explants	
  (Moreno-­‐Flores	
  et	
  al.,	
  2003,	
  

Leaver	
   et	
   al.,	
   2006b).	
   Optic	
   nerve	
   crush	
   models	
   have	
   also	
   demonstrated	
   reduced	
   retinal	
  

ganglion	
  cell	
  death	
  following	
  OEC	
  transplantation(Wu	
  et	
  al.,	
  2010,	
  Li	
  et	
  al.,	
  2003).	
  	
  

In	
   disease	
   models,	
   OEC	
   can	
   reduce	
   the	
   gliotic	
   injury	
   response.	
   In	
   the	
   Royal	
   College	
   of	
  

Surgeon(RCS)	
   rat;	
   an	
   animal	
  model	
   for	
   RP(Huo	
   et	
   al.,	
   2011),	
   subretinal	
   injection	
   of	
   OEC	
   and	
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olfactory	
   nerve	
   fibroblasts	
   into	
   1-­‐month-­‐old	
   RCS	
   rats(Huo	
   et	
   al.,	
   2012)	
   restored	
   recoverin	
  

expression,	
  protected	
  retinal	
  outer	
  segments,	
   increased	
  peanut-­‐agglutinin	
  (PNA)-­‐positive	
  cone	
  

outer	
   segments,	
   reduced	
   caspase-­‐positive	
   apoptosis	
   and	
   downregulated	
   glial	
   fibrillary	
   acidic	
  

protein.	
  Functionally,	
  these	
  changes	
  were	
  associated	
  with	
  the	
  maintenance	
  of	
  the	
  ERG	
  b-­‐wave.	
  

In	
  contrast	
  to	
  Sonigra	
  et	
  al,	
  they	
  showed	
  that	
  a	
  mixture	
  of	
  OEC	
  and	
  olfactory	
  nerve	
  fibroblasts	
  

secreted	
   nerve	
   growth	
   factor(NGF),	
   brain-­‐derived	
   neurotrophic	
   factor(BDNF)	
   and	
   basic	
  

fibroblast	
  growth	
  factor(bFGF).	
  These	
  observations	
  suggest	
  a	
  neurotrophic	
  factor	
  mediated	
  role	
  

in	
  maintaining	
  the	
  survival	
  of	
  photoreceptors.	
  Liu	
  et	
  al	
  proposed	
  that	
  OEC	
  and	
  GDNF	
  induce	
  a	
  

synergistic	
   effect	
   in	
   promoting	
   the	
   recovery	
   of	
   visual	
   function	
   following	
   optic	
   nerve	
   injury	
   in	
  

adult	
   rats(Liu	
   et	
   al.,	
   2010).	
   They	
   showed	
   that	
   intravitreal	
   GDNF	
   alone	
   did	
   not	
   induce	
   axonal	
  

regeneration,	
  which	
  was	
   explained	
   by	
   the	
   suggestion	
   that	
   inhibitory	
   factors	
   secreted	
   by	
   glial	
  

scars	
  at	
  the	
  late	
  stage	
  of	
  injury,	
  impeded	
  axon	
  growth,	
  therefore	
  GDNF	
  was	
  not	
  able	
  to	
  promote	
  

axon	
  regeneration	
  to	
  penetrate	
  glial	
  scars.	
  OEC	
  may	
  have	
  served	
  as	
  a	
  cell	
  bridge,	
  guiding	
  nerve	
  

cells	
   to	
   penetrate	
   and	
   grow	
   through	
   glial	
   scars.	
   These	
   encouraging	
   results	
   have	
   promoted	
  

further	
  research	
  into	
  OEC	
  use	
  in	
  combination	
  with	
  neurotrophic	
  factor	
  augmentation.	
  

1.1.4	
  STEM	
  CELL	
  SOURCE	
  FOR	
  RETINAL	
  REPAIR:	
  EYE-­‐DERIVED	
  STEM-­‐LIKE	
  CELLS	
  

In	
  fish	
  and	
  amphibia,	
  retinal	
  stem	
  cells	
  are	
  located	
  in	
  the	
  retinal	
  periphery,	
  the	
  ciliary	
  marginal	
  

zone	
   (CMZ)	
  and	
  produce	
  new	
  neurons	
   in	
   the	
   retina	
   throughout	
   life.	
  The	
  CMZ	
   is	
  a	
   transitional	
  

region	
  between	
  the	
  neural	
  retina	
  and	
  the	
  iris/ciliary	
  epithelium,	
  and	
  contains	
  retinal	
  progenitor	
  

cells	
   that	
  proliferate	
   for	
  a	
   long	
  time.	
   In	
  mammals	
  and	
  birds,	
  stem-­‐like	
  cells	
  have	
  been	
  isolated	
  

and	
  characterized	
  from	
  the	
  ciliary	
  marginal	
  zone(Reh	
  and	
  Levine,	
  1998).	
  	
  

In	
  humans,	
  there	
  is	
  increasing	
  interest	
  the	
  existence	
  or	
  absence	
  of	
  a	
  CMZ-­‐like	
  zone	
  in	
  the	
  adult	
  

eye.	
  Nestin	
  positive	
  cells	
  found	
  in	
  adult	
  human	
  retina	
  and	
  epiretinal	
  membrane	
  is	
  suggestive	
  of	
  

this(Mayer	
   et	
   al.,	
   2003).	
   Furthermore,	
   the	
   distribution	
   of	
   nestin	
   positive	
   cells	
   in	
   the	
   extreme	
  

periphery	
  of	
  the	
  retina	
  suggests	
  that	
  a	
  CMZ-­‐like	
  region	
  exists(Bhatia	
  et	
  al.,	
  2009).	
  	
  

In	
  mammals,	
  the	
  CMZ	
  is	
  analogous	
  to	
  the	
  pigmented	
  ciliary	
  margin	
  in	
  the	
  far	
  retinal	
  periphery	
  

where	
  potential	
  stem	
  cells	
  have	
  been	
  cultured	
  in	
  vitro.	
  Neurospheres	
  have	
  been	
  grown	
  from	
  the	
  

ciliary	
   epithelium	
   to	
   differentiate	
   into	
   photoreceptors,	
   bipolar	
   cells	
   and	
   Muller	
   glia(Ahmad,	
  

Tang	
   and	
   Pham,	
   2000).	
  However,	
   since	
   the	
   pigmented	
   ciliary	
  margin	
   is	
   non-­‐mitotic	
   and	
   fully	
  

differentiated	
   in	
  mammals,	
  cell	
  derived	
   from	
  this	
  area	
  should	
  be	
  regarded	
  as	
  having	
  stem	
  cell	
  

potential	
  and	
  that	
  they	
  remain	
  in	
  a	
  quiescent	
  state	
  in	
  vivo	
  (Amato,	
  Arnault	
  and	
  Perron,	
  2004).	
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The	
  ciliary	
  epithelium	
  and	
  retina	
  share	
  a	
  common	
  origin	
  and	
  arise	
   from	
  the	
   inner	
   layer	
  of	
   the	
  

optic	
   cup.	
  However,	
   in	
   the	
   adult	
   eye	
   they	
   diverge	
   in	
   roles	
   and	
   the	
   ciliary	
   epithelium	
   secretes	
  

aqueous	
  humour.	
  Due	
  to	
  their	
  common	
  derivation	
  from	
  the	
  neuroepithelium	
  during	
  embryonic	
  

development,	
  it	
  has	
  been	
  thought	
  that	
  perhaps	
  the	
  ciliary	
  epithelium	
  could	
  be	
  a	
  source	
  of	
  stem	
  

cells.	
   Neural	
   retinal	
   stem	
   cells	
   have	
   been	
   isolated	
   and	
   grown	
   in	
   vitro	
   from	
   human	
   ciliary	
  

epithelium	
  of	
  the	
  pars	
  plana	
  and	
  the	
  pars	
  plicata	
  (Coles	
  et	
  al.,	
  2004).	
  However,	
  when	
  these	
  cells	
  

were	
  transplanted	
  into	
  the	
  mouse	
  eye,	
  they	
  showed	
  limited	
  migration	
  into	
  the	
  neural	
  retina	
  and	
  

RPE.	
  	
  More	
  recent	
  studies	
  suggest	
  that	
  ciliary	
  epithelium	
  from	
  mouse	
  and	
  human	
  lack	
  stem	
  cell	
  

properties(Cicero	
  et	
  al.,	
  2009).	
  Although	
  cells	
  isolated	
  from	
  ciliary	
  epithelium	
  could	
  be	
  induced	
  

to	
  express	
  low	
  levels	
  of	
  neuronal	
  markers,	
  they	
  retained	
  their	
  epithelial	
  morphology	
  and	
  failed	
  

to	
  differentiate	
   into	
  retinal	
  neurons(Cicero	
  et	
  al.,	
  2009).	
  Furthermore,	
   they	
  demonstrated	
   that	
  

ciliary	
   epithelium	
   spheres	
   contain	
   cells	
   with	
   epithelial	
   properties	
   and	
   limited	
   expression	
   of	
  

neuronal	
  markers	
  compared	
  to	
  those	
  of	
  neural	
  stem	
  cells(Moe	
  et	
  al.,	
  2009).	
  

Muller	
  glia	
  are	
  the	
  main	
  glial	
  cells	
  in	
  the	
  retina.	
  Radial	
  glia	
  in	
  the	
  brain,	
  function	
  as	
  stem	
  cells	
  in	
  

mammalian	
  central	
  nervous	
  system(Merkle	
  et	
  al.,	
  2004).	
  Glial	
  cells	
  may	
  play	
  a	
  neural	
  precursor	
  

role	
   in	
   the	
   adult	
   central	
   nervous	
   system(Lawrence	
   et	
   al.,	
   2007).	
  Muller	
   stem	
   cells	
   have	
   been	
  

isolated	
  from	
  human	
  retina	
  and	
  have	
  been	
  shown	
  to	
  be	
  capable	
  of	
  proliferating	
  indefinitely	
   in	
  

vitro(Lawrence	
   et	
   al.,	
   2007).	
   They	
   have	
   been	
   shown	
   to	
   adopt	
   a	
   neuronal	
   morphology	
   and	
  

express	
  markers	
  of	
  postmitotic	
  retinal	
  neurons	
  such	
  as	
  peripherin,	
  recoverin,	
  calretinin	
  and	
  S-­‐

opsin.	
  However,	
  they	
  do	
  not	
  migrate	
  well	
  into	
  the	
  subretinal	
  space	
  of	
  RCS	
  rats	
  or	
  neonate	
  Lister	
  

hooded	
  rats(Lawrence	
  et	
  al.,	
  2007).	
  	
  

1.1.5	
  POST-­‐MITOTIC	
  PHOTORECEPTOR	
  PRECURSOR	
  CELLS	
  	
  

Post-­‐mitotic	
   photoreceptor	
   precursor	
   cells	
   can	
   be	
   derived	
   from	
   P1-­‐5	
   postnatal	
  mouse	
   retina	
  

and	
   have	
   been	
   shown	
   to	
   migrated	
   successfully	
   into	
   adult	
   wild	
   type	
   and	
   degenerating	
  

mammalian	
  retina(MacLaren	
  et	
  al.,	
  2006).	
  This	
  time	
  range	
  was	
  concurrent	
  with	
  the	
  peak	
  of	
  rod	
  

genesis.	
   Although	
   a	
   recovery	
   of	
   light	
   response	
   was	
   reported,	
   it	
   was	
   unclear	
   if	
   true	
   cell	
  

connections	
  were	
  being	
  formed	
  within	
  the	
  retina.	
  It	
  is	
  likely	
  that	
  the	
  beneficial	
  effect	
  seen	
  may	
  

be	
   from	
   a	
   neurotrophic	
   response.	
   Furthermore,	
   for	
   this	
   to	
   translate	
   to	
   human	
   therapy,	
   cells	
  

would	
   have	
   to	
   be	
   derived	
   from	
   fetal	
   tissue	
   in	
   the	
   second	
   trimester,	
   which	
   is	
   ethically	
  

problematic,	
  bearing	
  in	
  mind	
  that	
  legally	
  fetal	
  viability	
  is	
  24	
  weeks.	
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1.2 .0 	
  PROPOSED	
  MECHANISMS	
  FOR	
  STEM	
  CELL-­‐MEDIATED	
  RETINAL	
  REPAIR	
  

1.2.1	
  STEM	
  CELL	
  AS	
  CELL	
  REPLACEMENT	
  

Tissue	
  replacement	
  approaches	
   to	
  stem	
  cell	
   therapy	
   in	
   retinal	
  degeneration	
  have	
  consisted	
  of	
  

replacing	
  diseased	
  photoreceptors,	
  RPE,	
  and	
  recently	
  the	
  entire	
  retinal	
  layer	
  (Eiraku	
  et	
  al.,	
  2011,	
  

Assawachananont	
  et	
  al.,	
  2014).	
  	
  

The	
   replacement	
   of	
   RGCs	
   has	
   received	
   comparatively	
   less	
   attention.	
   The	
   challenge	
   is	
   more	
  

daunting	
  as	
  the	
  transplanted	
  cell	
  will	
  not	
  only	
  need	
  to	
  migrate	
  into	
  the	
  correct	
  spatial	
  location	
  

within	
  the	
  ganglion	
  cell	
   layer,	
  but	
  also	
  make	
  connections	
  within	
  the	
  retina	
  and	
  generate	
  axons	
  

which	
  extend	
  topographically	
  to	
  the	
  optic	
  nerve	
  and	
  brain.	
  Encouraging	
  work	
  has	
  been	
  achieved	
  

on	
   generating	
  RGC-­‐like	
   cells	
   for	
   replacement.	
   iPS	
   cells	
   and	
   ESC	
   have	
   been	
   driven	
   towards	
   an	
  

RGC-­‐like	
  fate(Parameswaran	
  et	
  al.,	
  2010,	
  Jagatha	
  et	
  al.,	
  2009,	
  Aoki	
  et	
  al.,	
  2008,	
  Chen	
  et	
  al.,	
  2010).	
  

However,	
  they	
  have	
  not	
  been	
  able	
  to	
  integrate	
  these	
  cells	
  into	
  the	
  retina	
  as	
  yet.	
  

By	
  contrast,	
  photoreceptor	
  replacement	
  represents	
  less	
  of	
  a	
  challenge.	
  ESC	
  and	
  iPS	
  cells	
  driven	
  

towards	
   a	
   photoreceptor	
   fate	
   can	
   be	
   transplanted	
   into	
   the	
   eye	
   to	
   generate	
   mature	
   rods	
  

integrated	
  within	
  the	
  retina	
  (Lamba	
  et	
  al.,	
  2009,	
  Lamba	
  et	
  al.,	
  2010b).	
  Transplantation	
  of	
  ESCs	
  

into	
   the	
   subretinal	
   space	
   of	
   a	
   mouse	
   model	
   of	
   Lebers	
   congenital	
   amaurosis	
   showed	
   some	
  

restoration	
  of	
  photoreceptor	
  function	
  by	
  ERG,	
  as	
  well	
  as	
  structural	
  integration	
  and	
  evidence	
  of	
  

local	
  synapse	
  formation	
  within	
  the	
  host	
  outer	
  nuclear	
  layer	
  (Lamba	
  et	
  al.,	
  2009).	
  

RPE	
  replacement	
  aims	
   to	
   re-­‐establish	
   the	
  critical	
  metabolic	
   interaction	
  between	
   itself	
  and	
   the	
  

photoreceptor.	
  Autologous	
  RPE	
  grafts	
  have	
  achieved	
  some	
  success	
  in	
  patients,	
  leading	
  to	
  further	
  

work	
  on	
  SC	
  derived	
  RPE	
  grafts	
  as	
  a	
  more	
  sustainable	
  source	
  of	
  tissue.	
  ESC(Lund	
  et	
  al.,	
  2006)	
  and	
  

BMDSC(Atmaca-­‐Sonmez	
  et	
  al.,	
  2006,	
  Harris	
  et	
  al.,	
  2006)	
  have	
  been	
  identified	
  as	
  sources	
  for	
  RPE	
  

replacement.	
  	
  

Although	
   photoreceptor	
   SC	
   replacement	
   therapy	
   has	
   reported	
   functional	
   improvement	
   in	
  

vision,	
  it	
  does	
  not	
  exclude	
  the	
  possibility	
  that	
  the	
  transplanted	
  SC	
  had	
  a	
  neuroprotective	
  effect	
  

rather	
   than	
   a	
   regenerative	
   effect	
   (Dahlmann-­‐Noor	
   et	
   al.,	
   2010).	
   Furthermore,	
   transplanted	
  

photoreceptors	
  or	
  RGCs	
  will	
  be	
  non-­‐topographic	
  in	
  contrast	
  to	
  normal	
  retina.	
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1.2.2	
  STEM	
  CELL	
  AND	
  NEUROPROTECTION	
  DELIVERY	
  	
  

Since	
  stem	
  cells	
  are	
  dynamic	
  and	
  underpin	
  neuronal	
  development,	
   they	
  produce	
  neurotrophic	
  

factors	
   that	
   influence	
   the	
   growth	
   and	
  maintenance	
   of	
   their	
   own	
   and	
   surrounding	
   tissues	
   via	
  

autocrine	
   and	
   paracrine	
  mechanisms.	
   Neurotrophic	
   factors	
   are	
   groups	
   of	
   naturally	
   occurring	
  

molecules	
  that	
  support	
  neural	
  cell	
  survival,	
  proliferation,	
  migration,	
  differentiation,	
  growth	
  and	
  

function(Ventura	
   et	
   al.,	
   2008).	
   Six	
   biological	
   families	
   of	
   neurotrophic	
   factors	
   directly	
   impact	
  

stem	
   cell	
   development:	
   classic	
   neurotrophins	
   (nerve	
   growth	
   factor[NGF](of	
   which	
   brain-­‐

derived	
   neurotrophic	
   factor(BDNF)	
   is	
   related	
   to),	
   neurotrophin-­‐3[NT-­‐3],	
   and	
   neurotrophin-­‐

4[NT-­‐4]),	
   transforming	
   frowth	
   factor	
   (TGF)-­‐beta	
   family	
   (glial	
   cell	
   line-­‐derived	
   neurotrophic	
  

factor	
  [GDNF]	
  and	
  bone	
  morphogenic	
  proteins	
  [BMPs],	
  neurturin,	
  artemin,	
  persephin),	
  cytokine	
  

growth	
   factor	
   family	
   (ciliary	
   neurotrophic	
   factor	
   [CNTF],	
   leukaemia	
   inhibitory	
   factor	
   [LIF],	
  

cardiotripin-­‐1),	
   epidermal	
   growth	
   factor(EGF)	
   family	
   (EGF,	
   transforming	
   growth	
   factor-­‐

alpha[TGF-­‐alpha],	
  neuregulins,	
  neural	
  and	
   thymus-­‐derived	
  activator	
   for	
  ErbB	
  kinases[NTAK]),	
  

insulin	
  growth	
   factors	
   (IGF-­‐I,	
   IGF-­‐II	
   and	
   IGF-­‐6)	
  and	
   the	
   fibroblast	
  growth	
   factor	
   family	
   (FGF1,	
  

FGF2)(Tuszynski,	
  2007).	
  

Previous	
   reports	
   have	
   shown	
   that	
   the	
   integration	
   of	
   neural	
   progenitors	
   is	
   greater	
   following	
  

transplantation	
  in	
   immature	
  compared	
  with	
  adult	
  recipients(Mellough	
  et	
  al.,	
  2004).	
  West	
  et	
  al	
  

examined	
  the	
  effects	
  of	
  manipulating	
  the	
  extrinsic	
  microenvironment	
  of	
  the	
  host	
  retina	
  toward	
  

a	
   more	
   developmental-­‐like	
   state(West	
   et	
   al.,	
   2012).They	
   examined	
   the	
   effects	
   of	
   AAV	
  

transfected	
   P4	
   postmitotic	
   photoreceptor	
   precursor	
   with	
   IGF1,	
   FGF2	
   and	
   CNTF	
   on	
   cell	
  

integration	
   into	
   the	
   retina.	
   Interestingly,	
   CNTF	
   overexpression	
   decreased	
   cell	
   integration	
  

probably	
   as	
   a	
   result	
   of	
   increased	
   glial	
   scarring.	
   IGF1	
   significantly	
   increased	
   the	
   levels	
   of	
  

integration	
  and	
  FGF2	
  showed	
  no	
  significant	
  effect.	
  This	
  would	
  suggest	
  adjunctive	
  neurotrophic	
  

factor	
  delivery	
  with	
  stem	
  cell	
  transplantation	
  play	
  a	
  role	
  in	
  improving	
  SC	
  integration	
  into	
  retina.	
  

Apart	
  from	
  improved	
  SC	
  integration	
  into	
  the	
  retina,	
  neurotrophic	
  growth	
  factors	
  are	
  known	
  to	
  

protect	
   cells	
   in	
   the	
   inner	
   and	
   outer	
   nuclear	
   retinal	
   layers.	
   These	
   will	
   be	
   summarised	
   in	
   the	
  

following	
  subchapters.	
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1.2.2.1	
  RETINAL	
  GANGLION	
  CELL	
  RESCUE	
  BY	
  NEUROTROPHIC	
  FACTORS	
  

Neurotrophic	
   factor	
   supplementation	
   by	
   gene	
   therapy	
   is	
   a	
   promising	
   strategy	
   to	
   promote	
  

retinal	
   ganglion	
   cell	
   survival	
   and	
   axon	
   regeneration	
   post	
   glaucomatous	
   injury	
   models.	
   Gene	
  

therapy	
   can	
   be	
   targeted,	
   inducing	
   innate	
   retinal	
   cells	
   to	
   overexpress	
   neurotrophins	
   or	
  

modifying	
  stem	
  cells	
  to	
  secrete	
  specific	
  growth	
  factors.	
  BDNF,	
  CNTF,	
  GDNF	
  and	
  FGF-­‐2	
  have	
  been	
  

explored	
   using	
   gene	
   therapy	
   approaches	
   to	
   promote	
   RGC	
   survival	
   and	
   regeneration	
   in	
   these	
  

models.	
  

Of	
  all	
  the	
  neurotrophic	
  factors,	
  BDNF	
  is	
  the	
  most	
  potent	
  survival	
  factor	
  for	
  RGCs.	
  They	
  express	
  

the	
   BDNF	
   receptor	
   tyrosine	
   receptor	
   kinase	
   B	
   (TrkB)(Perez	
   and	
   Caminos,	
   1995)	
   and	
   BDNF	
  

intravitreal	
   injections	
   have	
   been	
   shown	
   to	
   temporarily	
   slow	
   RGC	
   loss	
   in	
   glaucomatous	
  

experiment	
  models(Ko	
   et	
   al.,	
   2001).	
   However,	
   repeated	
   intravitreal	
   injection	
   of	
   BDNF	
   do	
   not	
  

provide	
  a	
   clinical	
   solution	
   for	
  a	
   sustained	
  delivery	
  and	
  so	
   the	
  use	
  of	
  viral	
   vectors	
   to	
  deliver	
  a	
  

BDNF-­‐expressing	
   gene	
   has	
   been	
   investigated.	
   Adenoviral	
   and	
   adeno	
   associated	
   virus	
   (AAV)	
  

vectors	
   have	
   been	
   reported	
   to	
   show	
   a	
   beneficial	
   effect	
   of	
   gene	
   therapy	
   in	
   a	
   glaucoma	
  

models(Martin	
   et	
   al.,	
   2003,	
   Di	
   Polo	
   et	
   al.,	
   1998,	
   Leaver	
   et	
   al.,	
   2006a).	
   They	
   have	
   shown	
   RGC	
  

survival	
  after	
  optic	
  nerve	
  transection.	
  Indeed,	
  Martin	
  et	
  al	
  reported	
  32%	
  RGC	
  axonal	
  loss	
  in	
  AAV	
  

BDNF	
  treated	
  eyes	
  in	
  comparison	
  to	
  a	
  52%	
  RGC	
  loss	
  in	
  control	
  eyes(Martin	
  et	
  al.,	
  2003).	
  	
  

CNTF	
  has	
  also	
  been	
  shown	
  to	
  promote	
  RGC	
  survival	
  as	
  well	
  as	
  induce	
  axonal	
  regrowth(Pease	
  et	
  

al.,	
   2009,	
   Muller	
   et	
   al.,	
   2007).	
   Vectors	
   including	
   AAV,	
   adenoviral	
   and	
   lentiviral	
   have	
   been	
  

investigated	
  to	
  transfer	
  the	
  CNTF	
  gene(van	
  Adel	
  et	
  al.,	
  2003,	
  van	
  Adel	
  et	
  al.,	
  2005).	
   It	
  has	
  also	
  

been	
  reported	
  to	
  stimulate	
  RGC	
  survival	
  in	
  experimental	
  glaucoma(Pease	
  et	
  al.,	
  2009,	
  Muller	
  et	
  

al.,	
  2007).	
  

FGF-­‐2	
   gene	
   transfer	
  mediated	
   by	
   AAV	
   has	
   also	
   resulted	
   in	
   increased	
   RGC	
   axon	
   regeneration	
  

following	
  optic	
  nerve	
  crush	
  (Sapieha	
  et	
  al.,	
  2003).	
  However,	
  it	
  does	
  not	
  enhance	
  the	
  survival	
  of	
  

RGCs	
  but	
  has	
  the	
  ability	
  to	
  induce	
  axon	
  regeneration.	
  

GDNF	
  gene	
   transfer	
  has	
   also	
  been	
  explored	
  via	
  AAV	
  as	
  well	
   as	
   electroporation	
   (Straten	
  et	
   al.,	
  

2002,	
   Ishikawa	
   et	
   al.,	
   2005).	
   It	
   also	
   imparted	
   neuroprotection	
   of	
   RGCs	
   following	
   optic	
   nerve	
  

transection.	
  

Since	
  neurotrophic	
   factors	
  have	
  a	
  short	
  half-­‐life,	
   there	
   is	
  a	
  need	
   for	
  a	
  sustained	
  growth	
   factor	
  

delivery.	
  Stem	
  cell-­‐based	
  delivery	
  of	
  BDNF	
  to	
   the	
  retina	
  has	
  been	
   investigated	
  with	
  promising	
  

results.	
  Park	
  et	
  al.	
   transduced	
  MSC	
  (retroviral)	
  with	
  a	
  vector	
  of	
  BDNF,	
  which	
  was	
  successfully	
  

transplanted	
   into	
   rat	
   retina	
   (15.7%	
   incorporation	
   rate)	
   by	
   a	
   subretinal	
   injection	
   which	
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significantly	
   increased	
   BDNF	
   expression	
   post	
   transplantation	
   (Part	
   et	
   al.,2012).	
   Similarly,	
  

Harper	
  et	
  al.	
  demonstrated	
  the	
  feasibility	
  of	
  genetically	
  modified	
  MSCs(	
  via	
  a	
  lentiviral	
  vector	
  to	
  

express	
   BDNF)	
   to	
   deliver	
   BDNF	
   and	
   attenuate	
   glutamate-­‐	
   and	
   hydrogen	
   peroxide-­‐	
   mediated	
  

RGC-­‐5	
   cell	
   death(Harper	
   et	
   al.,	
   2009).	
   This	
   lead	
  on	
   to	
   in-­‐vivo	
   rat	
  work	
  whereby	
  Harper	
   et	
   al.	
  

demonstrated	
  the	
  lentiviral	
  transduced	
  BDNF-­‐producing	
  MSCs	
  provided	
  RGC	
  preservation	
  with	
  

higher	
   RGC	
   cell	
   counts	
   and	
   functional	
   improvement,	
   evidenced	
   by	
   enhanced	
   pupillary	
   light	
  

reflex	
  and	
  ERG	
  preservation	
  in	
  rats	
  with	
  chronic	
  ocular	
  hypertension(Harper	
  et	
  al.,	
  2011).	
  This	
  

was	
   compared	
   with	
   transplantation	
   of	
   MSC-­‐GFP,	
   not	
   sham	
   injections,	
   as	
   intravitreal	
   MSC	
  

transplantation	
   alone	
   can	
   also	
   be	
   neuroprotective	
   in	
   experimental	
   glaucoma(Johnson	
   et	
   al.,	
  

2010a).	
  	
  

Currently,	
   there	
   is	
   one	
   on-­‐going	
   Phase	
   I	
   study	
   looking	
   at	
   NT-­‐501	
   CNTF	
   encapsulated	
   cell	
  

implant	
   to	
  deliver	
  neurotrophic	
   factors	
   for	
  glaucoma	
  patients(Goldberg,	
  2016).	
  To	
  date,	
   there	
  

are	
  no	
  human	
  clinical	
  trials	
   investigating	
  intraocular	
  neurotrophic	
  factor	
  gene	
  transfer	
  for	
  use	
  

in	
  glaucomatous	
  patients,	
  but	
  a	
  phase	
  1	
  trial	
  has	
  confirmed	
  the	
  NT-­‐501	
  CNTF	
  encapsulated	
  cell	
  

implant	
  does	
  not	
  result	
  in	
  systemic	
  increase	
  of	
  CNTF(Kauper	
  et	
  al.,	
  2012).	
  Little	
  is	
  known	
  about	
  

the	
   long-­‐term	
  effects	
   of	
   sustained	
  neurotrophin	
   levels	
   in	
   the	
   retina,	
   and	
   it	
   has	
   been	
   reported	
  

that	
  BDNF	
  and	
  CNTF	
  expression	
  via	
  AAV	
  leads	
  to	
  changes	
  in	
  dendritic	
  structure	
  of	
  transduced	
  

RGCs(Rodger	
   et	
   al.,	
   2012).	
   It	
   is	
   necessary	
   to	
   firstly	
   optimize	
   a	
   safe	
   and	
   efficient	
   method	
   of	
  

neurotrophic	
   gene	
   delivery,	
   alongside	
   long-­‐term	
   safety	
   studies	
   for	
   prolonged	
   neurotrophic	
  

factor	
  expression	
  in	
  the	
  eye	
  as	
  well	
  as	
  systemically.	
  

1.2.2.2	
  PHOTORECEPTOR	
  RESCUE	
  BY	
  NEUROTROPHIC	
  FACTORS	
  

Basic	
   fibroblast	
   growth	
   factor(bFGF)	
   first	
   showed	
   the	
   progression	
   of	
   photoreceptor	
  

degeneration	
   could	
  be	
   slowed	
  down	
   in	
  RCS	
   rats(Faktorovich	
   et	
   al.,	
   1990).	
   Since	
   then,	
   several	
  

other	
  neurotrophic	
  factors	
  such	
  as	
  BDNF,	
  GDNF,	
  CNTF	
  have	
  been	
  shown	
  to	
  confer	
  protection	
  of	
  

photoreceptors	
   in	
   animal	
   models	
   of	
   photoreceptor	
   degeneration.	
   Interestingly,	
   LaVail	
   et	
   al	
  

showed	
  that	
  there	
  were	
  variations	
  between	
  species	
  and	
  transgenic	
  retinal	
  degenerating	
  animal	
  

models	
  with	
  regards	
  to	
  their	
  response	
  to	
  neurotrophic	
  growth	
  factors(LaVail	
  et	
  al.,	
  1998),	
  so	
  it	
  

is	
  difficult	
  to	
  identify	
  a	
  single	
  neuroprotectant	
  which	
  would	
  work	
  best	
  for	
  all	
  retinal	
  dystrophies	
  

and	
  degenerations.	
  Nevertheless,	
   they	
  demonstrated	
   that	
   it	
  was	
  possible	
   for	
  CNTF,	
  BDNF	
  and	
  

leukemia	
  inhibitory	
  factor	
  (LIF)	
  to	
  protect	
  photoreceptor	
  degeneration	
  in	
  animal	
  models(rd/rd,	
  

nr/nr	
   and	
   Q344ter	
  mutant	
   rhodopsin	
  mice)	
  with	
   same	
   or	
   similar	
   genetic	
   defects	
   as	
   those	
   in	
  

human	
  retinal	
  degeneration(LaVail	
  et	
  al.,	
  1998).	
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Consequently,	
  Cayouette	
  et	
  al	
  demonstrated	
  that	
  intraocular	
  adenovirus-­‐mediated	
  gene	
  transfer	
  

of	
   CNTF	
   in	
   rds/rds	
   mice	
   reduced	
   photoreceptor	
   loss	
   and	
   caused	
   an	
   increase	
   in	
   length	
   of	
  

photoreceptor	
   outer	
   segments	
   resulting	
   in	
   a	
   redistribution	
   and	
   increase	
   in	
   retinal	
   rhodopsin	
  

content(Cayouette	
   et	
   al.,	
   1998).	
   These	
   morphological	
   changes	
   were	
   accompanied	
   by	
   a	
  

significant	
   increase	
   in	
   amplitude	
   of	
   a	
   and	
   b	
  waves	
   in	
   the	
   scotopic	
   ERG.	
   AAV-­‐mediated	
   GDNF	
  

expression	
  was	
   also	
   reported	
   to	
   enhance	
   photoreceptor	
   survival	
   in	
  RCS	
   rat	
   and	
  Prph2	
   RD2/RD2	
  

mice(Buch	
   et	
   al.,	
   2006).	
   These	
   positive	
   results	
   encouraged	
  work	
   on	
   the	
   transduction	
   of	
   stem	
  

cells	
   for	
   the	
   prolonged	
   delivery	
   of	
   neurotrophic	
   factors	
   in	
   animal	
   models	
   of	
   retinal	
  

degeneration.	
   Cell-­‐based	
   methods	
   of	
   neurotrophin	
   delivery	
   into	
   animal	
   models	
   of	
   retinal	
  

degeneration	
  have	
  been	
  reported	
  in	
  Schwann	
  cell	
   lines	
  and	
  ESC	
  into	
  RCS	
  rats	
  and	
  TgNS334ter	
  

rats	
   (a	
   rat	
  model	
   of	
   retinal	
   degeneration)	
   exerting	
   a	
   neuroprotective	
   effect	
   on	
   photoreceptor	
  

survival	
  for	
  up	
  to	
  3	
  months	
  (Lawrence	
  et	
  al.,	
  2004,	
  Gregory-­‐Evans	
  et	
  al.,	
  2009,	
  West	
  et	
  al.,	
  2012,	
  

Zhang	
   and	
   Wang,	
   2010,	
   Zhou	
   et	
   al.,	
   2009b)).	
   These	
   were	
   virally	
   mediated	
   and	
   had	
  

overexpression	
  of	
  BDNF	
  or	
  GDNF.	
  

A	
  Phase	
  2	
  study	
  demonstrated	
  the	
  safety	
  profile	
  of	
  NT-­‐501	
  implant	
  secreting	
  CNTF	
  in	
  patients	
  

with	
  geographic	
  atrophy	
  from	
  dry	
  AMD	
  over	
  12	
  months(Zhang	
  et	
  al.,	
  2011b).	
  The	
  encapsulated	
  

cell-­‐based	
  delivery	
  of	
  CNTF	
  has	
  also	
  been	
  shown	
  to	
  protect	
  photoreceptors	
  in	
  rcd1	
  canine	
  model	
  

of	
  RP(Tao	
  et	
  al.,	
  2002).	
  The	
  clinical	
  translation	
  of	
  stem-­‐cell	
  based	
  neurotrophic	
  delivery	
  has	
  not	
  

yet	
  been	
  made	
  for	
  the	
  treatment	
  of	
  RP,	
  though	
  both	
  stem	
  cell	
  transplantation	
  and	
  neurotrophic	
  

growth	
   factors	
   are	
   currently	
   in	
   clinical	
   trial.	
   Sustained	
  neurotrophic	
   growth	
   factor	
  delivery	
   is	
  

promising	
  but	
  should	
  be	
  applied	
  with	
  caution.	
  Indeed,	
  it	
  has	
  been	
  reported	
  that	
  in	
  Prph2	
  RD2/RD2	
  

mice,	
   AAV-­‐mediated	
   CNTF	
   therapy	
   or	
   when	
   used	
   in	
   combination	
   with	
   gene	
   replacement	
  

therapy,	
   visual	
   function	
   was	
   reduced	
   despite	
   the	
   observed	
   reduction	
   in	
   photoreceptor	
   loss.	
  

Furthermore,	
   this	
   deleterious	
   effect	
   was	
   also	
   observed	
   in	
   wild-­‐type	
   mice	
   treated	
   with	
   AAV-­‐

mediated	
   CNTF	
   causing	
   up	
   to	
   50%	
   reduction	
   in	
   b-­‐wave	
   amplitude	
   (Schlichtenbrede	
   et	
   al.,	
  

2003).	
   Furthermore,	
   the	
   effects	
   of	
   CNTF	
   suppression	
   of	
   retinal	
   function	
   was	
   reported	
   to	
   be	
  

dose-­‐dependent(Buch	
   et	
   al.,	
   2006).	
   Interestingly,	
   in	
   the	
   same	
   study,	
   AAV-­‐mediated	
   GDNF	
  

expression	
   did	
   not	
   produce	
   the	
   adverse	
   effects	
   seen	
  with	
   CNTF	
   in	
   rodent	
  models	
   of	
   RP.	
   This	
  

highlights	
   that	
   there	
   is	
   still	
   a	
   need	
   to	
   understand	
   the	
   true	
   effects	
   of	
   sustained	
   neurotrophin	
  

expression	
   not	
   just	
   through	
   perceived	
   neuroprotection	
   via	
   cell	
   counts,	
   but	
   also	
   through	
   cell	
  

morphology	
  and	
  visual	
  function.	
  	
  

Overall,	
   there	
   is	
   evidence	
   to	
   show	
   that	
   neurotrophic	
   growth	
   factors	
   improve	
   photoreceptor	
  

survival,	
   but	
   more	
   work	
   is	
   necessary	
   to	
   delineate	
   its	
   safety	
   profiles	
   and	
   a	
   as	
   well	
   as	
   a	
   safe	
  

method	
  for	
  sustained	
  intraocular	
  delivery.	
  



33	
  

	
  

1.3.0	
  STEM	
  CELL	
  MIGRATION	
  INTO	
  RETINA	
  

The	
   potential	
   for	
   stem	
   cell	
   transplantation	
   as	
   a	
   form	
   of	
   treatment	
   in	
   retinal	
   degenerative	
  

diseases	
  is	
  a	
  subject	
  of	
  constant	
  research	
  and	
  rapidly	
  progressing.	
  However,	
  it	
   is	
  hampered	
  by	
  

barriers	
   preventing	
   migration	
   and	
   integration.	
   Several	
   groups	
   have	
   looked	
   at	
   identifying	
  

barriers	
   to	
  migration	
  of	
   grafted	
   cells	
  with	
  variable	
   results	
   as	
   the	
  adult	
   retina	
   is	
   implastic	
   and	
  

relatively	
  inhibitory	
  to	
  cellular	
  migration	
  [Johnson	
  2010].	
  Most	
  groups	
  have	
  only	
  reported	
  low	
  

levels	
  of	
   intraocularly	
  transplanted	
  cells	
  migrating	
  into	
  the	
  retina	
  with	
  the	
  majority	
  remaining	
  

as	
  a	
  bolus	
  outside	
  of	
  the	
  neural	
  tissue	
  with	
  low	
  SC	
  survival	
  reports	
  of	
  (0.04%	
  to	
  8%)(Ballios	
  et	
  

al.,	
  2015).	
  Efficacious	
  and	
  successful	
  migration	
  is	
  key	
  to	
  establish	
  the	
  ultimate	
  goal	
  of	
  a	
  stem	
  cell	
  

mediated	
  treatment;	
  be	
  it	
  by	
  neuroprotection	
  delivery	
  or	
  cell	
  replacement.	
  	
  	
  

Barriers	
   to	
   stem	
   cell	
   integration	
   into	
   the	
   retina	
   exist	
   across	
   SC	
   types.	
   Most	
   of	
   the	
   studies	
  

reporting	
  successful	
  SC	
  integration	
  into	
  retina	
  used	
  a	
  subretinal	
  approach.	
  Table	
  2	
  summarises	
  

some	
  studies	
   that	
  show	
  migration	
   into	
   the	
  retina	
  post	
   transplantation	
  of	
  stem	
  cells	
   in	
  varying	
  

conditions.	
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Reference	
   Cell	
  type	
  	
   Method	
  of	
  
transplantation	
  

+adjunct	
  
therapy	
  

Host	
  status	
   Migration	
  

observed	
  (%)	
  

G	
  Castro	
  2013	
   Mouse	
  NPC	
  in	
  
growth	
  factor-­‐free	
  
culture	
  condition	
  

intravitreal	
   Mouse	
  with	
  sodium	
  
iodate	
  induced	
  
retinal	
  
degeneration	
  

Yes	
  (N/A)	
  

	
  

H	
  Mizumoto	
  
2003	
  

Mouse	
  NPC	
   subretinal	
   B6	
  mice	
  

Rds	
  BALB/C	
  mice	
  

Pigment	
  dystrophic	
  
RCS	
  rats	
  

Yes	
  for	
  all	
  but	
  best	
  
for	
  B6	
  mice	
  

(2-­‐10%)	
  

Pearson	
  et	
  al	
  
2012	
  

Rod	
  photoreceptor	
  
precursors	
  

subretinal	
   Adult	
  Gnat1-­‐/-­‐	
  
mouse	
  

Yes(16%)	
  

Singhal	
  et	
  al	
  2008	
   Müller	
  stem	
  cells	
   subretinal	
  

+Chondroitinase	
  
ABC	
  

+immune	
  
suppression	
  

RCS	
  rats	
  

Neonate	
  Lister	
  
Hood	
  rat	
  

Yes	
  in	
  
Chondroitinase	
  
ABC	
  
treatment(80%)	
  

Bull	
  et	
  al	
  2008	
   Müller	
  stem	
  cells	
   subretinal	
  

intravitreal	
  

+immune	
  
suppression	
  

+erythropoietin	
  

+Chondroitinase	
  
ABC	
  

Adult	
  rats	
  with	
  
laser	
  induced	
  
glaucoma	
  model	
  

No	
  for	
  intravitreal	
  
and	
  subretinal	
  
without	
  adjunct	
  

Yes	
  for	
  both	
  
methods	
  +EPO	
  or	
  
Chondroitinase	
  
ABC(N/A)	
  

Canola	
  et	
  al	
  2007	
   Retinal	
  stem	
  cells	
  
of	
  neonatal	
  DBA2J	
  
mice	
  

subretinal	
  

intravitreal	
  

Adult	
  wild	
  type	
  

Mouse	
  models	
  of	
  
retinal	
  
degeneration*rd1	
  
or	
  VPP	
  strain)	
  

Yes	
  subretinally	
  in	
  
disease	
  model	
  
(N/A)	
  

Maclaren	
  et	
  al	
  

2006	
  

Post-­‐mitotic	
  
photoreceptor	
  
precursors	
  	
  

subretinal	
   Adult	
  	
   Yes	
  (N/A)	
  

Lamba	
  et	
  al	
  2009	
   Human	
  ES	
  derived	
  
retinal	
  cells	
  

subretinal	
   4-­‐6	
  week	
  age	
  wild	
  
type	
  mice	
  

Crx-­‐/-­‐	
  mice	
  

Yes	
  (N/A)	
  

Table	
  2	
  Summary	
  of	
  some	
  studies	
  assessing	
  migration	
  of	
  stem	
  cells	
  into	
  retina	
  with	
  varying	
  
conditions.	
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1.3.1	
  IMPROVING	
  STEM	
  CELL	
  SURVIVAL	
  AND	
  INTEGRATION	
  INTO	
  THE	
  RETINA	
  

Attempts	
  at	
   improving	
  SC	
  survival	
  and	
  integration	
  into	
  retina	
  have	
  targeted	
  delivery	
  methods,	
  

immunosuppression	
  and	
  overcoming	
  the	
  physicals	
  barriers	
  i.e.	
  inner	
  limiting	
  membrane	
  (ILM),	
  

outer	
  limiting	
  membrane,	
  glial	
  scarring	
  and	
  chondroitin	
  sulfate	
  proteoglycans.	
  	
  

The	
  major	
  obstacle	
   to	
  SC	
   integration	
   is	
   the	
  physical	
  barriers	
   such	
  as	
   ILM	
  and	
   its	
  extracellular	
  

matrix.	
   ILM	
  is	
   formed	
  by	
  astrocytes	
  and	
  the	
  end	
  feet	
  of	
   the	
  Müller	
  cells.	
  This	
  barrier	
  has	
  been	
  

shown	
   to	
   prevent	
   SC	
   migration	
   with	
   previous	
   failed	
   attempts	
   of	
   intravitreal	
   SC	
   delivery	
  

resulting	
  in	
  the	
  cells	
  lining	
  the	
  ILM	
  without	
  penetrating	
  the	
  retina	
  (Johnson	
  and	
  Martin,	
  2008).	
  

Enzymatic	
   removal	
   by	
   alpha-­‐aminoadipic	
   acid	
   digestion	
   (Johnson	
   et	
   al.,	
   2010b)has	
   been	
  

reported	
   to	
   increase	
   integration	
   for	
   intravitreal	
  mesenchymal	
   stem	
   cell	
   transplantation.	
   This	
  

was	
  enhanced	
  with	
  mechanical	
  peeling	
  of	
  the	
  ILM	
  and	
  correlated	
  positively	
  with	
  the	
  amount	
  of	
  

peeled	
  ILM.	
  Disruption	
  of	
  Chondroitin	
  Sulfate	
  proteoglycans	
  with	
  Chondroitinase	
  ABC	
  have	
  also	
  

showed	
  improved	
  SC	
  integration	
  (Singhal	
  et	
  al.,	
  2008,	
  Ma	
  et	
  al.,	
  2011).	
  	
  

Biomaterial	
   approaches	
   such	
   as	
   injectable	
   hydrogels	
   like	
   hyaluranon	
   and	
   methylcellulose,	
  

biodegradable	
   polymer	
   composite	
   grafts	
   with	
   variable	
   degrees	
   of	
   integration	
   (Ballios	
   et	
   al.,	
  

2015,	
  Ballios	
  et	
   al.,	
   2010,	
  Tomita	
  et	
   al.,	
   2005,	
  Pakulska	
  et	
   al.,	
   2012).	
  Materials	
  have	
  also	
  been	
  

developed	
   to	
   support	
   the	
   culture	
   of	
   a	
   three	
   dimensional	
   tissue	
   to	
   improve	
   survival	
   of	
  

SCs(Eiraku	
  et	
  al.,	
  2011).	
  Indeed,	
  three	
  dimensional	
  sheets	
  of	
  ESC	
  and	
  IPS	
  were	
  also	
  investigated	
  

in	
  retinal	
  degenerative	
  eyes	
  with	
  the	
  development	
  of	
  a	
  new	
  ONL(Assawachananont	
  et	
  al.,	
  2014).	
  	
  

Biomaterials	
   have	
   been	
   reported	
   to	
   promote	
   stem	
   cell	
   attachment,	
   proliferation	
   and	
   gene	
  

expression(Anderson	
  et	
  al.,	
  2004)	
  

Immunosuppression	
   has	
   also	
   been	
   described	
   to	
   improve	
   SC	
   integration	
   mainly	
   due	
   to	
   the	
  

inactivation	
  of	
  host	
  microglia.	
  Singhal	
  et	
  al	
   reported	
   increased	
  survival	
  of	
   transplanted	
  Muller	
  

stem	
  cells	
  by	
  using	
  triamcinolone(Singhal	
  et	
  al.,	
  2010).	
  

The	
   uninjured	
   retina	
   seems	
   to	
   be	
   very	
   resistant	
   to	
   migration	
   (Chacko	
   et	
   al.,	
   2003).	
   Indeed,	
  

induced	
   injury	
   has	
   been	
   shown	
   to	
   facilitate	
  migration	
   into	
   the	
   retina	
   i.e	
   mechanical	
   or	
   laser	
  

induced(Nishida	
   et	
   al.,	
   2000).	
   This	
   may	
   explain	
   how	
   subretinal	
   routes	
   seem	
   to	
   show	
   more	
  

success	
  with	
  SC	
  migration	
  into	
  the	
  retina.	
  

The	
   source	
   of	
   stem	
   cells	
   also	
   seems	
   to	
   play	
   a	
   role	
   in	
  migration	
   into	
   the	
   retina.	
   In	
   a	
   stem	
   cell	
  

transplantation	
   model	
   using	
   retinal	
   explants,	
   MSCs	
   and	
   Müller	
   progenitor	
   cells(hMIO-­‐M1)	
  

showed	
  no	
  migration	
  in	
  MSCs	
  but	
  a	
  few	
  hMIO-­‐M1	
  cells	
  were	
  able	
  to	
  migrate	
  into	
  RGC(Johnson	
  

and	
   Martin,	
   2008).	
   Of	
   note,	
   Maclaren	
   et	
   al	
   found	
   that	
   transplantation	
   of	
   photoreceptor	
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precursor	
  cells	
   from	
  P1	
  mice	
  showed	
  not	
  only	
  migration	
   into	
  the	
  ONL	
  and	
  differentiation	
   into	
  

photoreceptors	
   post	
   subretinal	
   transplantation(MacLaren	
   et	
   al.,	
   2006).	
   In	
   this	
   thesis,	
   I	
   will	
  

attempt	
  to	
  drive	
  NSCs	
  into	
  the	
  inner	
  retina	
  past	
  the	
  ILM	
  by	
  electric	
  field	
  application.	
  	
  

	
  

1 .4 .0 	
  MAGNETOFECTION	
  AND	
  OCULAR	
  USE	
  

INTRODUCTION	
  

Nanotechnology	
  deals	
  with	
  the	
  fabrication	
  and	
  application	
  of	
  nanometer-­‐sized	
  materials.	
  It	
  can	
  

be	
  applied	
  across	
  a	
  multitude	
  of	
  fields,	
  but	
  has	
  widespread	
  use	
  in	
  medicine.	
  Research	
  has	
  been	
  

driven	
  in	
  the	
  direction	
  of	
  targeting	
  specific	
  organs,	
  tissues	
  and	
  cells	
  for	
  the	
  purposes	
  of	
  targeted	
  

drug	
   delivery	
   i.e.	
   in	
   oncological	
   treatment,	
   for	
   enhancing	
   contrast	
   in	
   MRI	
   imaging,	
   for	
   cell	
  

transfection	
  and	
  cell	
   transplantation	
   therapy.	
  With	
  stem	
  cells,	
   it	
  has	
  diverse	
  applications;	
  as	
  a	
  

gene	
  delivery	
  system	
  in-­‐vitro	
  and	
  in-­‐vivo,	
  in	
  stem	
  cell	
  isolation	
  in	
  vitro,	
  for	
  nano-­‐scaffolds	
  in	
  in-­‐

vivo	
   stem	
   cell	
   therapy	
   and	
   bioengineering,	
   for	
   nano-­‐biopolymeric	
   scaffolds,	
   for	
   proliferation	
  

and	
  differentiation	
  of	
   stem	
  cells	
   in	
  ex-­‐vivo	
  cultures,	
  as	
  nano-­‐biosensors	
   for	
  stem	
  cells,	
  and	
   in-­‐

vivo	
  labelling	
  and	
  tracking	
  of	
  stem	
  cells(Kaur	
  and	
  Singhal,	
  2012,	
  Smith	
  et	
  al.,	
  2009,	
  Ngen	
  et	
  al.,	
  

2015).	
  

The	
  literature	
  on	
  nanoparticle	
  use	
  in	
  ocular	
  tissue	
  is	
  increasing.	
  It	
  has	
  been	
  mainly	
  described	
  in	
  

ocular	
  pharmacological	
  delivery	
  and	
  to	
  a	
  lesser	
  extent	
  in	
  gene	
  delivery,	
  retinal	
  vascular	
  imaging	
  

and	
  tracking	
  devices,	
  delivering	
  cells	
  to	
  a	
  targeted	
  location	
  and	
  as	
  a	
  shock	
  protein	
  inducer	
  with	
  

consequent	
  retinal	
  ganglion	
  cell	
  neuroprotection(Das	
  et	
  al.,	
  1995,	
  Basaran	
  et	
  al.,	
  2010,	
  Durairaj	
  

et	
  al.,	
  2010,	
  Shih	
  et	
  al.,	
  2012,	
  Jeun	
  et	
  al.,	
  2011,	
  Yanai	
  et	
  al.,	
  2012).	
  	
  

In	
   pharmacological	
   drug	
   delivery,	
   gatifloxacin,	
   ciprofloxacin,	
   cyclosporine-­‐A,	
   brinzolamide,	
  

pilocarpine,	
   5	
   -­‐fluorouracil,	
   indomethacin,	
   betaxolol	
   and	
   anti-­‐fungal	
   therapy	
   are	
   among	
   the	
  

many	
  drugs	
  that	
  have	
  had	
  nanoparticle-­‐mediated	
  delivery	
  (Hippalgaonkar	
  et	
  al.,	
  2013),	
  (Wu	
  et	
  

al.,	
  2013,	
  Pagar	
  and	
  Vavia,	
  2013,	
  Khan	
  et	
  al.,	
  2013,	
  2013,	
  Jain	
  et	
  al.,	
  2013,	
  Xu	
  et	
  al.,	
  2013).	
  It	
  has	
  

also	
  been	
  used	
  in	
  imaging	
  where	
  the	
  ocular	
  circulation	
  of	
  a	
  rat	
  was	
  shown	
  with	
  monocrystalline	
  

iron	
   oxide	
   nanoparticle	
   injection	
   magnetic	
   resonance	
   angiography	
   (Shih	
   et	
   al.,	
   2012).	
  

Furthermore,	
   retinal	
   ganglion	
   cell	
   neuroprotection	
   has	
   been	
   demonstrated	
   by	
   the	
   use	
   of	
  

superparamagnetic	
  Mn0.5Zn0.5Fe2O4	
   particle	
   agents	
   to	
   induce	
   localized	
   heat	
   shock	
   proteins	
   by	
  

local	
  magnetic	
  hyperthermia	
   induced	
  by	
   the	
  application	
  of	
  an	
  external	
  magnetic	
   field	
   (Jeun	
  et	
  

al.,	
  2011).	
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Gene	
  delivery	
  literature	
  surrounding	
  MNP	
  use	
  in	
  the	
  eye	
  has	
  been	
  mainly	
  focused	
  on	
  the	
  outer	
  

retina.	
  The	
  majority	
  of	
   anterior	
   and	
  posterior	
   segment	
  gene	
  delivery	
   systems	
  are	
  viral	
  based.	
  

However,	
   non-­‐viral	
   gene	
   delivery	
   is	
   being	
   actively	
   researched	
   and	
   range	
   from	
   lipofection,	
  

electroporation,	
   ballistic	
   transfer	
   and	
   nanoparticle	
   transfer.	
   The	
   appeal	
   of	
   nanoparticles	
   in	
  

comparison	
  to	
  the	
  viral	
  approach	
  is	
  that	
  there	
  is	
  a	
  larger	
  cargo	
  limit	
  and	
  a	
  lower	
  risk	
  of	
  inducing	
  

an	
  immune	
  response.	
  Nanoparticles	
  can	
  be	
  magnetised	
  or	
  non-­‐magnetised.	
  The	
  non-­‐magnetised	
  

DNA	
  nanoparticle	
  use	
  for	
  gene	
  delivery	
  such	
  as	
  CK30PEG	
  nanoparticles,	
  are	
  composed	
  of	
  single	
  

molecules	
  of	
  DNA	
  compacted	
  with	
  10kDa	
  polyethylene	
  glycol-­‐substituted	
  polylysine.	
  They	
  have	
  

been	
  shown	
  to	
  drive	
  efficient	
  persistent	
  retinal	
  gene	
  expression	
  (Han	
  et	
  al.,	
  2012a).	
  Mitotic	
  and	
  

post-­‐mitotic	
   photoreceptors	
  have	
  been	
   successfully	
   transfected	
  with	
   these	
  DNA	
  nanoparticles	
  

as	
  well	
  (Cai	
  et	
  al.,	
  2010).	
  They	
  have	
  been	
  demonstrated	
  to	
  safely	
  and	
  efficiently	
  target	
  RPE	
  and	
  

photoreceptors	
  without	
  significant	
  toxicity	
  and	
  mediate	
  improvement	
  in	
  RP	
  animal	
  models	
  (Cai	
  

et	
  al.,	
  2010,	
  Han	
  et	
  al.,	
  2012b).	
  Indeed,	
  on	
  direct	
  comparison	
  with	
  adeno-­‐associated	
  virus	
  gene	
  

delivery,	
   DNA	
   nanoparticles	
   can	
   drive	
   gene	
   expression	
   on	
   a	
   comparable	
   scale	
   and	
   longevity	
  

with	
  adeno-­‐associated	
  viral	
  vectors,	
  although	
  the	
  viral	
  vector	
  was	
  still	
  more	
  efficient	
  per	
  vector	
  

genome(Han	
  et	
  al.,	
  2012a).	
  	
  

Magnetofection	
   was	
   designed	
   to	
   enhance	
   the	
   non-­‐viral	
   delivery	
   of	
   genes	
   to	
   targeted	
  

cells(Scherer	
   et	
   al.,	
   2002).	
   It	
   utilises	
   magnetic	
   beads	
   and	
   magnetic	
   attraction.	
   The	
   next	
  

subheadings	
  will	
  focus	
  on	
  targeted	
  ocular	
  stem	
  cell	
  based	
  gene	
  delivery	
  by	
  magnetofection.	
  

	
  

1.4.1	
  MAGNETOFECTION	
  USE	
  WITH	
  STEM	
  CELLS	
  

Magnetic	
   nanoparticles	
   (MNP)	
   are	
   a	
   class	
   of	
   nanoparticles	
   that	
   can	
   be	
   manipulated	
   by	
   a	
  

magnetic	
  field.	
  Its	
  use	
  in	
  stem	
  cell	
  gene	
  transfer	
  has	
  been	
  encouraged	
  due	
  to	
  its	
  safety,	
  its	
  ability	
  

to	
  allow	
   for	
  non-­‐invasive	
  stem	
  cell	
   tracking	
  post	
   transplantation,	
   its	
  potential	
  ability	
   to	
   target	
  

stem	
   cell	
   delivery	
   to	
   localized	
   areas	
   of	
   injury,	
   and	
   its	
   ability	
   to	
   deliver	
   larger	
  

biomolecules(DNA/siRNA)	
  than	
  viral	
  vectors.	
  	
  

So	
   far,	
   neural	
   stem	
   cells,	
   astrocytes,	
   OPCs,	
   MSCs,	
   ESC	
   have	
   been	
   reported	
   to	
   have	
   successful	
  

gene	
  delivery	
  with	
  magnetofection	
  for	
  a	
  variety	
  of	
  gene	
  transfers(Adams	
  et	
  al.,	
  2013,	
  Jenkins	
  et	
  

al.,	
   2011,	
   Freitas	
   et	
   al.,	
   2013).	
   	
   MNPs	
   have	
   also	
   been	
   used	
   as	
   adjunct	
   to	
   assist	
   in	
   increasing	
  

transfection	
  efficiency	
  in	
  combination	
  with	
  viral	
  methods	
  and	
  lipofection(Rieck	
  et	
  al.,	
  2013,	
  Fujii	
  

et	
  al.,	
  2010).	
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Efforts	
   have	
   been	
   placed	
   in	
   its	
   use	
   for	
   iPS	
   preparation.	
   Conventionally,	
   adult	
   cells	
   are	
  

transfected,	
  commonly	
  by	
  a	
  viral	
  vector,	
  to	
  express	
  pluripotency	
  related	
  genes(Oct3/4,	
  Sox2,	
  c-­‐

Myc,	
  Nanong,	
  LIN28	
  and	
  KLF4).	
  	
  Indeed,	
  Ruan	
  et	
  al	
  demonstrated	
  the	
  feasibility	
  of	
  using	
  MNPs	
  

to	
  transfect	
  adult	
  human	
  fibroblasts	
  with	
  four	
  transcription	
  factor	
  genes;	
  Oct4,	
  Sox2,	
  LIN28,	
  and	
  

Nanong	
  (Ruan	
  et	
  al.,	
  2011).	
  Furthermore,	
  they	
  were	
  tagged	
  with	
  fluorescent	
  MNPs	
  to	
  allow	
  for	
  

tracking	
  by	
  fluorescent	
  microscopy	
  and	
  MRI.	
  

In	
  this	
   thesis,	
   I	
  will	
  be	
  optimizing	
  the	
  magnetofection	
  technique	
  to	
  transfect	
  NSCs	
  with	
  BDNF-­‐

myc	
   to	
   overexpress	
   BDNF.	
   This	
  will	
   then	
   allow	
  me	
   to	
   demonstrate	
   that	
  magnetofected	
   NSCs	
  

which	
   have	
   been	
   directed	
   to	
   migrate	
   within	
   the	
   retina	
   can	
   serve	
   as	
   a	
   vector	
   for	
   sustained	
  

release	
  neurotrophic	
  growth	
  factor.	
  

	
  

	
   	
  1.4.2	
  MAGNETOFECTION	
  AND	
  GENE	
  DELIVERY	
  IN	
  THE	
  EYE	
  

Research	
  into	
  gene	
  therapy	
  in	
  ocular	
  disease	
  is	
  expanding.	
  Clinical	
  trials	
  include	
  AMD	
  treatment	
  

with	
   a	
   viral	
   vector	
   expressing	
   pigment	
   epithelium-­‐derived	
   factor,	
   and	
   promising	
   visual	
  

improvement	
   with	
   gene	
   therapy	
   in	
   LCA(Campochiaro	
   et	
   al.,	
   2006,	
   Testa	
   et	
   al.,	
   2013).	
   Most	
  

studies	
   utilize	
   viral	
   vectors,	
   as	
   they	
   enter	
   cells	
   easily	
   and	
   are	
  more	
   efficient	
   than	
   other	
   gene	
  

delivery	
  vehicles	
  with	
  consequent	
  good	
  expression	
  of	
  secreted	
  proteins.	
  However,	
  they	
  run	
  the	
  

risk	
   of	
   immune	
   responses,	
   inflammation	
   and	
   virus	
   integration	
   into	
   the	
   host	
   genome.	
   It	
   is	
  

interesting	
  to	
  see	
  that	
  one	
  quarter	
  of	
  the	
  phase	
  1	
  clinical	
  trial	
  with	
  AMD	
  patients	
  treated	
  with	
  a	
  

viral	
   vector	
   expressing	
   pigment	
   epithelium-­‐derived	
   factor	
   showed	
   signs	
   of	
   intraocular	
  

inflammation	
   (Campochiaro	
   et	
   al.,	
   2006).	
   	
   Hence,	
   the	
   pursuit	
   for	
   a	
   non-­‐viral	
   vector	
   for	
  

transfecting	
  the	
  retina	
  commenced.	
  	
  

Non-­‐viral	
   transfection	
   methods	
   are	
   safer,	
   more	
   economical	
   and	
   easier	
   to	
   manipulate.	
   MNP-­‐

based	
  gene	
  delivery	
  was	
  first	
  demonstrated	
  by	
  Mah,	
  Byrne	
  et	
  al	
  (Mah	
  et	
  al.,	
  2002,	
  Scherer	
  et	
  al.,	
  

2002,	
   Plank	
   et	
   al.,	
   2003).	
   It	
   is	
   thought	
   that	
   magnetic	
   fields	
   assist	
   transfection	
   by	
   increasing	
  

particle-­‐cell	
  contact,	
  followed	
  by	
  MNP	
  uptake	
  by	
  cellular	
  endocytosis(Plank	
  et	
  al.,	
  2011).	
  	
  

Magnetofection	
  has	
  been	
  shown	
  to	
  improve	
  efficiency	
  of	
  cell	
  transfection	
  and	
  have	
  been	
  used	
  to	
  

enhance	
  viral	
  adenoviral	
   transduction(Sapet	
  et	
  al.,	
  2012).	
  Magnetofection	
  gene	
  delivery	
   in	
   the	
  

eye	
  has	
  been	
  reported	
  by	
  Prow	
  et	
  al	
  (Prow	
  et	
  al.,	
  2008).	
  They	
  investigated	
  two	
  non-­‐magnetised	
  

nanoparticles,	
   poly	
   [cholesteryl	
   oxocarbonylamido	
   ethyl]	
   methyl	
   bis[ethylene]ammonium	
  

iodide]	
  ethyl	
  phosphate,	
  chitosan	
  and	
  one	
  MNP	
  in	
  rabbits	
  in-­‐vivo.	
  The	
  MNP	
  had	
  DNA	
  tethered	
  to	
  

a	
   magnetic	
   core	
   of	
   iron	
   oxide	
   coated	
   with	
   dectran	
   and	
   bioconjugated	
   to	
   streptavidin.	
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Interestingly,	
   once	
   the	
   DNA	
   was	
   tethered	
   to	
   the	
   MNP,	
   they	
   were	
   coated	
   with	
   Lipofectamine	
  

2000,	
   therefore	
   the	
   group	
   was	
   essentially	
   investigating	
   two	
   nano-­‐magnetized	
   nanoparticle	
  

vectors	
  and	
  one	
  magnetolipofection	
  vector.	
  The	
  results	
  were	
  much	
  in	
  favour	
  of	
  magnetofection	
  

as	
  neither	
  non-­‐magnetized	
  nanoparticles	
  were	
  able	
   to	
  deliver	
   the	
   reporter	
  gene	
   to	
   the	
   retina,	
  

and	
   only	
   the	
   MNP	
   under	
   investigation	
   was	
   capable	
   of	
   doing	
   so.	
   Moreover,	
   the	
   MNP	
   did	
   not	
  

induce	
   inflammation	
   nor	
   showed	
   any	
   major	
   toxic	
   effect	
   on	
   the	
   retina(Prow	
   et	
   al.,	
   2008).	
  

Furthermore,	
   the	
   non-­‐magnetized	
   nanoparticle	
   chitosan	
   evoked	
   an	
   unanticipated	
   intraocular	
  

immune	
   response	
   in	
   subretinal	
   delivery	
   despite	
  many	
  publications	
   on	
   safe	
   use	
   of	
   chitosan	
   in	
  

non-­‐ocular	
  tissue	
  in-­‐vivo	
  (Prow	
  et	
  al.,	
  2008).	
  	
  

	
  

1.4.3	
  MAGNETOPARTICLES	
  AND	
  OCULAR	
  AND	
  STEM	
  CELL	
  TOXICITY	
  

It	
   is	
  essential	
  to	
  not	
  only	
  strive	
  to	
  achieve	
  the	
  highest	
  transfection	
  efficiency	
  level	
   in	
  search	
  of	
  

the	
   optimum	
  non-­‐viral	
   vector	
   for	
   gene	
   delivery	
   in	
   the	
   eye,	
   but	
   also	
   to	
   assess	
   the	
   parameters	
  

induced	
  by	
  cell	
  toxicity	
  if	
  present.	
  

Studies	
  have	
  approached	
  this	
  by	
  studying	
  MNP	
  clearance	
  in	
  the	
  eye	
  post	
  intraocular	
  injection	
  by	
  

using	
  MRI	
  to	
  track	
  MNP	
  biodistribution	
  (Raju	
  et	
  al.,	
  2011,	
  Raju	
  et	
  al.,	
  2012).	
  	
  It	
  was	
  shown	
  that	
  

particle	
   size	
   unsurprisingly	
  was	
   linked	
   to	
   clearance	
   time	
   (Raju	
   et	
   al.,	
   2012).	
   The	
   50-­‐nm	
  MNP	
  

cleared	
  more	
  quickly	
   than	
  4μm	
  MNPs.	
  The	
  MNP	
  under	
   investigation	
  was	
  4	
  μm	
  Dynabeads	
  M-­‐

450,	
  37%	
  iron	
  oxide	
  and	
  50nm	
  MNP	
  55-­‐59%iron	
  oxide.	
  The	
   long	
  term	
  persistence	
  of	
  micron-­‐

scale	
  particles	
  may	
  not	
  be	
  as	
  preferred	
  in	
  future	
  magnetofection	
  plans	
  due	
  to	
  this.	
  No	
  MNP	
  were	
  

detected	
  in	
  organs	
  systematically.	
  The	
  same	
  group	
  also	
  reported	
  MNP	
  to	
  be	
  safe	
  for	
  intraocular	
  

injection	
   at	
   a	
   single	
   injection	
   dosage	
   volume	
   of	
   3μl	
   and	
   found	
   no	
   toxicity	
   at	
   histological	
  

level(Raju	
  et	
  al.,	
  2011).	
  

Zinc	
  oxide	
  nanoparticles	
  have	
  also	
  been	
  investigated	
  for	
  toxicity	
  in	
  RGC-­‐5	
  cells(Guo	
  et	
  al.,	
  2013).	
  

Zinc	
   oxide	
   is	
   more	
   commonly	
   investigated	
   as	
   anticancer	
   therapy,	
   and	
   has	
   not	
   been	
   used	
   in	
  

magnetofection	
  although	
  they	
  can	
  be	
  induced	
  to	
  adopt	
  a	
  ferromagnetic-­‐like	
  behaviour(Garcia	
  et	
  

al.,	
  2007).	
  The	
  MNPs	
  under	
  study	
  were	
  about	
  60nm	
  diameter	
  and	
  cell	
  viability	
  decreased	
  with	
  

the	
   increase	
   of	
   culture	
   time	
   and	
   concentrations	
   of	
   zinc	
   oxide.	
   This	
   was	
   accompanied	
   by	
   a	
  

concentration-­‐dependent	
   rise	
   in	
   caspase-­‐12	
   expression	
   levels	
   due	
   to	
   reactive	
   oxygen	
   species	
  

overproduction.	
  	
  

More	
  ocular	
  cell	
  toxicity	
  studies	
  need	
  to	
  be	
  run	
  on	
  the	
  many	
  proprietary	
  MNP	
  available,	
  which	
  

needs	
   to	
   be	
   validated	
   in	
   the	
   short	
   term	
   as	
  well	
   as	
   post	
  multiple	
   long	
   term	
   exposure	
   periods.	
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Overall,	
   MNPs	
   seem	
   safe	
   and	
   are	
   a	
   reasonable	
   therapeutic	
   option.	
   Nonetheless,	
   in	
   chapter	
   4	
  

tissues	
  and	
  NSCs	
  were	
  subjected	
  to	
  cell	
  viability	
  tests	
  to	
  find	
  the	
  highest	
  tolerable	
  concentration	
  

of	
  proprietary	
  MNPs	
  that	
  can	
  be	
  used	
  prior	
  to	
  magnetofection	
  studies.	
  

1.4.4	
  MAGNETOFECTION	
  AND	
  OSCILLATION	
  

Increased	
   efficacy	
   of	
   transfecting	
   stem	
   cells	
   have	
   been	
   reported	
   by	
   deploying	
   MNPs	
   with	
  

applied	
  oscillating	
  magnetic	
   fields.	
   	
  This	
  novel	
   technique	
   to	
  enhance	
  magnetofection	
  was	
   first	
  

reported	
   in	
   mouse	
   embryonic	
   fibroblasts	
   and	
   human	
   umbilical	
   vein	
   endothelial	
   cells	
   were	
  

reported	
   to	
   show	
   improved	
   transfection	
   with	
   MNP	
   in	
   an	
   oscillating	
  magnetic	
   field	
   (Lim	
   and	
  

Dobson,	
   2012).	
   This	
   was	
   also	
   directly	
   compared	
   to	
   lipofection	
   and	
   static	
  

magnetofection(Fouriki	
  et	
  al.,	
  2012).	
  Interestingly,	
  some	
  transfection	
  (2%)	
  was	
  observed	
  in	
  the	
  

presence	
   of	
   MNP	
   DNA	
   complex	
   in	
   the	
   absence	
   of	
   magnetic	
   field.	
   Increase	
   in	
   transfection	
  

efficiency	
  was	
  observed	
  between	
  no	
  magnetic	
  field	
  and	
  both	
  static	
  and	
  oscillating	
  magnetic	
  field	
  

conditions.	
  They	
  were	
  also	
   found	
   to	
  be	
  much	
  more	
  efficient	
   than	
   lipofection	
  after	
  30	
  minutes	
  

but	
   similar	
   in	
   transfection	
   rates	
   after	
   6	
   hours.	
   Disappointingly,	
   in	
   this	
   study	
   there	
   was	
   no	
  

significant	
   difference	
   between	
   static	
   magnetofection	
   and	
   oscillating	
   magnetofection	
   (22%	
   vs	
  

25%	
  transfected	
  cells),	
  but	
  have	
  suggested	
  the	
  parameters	
  of	
  oscillating	
  frequency	
  (2Hz	
  used	
  in	
  

this	
  study)	
  would	
  need	
  to	
  be	
  optimised	
  before	
  any	
  conclusions	
  could	
  be	
  made	
  from	
  this.	
  Further	
  

to	
  this,	
  neural	
  stem	
  cell	
  transfection	
  with	
  an	
  applied	
  oscillating	
  magnetic	
  field	
  was	
  found	
  to	
  be	
  

maximally	
   statistically	
   significant	
   in	
   increasing	
   transfection	
   levels	
   at	
  4Hz(Adams	
  et	
   al.,	
   2013).	
  

They	
   reported	
   no	
   effect	
   on	
   cell	
   viability,	
   cell	
   number,	
   stem	
   cell	
   marker	
   expression	
   and	
  

differentiation	
  profiles	
  of	
  the	
  NSC	
  cultures	
  that	
  were	
  magnetofected.	
  The	
  authors	
  admit	
  that	
  the	
  

mechanism	
   for	
   this	
   is	
   not	
   clear.	
   However,	
   they	
   propose	
   that	
   the	
   horizontal	
   magnetic	
   field	
  

component	
   stimulates	
   endocytotic	
   activity	
   of	
   the	
   neural	
   stem	
   cell	
   membrane.	
   Hence	
   the	
  

observed	
  oscillation	
  dependent	
  increase	
  in	
  transfection.	
  

No	
   studies	
   have	
   investigated	
   gene	
  delivery	
  with	
  magnetofection	
   and	
   oscillation	
   in	
   the	
   eye.	
   In	
  

chapter	
   4,	
   I	
   will	
   investigate	
   this	
   novel	
   technique	
   as	
   a	
   method	
   for	
   gene	
   delivery	
   into	
   ocular	
  

tissues.	
  Furthermore,	
   I	
  will	
  use	
   it	
   to	
   transfect	
   the	
  neurospheres	
  which	
   to	
  deliver	
  BDNF	
   in	
   the	
  

retina	
  explant	
  in	
  chapter	
  7.	
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1.5	
  GALVANOTROPISM	
  

Galvanotropism	
   is	
   the	
   process	
   whereby	
   cells	
   respond	
   to	
   an	
   extracellular	
   electric	
   field	
   by	
  

changing	
   their	
   morphology	
   along	
   the	
   voltage	
   gradient(McCaig	
   et	
   al.,	
   2005).	
   	
   It	
   was	
   first	
  

described	
   in	
  small	
  animals	
  such	
  as	
   tadpoles,	
   salmon	
  embryos	
  and	
  crayfish	
   in	
   the	
  19th	
   century	
  

(Miller,	
  1907).	
  By	
  the	
  1920s	
  Ingvar	
  et	
  al.	
  showed	
  that	
  neurons	
  in	
  culture	
  directed	
  their	
  growth	
  

in	
   response	
   to	
   application	
  of	
   a	
   direct	
   current	
   electrical	
   field(Ingvar).	
   Indeed,	
  many	
   reports	
   of	
  

success	
   in	
   vivo	
   and	
   in	
   vitro	
   of	
   EF	
   application	
   improving	
   nerve	
   growth	
   have	
   been	
   published	
  

(Borgens	
  et	
  al.,	
  1999,	
  Yao	
  et	
  al.,	
  2008).	
   	
  To	
  date,	
  galvanotaxis	
  has	
  been	
  reported	
  in	
  over	
  thirty	
  

animal-­‐derived	
  cell	
   types(Allen	
  et	
  al.,	
  2013)	
   including	
  stem	
  cells(Meng	
  et	
  al.,	
  2012,	
  Feng	
  et	
  al.,	
  

2012),	
  neurons(Patel	
  and	
  Poo,	
  1982),	
  lung	
  cancer	
  cells(Yan	
  et	
  al.,	
  2009),	
  and	
  ocular	
  cells(Pullar	
  

et	
  al.,	
  2001,	
  Zhao	
  et	
  al.,	
  2012a).	
  

1.5.1	
  ENDOGENOUS	
  ELECTRICAL	
  FIELDS,	
  EMBRYONIC	
  GUIDANCES	
  AND	
  WOUND	
  

HEALING	
  

In	
   vivo,	
   voltage	
   gradients	
   are	
   maintained	
   by	
   cells	
   across	
   the	
   cell	
   membrane	
   by	
   constantly	
  

pumping	
  ion	
  channels	
  across	
  their	
  membrane;	
  the	
  membrane	
  potential.	
  Ion	
  channels	
  constantly	
  

pump	
  Na+,	
  K+	
  and	
  Cl-­‐	
   to	
  establish	
  this.	
  Organs	
  and	
  embryos	
  are	
  surrounded	
  by	
  a	
   layer	
  of	
  cells:	
  

the	
  epithelium.	
  This	
  polarised	
  distribution	
  of	
   ion	
  channels	
  gives	
  the	
  transcellular	
  current.	
  This	
  

current	
  cannot	
  flow	
  freely	
  into	
  the	
  extracellular	
  space	
  as	
  tight	
  junctions	
  and	
  adherens	
  junctions	
  

exist	
   [see	
   figure	
   1.2].	
   The	
   apical-­‐basal	
   transcellular	
   current	
   must	
   flow	
   via	
   the	
   paracellular	
  

pathway	
  whereby	
  high	
  resistance	
  is	
  encountered	
  at	
  the	
  tight	
  junctions.	
  This	
  resistance	
  leads	
  to	
  

a	
  transepithelial	
  potential	
  (TEP)	
  which	
  is	
  positive	
  on	
  the	
  basal	
  side.	
  The	
  TEP	
  is	
  the	
  basis	
  of	
  most	
  

endogenous	
  ionic	
  currents	
  in	
  embryos	
  and	
  adults.	
  Values	
  for	
  TEP	
  range	
  within	
  15	
  to	
  60	
  mV	
  in	
  

human	
   bodies	
   (Farboud	
   et	
   al.,	
   2000,	
   Nuccitelli,	
   2003).	
   In	
   wound	
   healing,	
   when	
   epithelial	
  

integrity	
   is	
   compromised,	
   TEP	
   at	
   the	
   wound	
   drops	
   to	
   0mV,	
   creating	
   a	
   transverse	
   voltage	
  

gradient	
  along	
  the	
  epithelium	
  [see	
  figure	
  1.3].	
  The	
  wound	
  centre	
  effectively	
  acts	
  as	
  a	
  cathode	
  to	
  

orientate	
  tissue	
  and	
  promote	
  wound	
  healing	
  (Song	
  et	
  al.,	
  2004).	
  A	
  similar	
  occurrence	
  is	
  present	
  

during	
   embryogenesis	
   in	
   areas	
   of	
   low	
   tight	
   junction	
   resistance	
   along	
   the	
   primitive	
   streak,	
  

posterior	
   intestinal	
  portal	
  or	
  at	
   the	
   limb	
  bud	
   in	
  amphibian,	
   chick	
  or	
  mouse	
  embryo	
  (Jaffe	
  and	
  

Stern,	
  1979,	
  Altizer	
  et	
  al.,	
  2001,	
  Hotary	
  and	
  Robinson,	
  1994).	
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Figure	
   1.2	
   Diagram	
   of	
   epithelial	
   cell	
   monolayer	
   with	
   Na+	
   channels	
   localised	
   on	
   the	
   apical	
  
plasma	
  memebrane	
   and	
   K+	
   channels	
   localised	
   on	
   the	
   basolateral	
   membranes,	
   along	
   with	
   the	
  
na+/K+-­‐ATPase.	
  The	
  asymmetric	
  distribution	
  of	
   ion	
  channels	
  generates	
  a	
   transcellular	
   flow	
  of	
  
positive	
  current.	
  This	
  current	
   flow	
  generates	
  a	
   transepithelial	
  potential	
   that	
   is	
  positive	
  on	
  the	
  
basolateral	
  side	
  of	
  the	
  monolayer.	
  figure	
  adapted	
  from	
  (Nuccitelli,	
  2003).	
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Figure	
   1.3	
   This	
   figure	
   shows	
   the	
   transepithelial	
   potential	
   [TEP]	
   difference	
   is	
   40	
   mV.	
   When	
  
wounded,	
  the	
  TEP	
  collapses	
  to	
  zero	
  at	
  the	
  wound	
  centre,	
  but	
  remains	
  40	
  mV	
  distally	
  where	
  ion	
  
transport	
   is	
   unaffected.	
   This	
   voltage	
   gradient	
   establishes	
   an	
   electrical	
   field	
   (red	
   arrows)	
   that	
  
has	
   a	
   vector	
   parallel	
   to	
   the	
   epithelial	
   surface	
   and	
   the	
   wound	
   centre	
   as	
   the	
   cathode.	
  
Furthermore,	
   leakage	
   of	
   Na+	
   and	
   K+	
   ions	
   out	
   of	
   the	
   wound	
   down	
   its	
   concentration	
   gradient	
  
gives	
   the	
   physiological	
   injury	
   current;	
   as	
   indicate	
   by	
   the	
   black	
   arrows.	
   Figure	
   adapted	
  
from(McCaig	
  et	
  al.,	
  2009)	
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1.4.2.	
  GALVANOTAXIS	
  IN	
  STEM	
  CELLS	
  

As	
  endogenous	
  electrical	
  fields	
  play	
  such	
  an	
  integral	
  role	
  in	
  embryogenesis,	
  it	
  is	
  not	
  surprising	
  

that	
  many	
  stem	
  cells	
  and	
  progenitor	
  cells	
  demonstrate	
  galvanotaxis.	
  The	
  literature	
  surrounding	
  

galvanotaxis	
   in	
  stems	
  cells	
  mainly	
   focus	
  around	
  NSC	
  or	
  NPC	
  although	
  it	
  has	
  been	
  described	
  in	
  

iPS	
   cells,	
   adipose	
   stem	
   cells,	
   mesenchymal	
   stem	
   cells,	
   epidermal	
   stem	
   cells	
   and	
   endothelial	
  

progenitor	
  cells	
  (Li	
  et	
  al.,	
  2012,	
  Zhang	
  et	
  al.,	
  2011a,	
  Tandon	
  et	
  al.,	
  2009,	
  Tan	
  et	
  al.,	
  2015,	
  Zhao	
  et	
  

al.,	
  2012b).	
  

Although	
   the	
  majority	
   of	
   galvanotaxis	
   reports	
   have	
   shown	
  migrational	
   direction	
   towards	
   the	
  

cathode,	
  this	
  is	
  not	
  universally	
  the	
  case.	
  The	
  direction	
  differs	
  depending	
  on	
  cell	
  type,	
  species	
  and	
  

can	
  even	
  be	
  culture	
  dependent.	
  For	
  instance,	
  in	
  neurites	
  (rats)	
  migration	
  can	
  be	
  perpendicular	
  

to	
  an	
  electrical	
  field(Rajnicek	
  et	
  al.,	
  1992).	
  Human	
  IPS	
  cells	
  migrate	
  to	
  the	
  anode	
  but	
  human	
  ESC	
  

migrate	
  to	
  the	
  cathode(Zhang	
  et	
  al.,	
  2011a).	
  Mesenchymal	
  stem	
  cells’	
  response	
  to	
  an	
  electrical	
  

field	
   is	
   dependent	
   on	
   number	
   of	
   passages,	
   reversing	
   directionality	
   the	
   higher	
   the	
   passage	
  

number	
   (Tan	
   et	
   al.,	
   2015).	
   In	
   NSCs	
   and	
  NPCs,	
   direct	
   current	
   electrical	
   fields	
   guide	
  migration	
  

towards	
   the	
   cathode	
   in	
   both	
   adult	
   and	
   embryonic	
   cells	
  which	
   has	
   been	
   shown	
   in	
   rodent	
   and	
  

human(Li	
  et	
  al.,	
  2008,	
  Feng	
  et	
  al.,	
  2012,	
  Babona-­‐Pilipos	
  et	
  al.,	
  2011).	
  

NSC	
  migration	
  has	
  been	
  studied	
  for	
  its	
  potential	
  therapeutic	
  use	
  in	
  many	
  neurological	
  diseases	
  

such	
   as	
   stroke,	
   Parkinson’s	
   and	
   spinal	
   cord	
   injury.	
   Their	
   migratory	
   ability	
   facilitates	
   cell	
  

migration	
   into	
   a	
   damaged	
   area.	
   Indeed,	
   electrical	
   fields	
   have	
   been	
   detected	
   around	
   damaged	
  

nerves	
   in	
   the	
   spinal	
   cord,	
   suggesting	
   that	
   they	
   play	
   a	
   major	
   role	
   in	
   physiological	
   CNS	
  

repair(Borgens	
   et	
   al.,	
   1980,	
   Zuberi	
   et	
   al.,	
   2008).	
  The	
  mode	
  of	
  NSC	
  migration	
  under	
  migratory	
  

cues	
   has	
   not	
   been	
   characterized	
   in	
   detail	
   but	
   Arocena	
   et	
   al.	
   observed	
   that	
   they	
   move	
   in	
  

sequential	
  short	
  steps	
  by	
  extending	
  protrusions(Arocena	
  et	
  al.,	
  2010).	
  	
  

Migratory	
   guidance	
   cues	
   for	
   NSC	
   other	
   than	
   electrical	
   stimulation	
   such	
   as	
   chemokines	
   (eg.	
  

Stromal	
  derived	
  factor-­‐1α/CXCR-­‐4)	
  also	
  exist	
  through	
  chemotaxis;	
  a	
  mechanism	
  differing	
  from	
  

electrotaxis,	
  and	
  does	
  not	
  affect	
  electrotaxis	
  (Miller	
  et	
  al.,	
  2008,	
  Aguirre	
  et	
  al.,	
  2005,	
  Meng	
  et	
  al.,	
  

2012,	
   Feng	
   et	
   al.,	
   2012).	
   However,	
   biochemical	
   guidance	
   cues	
   are	
   difficult	
   to	
  manipulate	
   and	
  

implement	
   due	
   to	
   the	
   complicated	
   chemical	
   gradients	
   existing	
   in	
   vivo	
   with	
   the	
   confounding	
  

factor	
  of	
  being	
  less	
  predictable	
  or	
  controllable	
  to	
  target	
  injured	
  tissue.	
  

The	
   interaction	
   of	
   chemical	
   and	
   electrotactic	
   pathway	
   is	
   complex.	
   It	
   is	
   thought	
   to	
   commence	
  

through	
   polarized	
   signalling	
   molecules	
   at	
   the	
   cell	
   membrane	
   which	
   induce	
   an	
   asymmetric	
  

activation	
   of	
   signalling	
   molecules	
   and	
   cytoskeleton	
   leading	
   to	
   cell	
   migration(Liu	
   and	
   Song,	
  

2014).	
  	
  Molecules	
  and	
  signalling	
  pathways	
  reported	
  to	
  control	
  electrotaxis	
  include	
  calcium	
  and	
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sodium	
  channels,	
  cAMP,	
  and	
  several	
  kinase	
  cascades	
  such	
  as	
  PI3K/Akt	
  pathway	
  (Mycielska	
  and	
  

Djamgoz,	
  2004,	
  Pullar	
  et	
  al.,	
  2001,	
  Zhao	
  et	
  al.,	
  2006).	
  Figure	
  1.4	
  summarises	
  some	
  of	
  the	
  known	
  

signalling	
  network	
  in	
  electrotaxis.	
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Figure	
   1.4	
   Summary	
   of	
   known	
   signalling	
   network	
   in	
   EF	
   stimulated	
   cells;	
   adapted	
   from	
   Liu	
   et	
  
al(Liu	
  and	
  Song,	
  2014).	
   [a]	
  The	
   ion	
  channels	
  NaKA	
  and	
  NHE3	
  are	
  considered	
  a	
  switch	
  point	
  of	
  
the	
  cathodal/anodal	
  migration.	
  When	
  the	
  cell	
  is	
  exposed	
  to	
  EF,	
  NaKA	
  and	
  NHE3	
  are	
  reported	
  to	
  
accumulate	
   at	
   the	
   cathodal/anodal	
   edge	
   of	
   the	
   migration	
   cell,	
   depending	
   on	
   different	
   cell	
  
types.	
   This	
   activation	
   induces	
   Na+	
   and	
   Ca2+	
   influxes,	
   which	
   lead	
   to	
   formation	
   of	
   the	
   ion	
  
gradient	
   along/against	
   the	
   EF	
   direction;	
   ultimately	
   this	
   leads	
   to	
   cell	
   depolarization	
   and	
  
cytoskeleton	
   redistribution(i.e	
   actin,	
   tubulin,	
   myosin,	
   etc)	
   through	
   intracellular	
   signalling.	
  
NHE3	
   also	
   induce	
   cytoskeleton	
   redistribution	
   through	
   complex	
   with	
   PKC	
   and	
   tubulin	
   when	
  
treated	
   with	
   EF.	
   [b]	
   Cell	
   membrane	
   receptors	
   also	
   contribute	
   towards	
   ion	
   influxes	
   and	
  
signalling	
  activation	
  under	
  EF	
  stimulation.	
  AChR	
  and	
  NMDAR	
  both	
  are	
  reported	
  to	
  be	
  activated	
  
at	
   the	
   cathodal	
   pole	
   of	
   the	
  EF	
   and	
  play	
   a	
   role	
   in	
   inducing	
  Ca2+	
   influx	
   and	
   cell	
   depolarization.	
  
EGFR	
   may	
   be	
   activated	
   in	
   a	
   ligand-­‐independent	
   manner	
   to	
   trigger	
   downstream	
   MAPKs	
   and	
  
PI3K	
  activation.	
  This	
  contributes	
  to	
  cytoskeleton	
  redistribution	
  and	
  cellular	
  responses	
  through	
  
Ca2+	
   influxes	
  and	
  downstream	
  effectors.	
   [c]	
  PI3K/AKT	
  signalling	
  pathway	
  plays	
  an	
   important	
  
role	
   in	
   electrotaxis	
   and	
   other	
   cellular	
   responses.	
   Post	
   Ca2+	
   influxes	
   and	
   cell	
   depolarization,	
  
PI3K	
   and	
   downstream	
   effectors	
   are	
   found	
   to	
   accumulate	
   and	
   activate	
   the	
   leading	
   edge	
   of	
   the	
  
electrotaxing	
   cell.	
   This	
   plays	
   an	
   important	
   role	
   in	
   EF-­‐induced	
   cathodal	
   migration.	
   The	
  
activated	
   PI3K	
   at	
   the	
   leading	
   edge	
   could	
   initiate	
   other	
   cellular	
   responses	
   through	
   Akt	
   of	
  
combining	
  with	
  PLC	
  to	
  activate	
  Rho	
  through	
  Ca2+.	
  PTEN	
  has	
  been	
  reported	
  to	
  downregulate	
  at	
  
the	
   cathodal	
   side	
   and	
   show	
  more	
   activation	
   at	
   the	
   anodal	
   side.	
   Apart	
   from	
  PI3K,	
   the	
   catalytic	
  
domains	
  of	
  sGC	
  with	
  GbpC	
  are	
  also	
  involved	
  in	
  cell	
  migration	
  to	
  the	
  cathodal	
  pole;	
  while	
  the	
  N-­‐
domain	
  of	
  sGC	
  and	
  cAMP-­‐activated	
  pathways	
  may	
  contribute	
   to	
  mediate	
   the	
  anodal	
  migration.	
  
[d]	
   Other	
   moleculesmay	
   contribute	
   in	
   the	
   signalling	
   transduction	
   during	
   EF	
   stimulation.	
   i.e.	
  
NADPH	
  oxidase	
  activated	
   to	
  give	
   superoxide,	
   triggering	
  upregulation	
  of	
  ERK	
  phosphorylation,	
  
influencing	
  cell	
  response	
  to	
  EF.	
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1.5 . 	
  RETINAL	
  GANGLION	
  CELL	
  MORPHOLOGY:	
  SHOLL	
  ANALYSIS 	
  

Sholl	
   analysis	
   was	
   first	
   reported	
   by	
   DA	
   Sholl	
   in	
   1953	
   where	
   he	
   described	
   the	
   dendritic	
  

organization	
   in	
   the	
   neurons	
   of	
   the	
   cat’s	
   visual	
   and	
  motor	
   cortices	
   (Sholl,	
   1953).	
   It	
   is	
   used	
   to	
  

show	
  the	
  complexity	
  of	
  dendritic	
  branching	
  by	
  analysing	
   the	
  number	
  of	
  branches	
   intersecting	
  

with	
  a	
  distance	
   from	
  the	
  soma;	
  using	
  a	
  series	
  of	
   concentric	
   spherical	
   shells	
  as	
  co-­‐ordinates	
  of	
  

reference(Sholl,	
   1953).	
   It	
   is	
   well	
   established	
   in	
   neurobiology	
   to	
   quantify	
   and	
   analyse	
   the	
  

complexity	
   of	
   neurite	
   morphology.	
   Use	
   of	
   Sholl	
   analysis	
   in	
   the	
   study	
   of	
   retinal	
   ganglion	
   cell	
  

morphology	
   is	
   also	
  well	
   reported	
   (Rodger	
   et	
   al.,	
   2012,	
  Kalesnykas	
   et	
   al.,	
   2012,	
   Li	
   et	
   al.,	
   2011,	
  

Williams	
  et	
  al.,	
  2010,	
  Gastinger	
  et	
  al.,	
  2008,	
  Qu	
  et	
  al.,	
  2012).	
  When	
  done	
  manually,	
   it	
   is	
  a	
   time	
  

consuming	
  and	
  laborious	
  process.	
  Hence,	
  a	
  range	
  of	
  computer-­‐assisted	
  programs	
  have	
  emerged	
  

to	
   allow	
   for	
   a	
   simpler	
   method	
   of	
   data	
   acquisition	
   and	
   analysis	
   (Gutierrez	
   and	
   Davies,	
   2007,	
  

Longair	
  et	
  al.,	
  2011,	
  Schmitz	
  et	
  al.,	
  2011).	
  

Sholl	
   analysis	
   has	
   been	
   widely	
   used	
   to	
   quantify	
   RGC	
   morphology.	
   Diabetic	
   morphological	
  

changes	
  in	
  RGC	
  have	
  been	
  reported	
  to	
  have	
  an	
  increased	
  density	
  at	
  certain	
  distances	
  from	
  the	
  

soma,	
  portrayed	
  as	
  a	
  higher	
  peak	
  in	
  a	
  Sholl	
  profile	
  	
  (Gastinger	
  et	
  al.,	
  2008).	
  Conversely,	
  in	
  optic	
  

nerve	
   crush	
   models	
   and	
   eyes	
   subjected	
   to	
   acute	
   IOP	
   elevation	
   a	
   rapid	
   decrease	
   in	
   the	
   Sholl	
  

profile	
   is	
   reported(Li	
   et	
   al.,	
   2011,	
   Kalesnykas	
   et	
   al.,	
   2012).	
   	
   Mechanisms	
   exploring	
   retinal	
  

ganglion	
   cell	
   degeneration	
   in	
   glaucoma	
  models	
  have	
   also	
  been	
   reported	
  using	
   the	
   area	
  under	
  

the	
  curve	
   to	
  analyse	
  Sholl	
  profiles(Qu	
  et	
  al.,	
  2012).	
  Furthermore,	
  a	
   comprehensive	
  analysis	
  of	
  

changes	
  in	
  morphology	
  from	
  long-­‐term	
  viral	
  gene	
  therapy	
  included	
  Sholl	
  analysis(Rodger	
  et	
  al.,	
  

2012).	
   All	
   of	
   these	
   studies	
   used	
   a	
   computer	
   assisted	
   program	
   for	
   Sholl	
   analysis	
   which	
   was	
  

mostly	
  from	
  Image	
  J,	
  or	
  MATLAB(Gastinger	
  et	
  al.,	
  2008,	
  Li	
  et	
  al.,	
  2011,	
  Rodger	
  et	
  al.,	
  2012,	
  Qu	
  et	
  

al.,	
  2012).	
   In	
   this	
   thesis,	
   I	
  will	
  validate	
   four	
  of	
   the	
  most	
  commonly	
  used	
  semi-­‐automated	
  Sholl	
  

analysis	
   programs	
   against	
   the	
  manual	
  method	
   as	
   it	
  would	
   form	
   the	
   basis	
   of	
   one	
   of	
  my	
   latter	
  

experiments	
  where	
  I	
  evaluate	
  RGC	
  morphology	
  in	
  retinal	
  explants.	
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1.6 . 	
  RETINAL	
  EXPLANT	
  VIABILITY	
  

Adult	
   organotypic	
   retinal	
   explant	
   culture	
   systems	
   in	
   rodents	
   are	
   well	
   established.	
   Retinal	
  

explants	
  have	
  been	
  utilised	
  as	
  an	
  in-­‐vitro	
  ocular	
  stem	
  cell	
  transplantation	
  model,	
  to	
  investigate	
  

neuroprotective	
  therapies,	
  pharmacological	
  toxicity	
  and	
  laser	
  retinal	
  applications	
  (Johnson	
  and	
  

Martin,	
  2008;	
  Schlichtenbrede	
  et	
  al.,	
  2009;	
  Wood	
  et	
  al.,	
  2011(Manabe	
  et	
  al.,	
  2002).	
  In-­‐vivo	
  work	
  

involves	
   intravitreal	
   injection	
   of	
   drugs	
   of	
   which	
   precise	
   drug	
   concentrations	
   cannot	
   be	
  

controlled	
  in	
  comparison	
  to	
  in-­‐vitro	
  studies(Manabe	
  et	
  al.,	
  2002).	
  In-­‐vitro	
  culture	
  of	
  dissociated	
  

retinal	
   cells	
   causes	
   loss	
   of	
   its	
   normal	
  morphological	
   features.	
   Retinal	
   explant	
   culture	
   systems	
  

allow	
   the	
   maintenance	
   of	
   cell-­‐to-­‐cell	
   interactions	
   in	
   normal	
   cellular	
   architecture	
   and	
   is	
  

relatively	
   easy	
   to	
   establish	
   compared	
   to	
   dissociated	
   retinal	
   cell	
   cultures(Zhang,	
   Fu	
   and	
  

Barnstable,	
   2002).	
   Furthermore,	
   it	
   	
   is	
   an	
   easily	
   accessible	
   part	
   of	
   the	
   central	
   nervous	
   system	
  

(Becker	
   et	
   al.,	
   1998),	
   not	
   only	
   in	
   ophthalmic	
   research	
   but	
   also	
   as	
   a	
   CNS	
   disease	
   model	
   and	
  

development	
  outline	
  (Zhang	
  et	
  al.,	
  2002).	
  

However,	
   use	
   of	
   retinal	
   explants	
   as	
   a	
   therapeutic	
   test	
   platform	
   is	
   critically	
   dependent	
   on	
   the	
  

duration	
  of	
   its	
  viability	
   in	
  culture.	
   In	
  rodents	
   this	
  has	
  been	
  reported	
   to	
  be	
  sustained	
   for	
  up	
   to	
  

two	
  weeks	
  in	
  adult	
  rats	
  (Johnson	
  and	
  Martin,	
  2008).	
  Viability	
  extending	
  further	
  than	
  this	
  	
  have	
  

also	
   been	
   described	
   in	
   neonatal	
   rodent	
   explants	
   but	
   neonatal	
   biology	
   differs	
   from	
   that	
   of	
   an	
  

adult,	
  and	
  in	
  RGC	
  apoptosis	
  is	
  age-­‐dependent(Guerin	
  et	
  al.,	
  2011)	
  

Efforts	
   towards	
   prolonging	
   retinal	
   ganglion	
   cell	
   survival	
   through	
   extrinsic	
   neuroprotective	
  

therapies	
   have	
   been	
   promising(Martin	
   et	
   al.,	
   2003).	
   Indeed,	
   adult	
   rat	
   retinal	
   explant	
   culture	
  

models	
  have	
  been	
  utilized	
  to	
  screen	
  for	
  potential	
  retinal	
  ganglion	
  cell	
  neuroprotective	
  therapies	
  

(Bull	
   et	
   al.,	
   2011,	
   Guerin	
   et	
   al.,	
   2011,	
   Manabe	
   et	
   al.,	
   2002).	
   To	
   assess	
   retinal	
   ganglion	
   cell	
  

survival,	
  histological	
  analysis	
  of	
   the	
  retinal	
  ganglion	
  cell	
   layer	
   is	
  often	
  used	
  (Caffe	
  et	
  al.,	
  2001;	
  

Johnson	
   and	
  Martin,	
   2008).	
  Most	
   reports	
   have	
   assessed	
   retinal	
   ganglion	
   cell	
   neuroprotection	
  

through	
  nuclei	
  counts	
  in	
  the	
  retinal	
  ganglion	
  cell	
  layer,	
  whereby	
  overestimation	
  of	
  RGC	
  survival	
  

is	
  likely	
  to	
  occur(Bull	
  et	
  al.,	
  2011,	
  Guerin	
  et	
  al.,	
  2011)	
  as	
  microglia	
  have	
  been	
  reported	
  to	
  engulf	
  

dead	
  RGC	
  especially	
  when	
  labelled	
  with	
  DiI(Thanos,	
  1991).	
  Measured	
  variables	
  required	
  ex-­‐vivo	
  

explants	
  to	
  be	
  cultured	
  for	
  at	
  least	
  4	
  days	
  before	
  sufficient	
  cell	
  death	
  had	
  occurred	
  to	
  detect	
  any	
  

neuroprotection	
   conferred	
   by	
   therapy(Bull	
   et	
   al.,	
   2011;	
   Froger	
   et	
   al.,	
   2012).	
   Once	
   explanted,	
  

histology	
  of	
   the	
   retina	
   is	
   limited	
  by	
   tissue	
  oedema,	
   rapid	
  degeneration	
  of	
  outer	
   segments	
  and	
  

thinning	
  of	
  retinal	
   layers	
  (Kaempf	
  et	
  al.,	
  2008).	
  The	
  need	
  to	
  culture	
  explants	
  for	
  4	
  days	
  before	
  

neuroprotection	
   can	
   be	
   observed	
   is	
   not	
   only	
   time	
   consuming,	
   but	
   imposes	
   the	
   confounding	
  

factor	
   of	
   increased	
   inaccuracies	
   with	
   increasing	
   culture	
   time.	
   There	
   is	
   a	
   need	
   for	
   a	
   more	
  

sensitive	
  and	
  quicker	
  read-­‐out	
  for	
  reporting	
  neuroprotective	
  effect	
  in	
  RGC.	
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The	
  cell	
  death/survival	
  of	
  RGC	
  is	
  often	
  taken	
  as	
  an	
  outcome	
  measure.	
  Morphological	
  differences	
  

in	
  RGCs	
  in	
  retinal	
  explants	
  over	
  time	
  have	
  not	
  been	
  analysed.	
  In	
  our	
  search	
  for	
  therapeutics	
  that	
  

specifically	
  retard	
  retinal	
  ganglion	
  cell	
  death,	
   the	
  window	
  of	
  opportunity	
   for	
   targeting	
  healthy	
  

RGC	
  needs	
  to	
  be	
  demarcated.	
  In	
  this	
  thesis,	
  I	
  will	
  determine	
  the	
  viability	
  of	
  the	
  retinal	
  explants	
  

by	
  assessing	
  the	
  morphology	
  of	
  RGCs	
  diolistically	
  dyed	
  by	
  DiI.	
  Prior	
  to	
  using	
  retinal	
  explants	
  as	
  

my	
  test	
  bed	
  for	
  EF	
  directed	
  migration,	
  it	
  is	
  essential	
  to	
  demarcate	
  its	
  viability	
  as	
  the	
  period	
  of	
  EF	
  

application	
  necessary	
  for	
  migration	
  into	
  the	
  retinal	
  explant	
  is	
  unknown.	
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AIMS	
  AND	
  OBJECTIVES	
  

The	
  main	
  aim	
  of	
  this	
  thesis	
  is	
  to	
  assess	
  methods	
  of	
  delivering	
  neuroprotection	
  to	
  the	
  retina	
  i.e.	
  

by	
  magnetofection	
   of	
   ocular	
   tissue	
   or	
   by	
   directing	
  migration	
   of	
   neurospheres	
   into	
   the	
   retina	
  

from	
  the	
   inner	
   layer	
   to	
   the	
  outer	
   layer	
  by	
  galvanotaxis,	
  acting	
  as	
  a	
  vector	
   for	
  neuroprotection	
  

delivery.	
  

The	
   basis	
   of	
  my	
   experiments	
  will	
   be	
   performed	
   on	
   a	
   retinal	
   explant,	
   a	
   validated	
   organotypic	
  

culture	
  method	
  commonly	
  used.	
  In	
  chapter	
  3,	
  I	
  will	
  outline	
  the	
  explant’s	
  viability	
  to	
  include	
  the	
  

health	
  of	
   the	
  retinal	
  ganglion	
  cells.	
  This	
  will	
  be	
  performed	
  with	
  Sholl	
  analyses.	
  My	
  choice	
  of	
  a	
  

semi-­‐automated	
   Sholl	
   analysis	
   programme	
  will	
   be	
   based	
   on	
   the	
   one	
   that	
   compares	
   best	
  with	
  

manual	
  calibration.	
  

In	
  chapter	
  4,	
  I	
  will	
  explore	
  a	
  non-­‐viral	
  gene	
  transfer	
  technique	
  (magnetofection	
  with	
  oscillation)	
  

in	
   ocular	
   tissue	
   such	
   as	
   cornea	
   and	
   retina	
   as	
   a	
   proof	
   of	
   concept	
   for	
   future	
   gene	
   transfer	
  

application	
  including	
  the	
  delivery	
  of	
  neurotrophic	
  growth	
  factors.	
  Although	
  viral	
  gene	
  transfer	
  

is	
   currently	
   the	
   most	
   efficient,	
   it	
   comes	
   with	
   disadvantages	
   of	
   a	
   limited	
   cargo	
   size,	
   immune	
  

reactions	
   and	
   incorporation	
   of	
   genetic	
  material	
   into	
   host	
  DNA.	
  Hence,	
   I	
   opted	
   for	
   a	
   non-­‐viral	
  

approach	
   that	
   I	
   will	
   test	
   on	
   ocular	
   tissue	
   (the	
   cornea	
   and	
   the	
   retina)	
   for	
   future	
   in-­‐vivo	
  

application	
  and	
  also	
   for	
   transfecting	
  neural	
   stem	
  cells	
  with	
  BDNF-­‐myc	
  prior	
   to	
  directing	
   their	
  

migration	
  into	
  the	
  retina.	
  	
  

Several	
  barriers	
  exist	
  to	
  impede	
  stem	
  cell	
  migration	
  into	
  the	
  retina,	
  notably	
  physical	
  barriers	
  of	
  

the	
   inner	
   limiting	
  membrane	
   and	
   extracellular	
  matrices.	
   Galvanotaxis	
   in	
   stem	
   cells	
   is	
   widely	
  

studied	
  but	
  its	
  use	
  in	
  the	
  retina	
  has	
  yet	
  to	
  be	
  explored.	
  In	
  chapter	
  5	
  of	
  this	
  thesis,	
  I	
  will	
  briefly	
  

demonstrate	
   and	
   replicate	
   the	
   published	
   galvanotactic	
   properties	
   in	
   neural	
   stem	
   cells.	
   In	
  

chapter	
  6,	
  I	
  will	
  assess	
  the	
  ability	
  of	
  galvanotaxis	
  to	
  direct	
  migration	
  into	
  the	
  retina	
  in	
  an	
  explant	
  

model	
   and	
   optimize	
   its	
   parameters	
   for	
   voltage	
   and	
   duration.	
   In	
   chapter	
   7,	
   I	
   will	
   proceed	
   to	
  

demonstrate	
  that	
  magnetofected	
  neurospheres	
  that	
  overexpress	
  BDNF	
  can	
  be	
  directed	
  into	
  the	
  

retina	
  by	
  galvanotaxis.	
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CHAPTER	
  2	
  MATERIALS	
  AND	
  METHODS	
  

2.1	
  ANIMAL	
  HUSBANDRY	
  

Handling	
  and	
  euthanasia	
  of	
  animals	
  were	
  handled	
  in	
  accordance	
  to	
  the	
  regulations	
  formulated	
  

by	
  the	
  Home	
  Office	
  of	
  the	
  United	
  Kingdom	
  (Animal	
  Welfare	
  Act	
  2006)	
  and	
  in	
  compliance	
  with	
  

the	
  ARVO	
  Statement	
  for	
  the	
  Use	
  of	
  Animals	
  in	
  Ophthalmic	
  and	
  Vision	
  Research.	
  	
  

2.2	
  SUMMARY	
  OF	
  FLUORESENCE	
  MICROSCOPY	
  	
  

A	
  summary	
  of	
  laser	
  excitation	
  wavelengths	
  and	
  emission	
  filters	
  used	
  are	
  summarized	
  in	
  Table	
  3.	
  

Label	
   Laser	
  Excitation	
  (nm)	
   Laser	
  Filter	
  Emission	
  (nm)	
  

TOPRO-­‐3	
   633	
   630-­‐750	
  

GFP	
   488	
   500-­‐550	
  

FITC	
   488	
   500-­‐550	
  

DiI	
   488	
   500-­‐550	
  

Myc	
   543	
   610-­‐720	
  

DAPI	
   405	
   440-­‐550	
  

Nestin	
   543	
   550-­‐620	
  

Ethidium	
  Bromide	
   543	
   550-­‐620	
  

β3-­‐Tubulin	
   638	
   655-­‐695	
  

Table	
  3	
  Summary	
  of	
  laser	
  excitation	
  and	
  emission	
  filter	
  wavelength	
  settings	
  for	
  confocal	
  
imaging	
  of	
  labels	
  used.	
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2.3	
  RETINAL	
  EXPLANT	
  CULTURE	
  

2.3.1	
  PREPARATION	
  OF	
  RETINAL	
  WHOLE	
  MOUNTS	
  

Adult	
   C57BL/6	
  male	
   and	
   female	
  mice	
   (P36-­‐73)	
  were	
   killed	
   by	
   cervical	
   dislocation.	
   Both	
   eyes	
  

were	
  immediately	
  enucleated	
  and	
  immersed	
  in	
  ice-­‐cold	
  HBBS	
  containing	
  penicillin	
  (100	
  U/mL)	
  

and	
   streptomycin	
   (100	
   μg/mL).	
   A	
   paralimbal	
   circumferential	
   incision	
   was	
   made	
   under	
   an	
  

operating	
  microscope	
  to	
  remove	
  the	
  anterior	
  segment,	
  lens	
  and	
  vitreous	
  body.	
  The	
  residual	
  cup	
  

of	
  the	
  posterior	
  segment	
  was	
  carefully	
  inverted	
  with	
  fine	
  forceps	
  allowing	
  for	
  the	
  detachment	
  of	
  

the	
   retina	
   away	
   from	
   the	
   pigment	
   epithelium.	
   Efforts	
   were	
   made	
   to	
   minimise	
   instrumental	
  

contact	
  with	
   the	
   inner	
   retina.	
   The	
   optic	
   nerve	
   head	
  was	
   then	
   severed,	
   separating	
   it	
   from	
   the	
  

retina.	
  The	
  retina	
  was	
  segmented	
  into	
  three	
  equal	
  sized	
  pieces	
  and	
  separately	
  transferred	
  onto	
  

30-­‐mm	
  diameter	
  filters	
  (0.4	
  μm	
  pore,	
  Millipore;	
  Millicell	
  Inc.,	
  Cork,	
  Ireland)	
  with	
  the	
  RGC	
  layer	
  

facing	
  up	
  (see	
  Figure	
  2.1).	
  

The	
   filters	
   were	
   placed	
   into	
   a	
   well	
   plate	
   containing	
   1200μL	
   of	
   retinal	
   explant	
   media.	
   This	
  

consisted	
  of	
  a	
  neuronal	
  growth	
  medium	
  (Neurobasal	
  A)	
  supplemented	
  with	
  2%	
  B27	
  (Invitrogen	
  

Ltd.),	
  1%	
  N2	
  (Invitrogen	
  Ltd.),	
  L-­‐glutamine	
  (0.8mM),	
  penicillin	
  (100	
  U/mL),	
  and	
  streptomycin	
  

(100	
   μg/mL).	
   The	
   culture	
   medium	
   selected	
   was	
   based	
   on	
   Johnson	
   et	
   al	
   2008	
   (Johnson	
   and	
  

Martin,	
   2008)	
  which	
   showed	
   superiority	
   of	
   non-­‐serum	
  based	
  media	
   in	
   rodent	
   retinal	
   explant	
  

culture	
  viability.	
  Retinal	
  explant	
  culture	
  mediums	
  were	
  maintained	
  at	
  34⁰C	
  and	
  5%	
  CO2.	
  Culture	
  

media	
  were	
  changed	
  on	
  day	
  ex-­‐vivo	
  (DEV)	
  1	
  and	
  daily	
  thereafter.	
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Figure	
  2.1	
  Retinal	
  explant	
  segmented	
  into	
  three	
  placed	
  on	
  filter,	
  retinal	
  ganglion	
  cell	
  layer	
  side	
  
up.	
  Scale	
  bar:1mm	
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2.3.2	
  DIOLISTIC	
  LABELLING	
  OF	
  RETINAL	
  GANGLION	
  CELLS	
  

Two	
   hundred	
   milligrams	
   of	
   Tungsten	
   (Tu)	
   particles	
   (0.7	
   μm	
   in	
   diameter	
   Tungsten	
  

Microcarriers,	
   Bio-­‐Rad,	
   UK)	
   were	
   spread	
   on	
   a	
   clean	
   glass	
   slide.	
   Two	
   milligrams	
   of	
   1,1’-­‐

dioctadecyl-­‐3,3,3’,3’-­‐tetramethyl-­‐indocarbocyanine	
   perchlorate	
   (DiI,	
   Molecular	
   Probes	
   N-­‐

22880,	
  Eugene,	
  OR)	
  was	
  dissolved	
  in	
  200μl	
  of	
  methylene	
  chloride	
  and	
  applied	
  over	
  the	
  tungsten	
  

particles	
  on	
  the	
  glass	
  slide.	
  After	
  the	
  methylene	
  chloride	
  had	
  evaporated,	
  the	
  tungsten	
  particles	
  

were	
  coated	
  with	
  DiI	
  and	
  formed	
  a	
  thin	
  film	
  across	
  the	
  surface	
  of	
  the	
  glass	
  slide.	
  The	
  dye	
  coated	
  

tungsten	
  particles	
  were	
  scraped	
  off	
  with	
  a	
  clean	
  razor	
  blade	
  and	
  the	
  fine	
  powder	
  was	
  funnelled	
  

into	
   a	
   clean	
   BioRad	
   tubing.	
   Parafilm	
   was	
   applied	
   to	
   each	
   end	
   and	
   the	
   tubing	
   was	
   vortexed	
  

overnight	
  to	
  ensure	
  that	
  particles	
  stuck	
  to	
  the	
  tubing	
  wall	
  and	
  were	
  dispersed	
  throughout	
  the	
  

tubing	
  in	
  a	
  uniform	
  manner.	
  This	
  was	
  done	
  in	
  a	
  dark	
  room.	
  A	
  Helios	
  gene	
  gun	
  system	
  (Bio-­‐Rad,	
  

Hertfordshire,	
  UK)	
  was	
  used	
   for	
  diolistic	
   labelling	
  of	
   the	
  retinal	
  neurons.	
  The	
  DiI/Tu	
  particles	
  

were	
  propelled	
   into	
   the	
  retina	
  at	
  a	
  delivery	
  pressure	
  of	
  100	
  psi,	
  held	
  at	
  a	
   set	
  distance	
  of	
  5cm	
  

above	
   the	
   retina	
   through	
   a	
   3.0	
   μm	
   filter	
   (BD	
   Falcon	
   TM	
   3.0μm	
   Cell	
   Culture	
   Inserts	
   PET	
  

Membrane)	
  to	
  block	
  any	
  large	
  clumps	
  of	
  tungsten	
  particles	
  (Figure	
  2.2).	
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Figure	
  2.2	
  Gene	
  gun	
  positioned	
  5cm	
  vertically	
  over	
  a	
  retinal	
  explant	
  culture	
  separated	
  by	
  a	
  
3.0micron	
  filter	
  (Falcon	
  BD)	
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2.3.3	
  NUCLEAR	
  STAINING	
  AND	
  IMAGE	
  ACQUISITION	
  

After	
  30	
  minutes	
  of	
  incubation	
  with	
  dye	
  particles,	
  the	
  retinal	
  explants	
  were	
  fixed	
  in	
  4%	
  PFA	
  in	
  

PBS	
  at	
  room	
  temperature	
  for	
  10	
  minutes.	
  For	
  nuclear	
  staining,	
  retinas	
  were	
  washed	
  with	
  PBS,	
  

followed	
   by	
   incubation	
  with	
   diluted	
   DNA	
   dye	
   TO-­‐PRO-­‐3	
   (Invitrogen,	
   Carlsbad,	
   CA)	
   1:1000	
   in	
  

distilled	
  water	
   for	
   10	
  minutes.	
   After	
   a	
   further	
   PBS	
  wash	
   retinal	
   explants	
  were	
   then	
  mounted	
  

with	
   an	
   antifade	
   reagent	
   (ProLong	
  Gold,	
   Invitrogen).	
   Image	
   stacks	
   (1μm	
   steps)	
   of	
   RGCs	
  were	
  

acquired	
   using	
   a	
   Zeiss	
   LSM	
   510	
   confocal	
   microscope	
   (Carl	
   Zeiss	
   Ltd,	
   UK)	
   captured	
   at	
   20x	
  

objective.	
   RGCs	
  were	
   identified	
   based	
   on	
   their	
  morphological	
   appearance	
   based	
   according	
   to	
  

Sun	
  et	
  al.(Sun	
  et	
  al.,	
  2002)	
  and	
  the	
  presence	
  of	
  an	
  axon.	
  TO-­‐PRO-­‐3	
  served	
  as	
  a	
  nuclear	
  counter	
  

stain	
  as	
  well	
  as	
  a	
  guide	
  for	
  identification	
  of	
  the	
  retinal	
  cell	
  layers.	
  

	
  

2.3.4	
  PRODUCTION	
  OF	
  SHOLL	
  ANALYSIS	
  AND	
  MANUAL	
  CALIBRATION	
  OF	
  AUTOMATED	
  

SHOLL	
  PROGRAMMES	
  

Dendritic	
  complexities	
  were	
  analysed	
  by	
  Sholl	
  analysis	
  profiles.	
  Firstly,	
  RGC	
  image	
  stacks	
  were	
  

manually	
   traced	
   in	
   3D	
   using	
   the	
   FIJI	
   plug-­‐in	
   Simple	
   Neurite	
   Tracer.	
   The	
   RGC	
   axons	
   were	
  

identified	
  and	
  excluded	
  from	
  tracings.	
  The	
  tracing	
  produced	
  a	
  Z-­‐compressed	
  8-­‐bit	
  trace	
   image	
  

which	
  was	
  used	
  by	
  all	
  4	
  programs	
  under	
  investigation.	
  	
  	
  

FIJI	
   is	
   a	
   distribution	
   of	
   Image	
   J	
   which	
   supplements	
   it	
   by	
   supporting	
   the	
   installation	
   and	
  

maintenance	
  of	
  its	
  plug-­‐ins.	
  It	
  is	
  popular	
  due	
  to	
  its	
  robust	
  distribution	
  system	
  for	
  multiple	
  image	
  

processing	
  plug-­‐ins	
  and	
  is	
  a	
  non-­‐commercial	
  open	
  access	
  software.	
  Indeed,	
  the	
  FIJI	
  project	
  has	
  

achieved	
   international	
   recognition	
   and	
   is	
   used	
   in	
   every	
   major	
   academic	
   research	
   centre	
  

throughout	
   the	
   world	
   (Schindelin	
   et	
   al.,	
   2012).	
   Manual	
   calibration	
   of	
   FIJI	
   plug-­‐ins	
   for	
   Sholl	
  

analysis	
   has	
   not	
   been	
   performed.	
   MATLAB	
   SYnD(Schmitz	
   et	
   al.,	
   2011),	
   MATLAB	
  

Bonfire(Langhammer	
   et	
   al.,	
   2010),	
   MATLAB	
   FastSholl(Gutierrez	
   and	
   Davies,	
   2007)	
   programs	
  

have	
  been	
  scientifically	
  or	
  manually	
  validated.	
  MATLAB	
  is	
  a	
  commercial	
  software,	
  and	
  hence	
  its	
  

use	
  is	
  limited	
  by	
  cost.	
  	
  

Individual	
   Sholl	
   profiles	
   were	
   produced	
   for	
   every	
   RGC	
   tracing	
   by	
   the	
   4	
   programs	
   under	
  

investigation:	
  FIJI	
  plug-­‐in:	
  Simple	
  Neurite	
  Tracer,	
  FIJI	
  plug-­‐in:	
  Bit	
  Map	
  Sholl	
  Analysis,	
  FIJI	
  plug-­‐
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in:	
  Ghosh	
  Lab	
  Sholl	
  analysis	
  and	
  Fast	
  Sholl	
  MATLAB	
  script.	
  These	
  four	
  Sholl	
  profiles	
  were	
  then	
  

compared	
  with	
  a	
  Sholl	
  profile	
  produced	
  from	
  manual	
  counts	
  which	
  was	
  considered	
  as	
  the	
  gold	
  

standard.	
   Sholl	
   profiles	
   produced	
   from	
   manual	
   counts	
   were	
   generated	
   by	
   superimposing	
  

overlays	
  of	
  10μm	
  radius	
  concentric	
  rings	
  centred	
  on	
  the	
  RGC	
  soma	
  and	
  counting	
  the	
  number	
  of	
  

dendrites	
  intersecting	
  each	
  concentric	
  ring	
  (see	
  Figure	
  2.3)	
  up	
  to	
  500μm.	
  	
  

To	
  reduce	
  single	
  observer	
  bias,	
  two	
  observers	
  (WSN,	
  KB)	
  were	
  used	
  to	
  dissect	
  retinal	
  explants,	
  

acquire,	
   trace	
   and	
   manually	
   calibrate	
   RGC	
   images.	
   To	
   quantify	
   observer	
   effects,	
   intraclass	
  

correlation	
   coeffeciencies	
   [ICC]	
   using	
   a	
   two-­‐way	
   mixed	
   effect	
   model	
   from	
   average	
   measures	
  

were	
   calculated	
   for	
   the	
   two	
   assessors	
   at	
   95%CI	
   on	
   10	
   RGC	
  manual	
   calibrations	
   to	
   show	
   any	
  

discrepancies	
  between	
  assessors.	
  Area	
  under	
  the	
  curve	
  [AUC]	
  for	
  all	
  programs	
  including	
  manual	
  

counts	
  was	
  calculated.	
  The	
  percentage	
  difference	
  between	
  the	
  AUC	
  for	
  the	
  manual	
  count	
  Sholl	
  

profile	
  and	
   the	
   four	
  programs	
  were	
  analysed.	
  Bland-­‐Altman	
  plots	
  were	
   calculated	
   to	
  measure	
  

the	
  agreement	
  between	
  the	
  four	
  programs	
  with	
  the	
  “gold	
  standard”	
  manual	
  count	
  Sholl	
  profile.	
  

Statistical	
   analysis	
   was	
   carried	
   out	
   by	
   Microsoft	
   Excel	
   (Office	
   2010)	
   and	
   IBM	
   SPSS	
   statistics	
  

(version	
  20).	
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Figure	
  2.3	
  A)	
  A	
  confocal	
  image	
  of	
  a	
  DiI	
  stained	
  retinal	
  ganglion	
  cell.	
  Axon	
  shown	
  by	
  white	
  
arrow.	
  B)	
  The	
  corresponding	
  manual	
  tracing	
  of	
  retinal	
  ganglion	
  cell	
  in	
  [A]	
  with	
  an	
  overlay	
  of	
  
incremental	
  10	
  micron	
  radius	
  rings.	
  Scale	
  bar:	
  100	
  micron.	
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2.3.5	
  RETINAL	
  TISSUE	
  PROCESSING,	
  HISTOLOGY	
  AND	
  IMMUNOHISTOCHEMISTRY	
  

Retinal	
  explants	
  were	
  fixed	
  with	
  4%	
  PFA	
  for	
  24	
  hours	
  at	
  4⁰C.	
  They	
  were	
  then	
  cryoprotected	
  in	
  

30%	
  sucrose	
   for	
   24	
  hours	
   at	
   4⁰C	
  before	
  being	
   embedded	
   in	
  OCT,	
   frozen	
   and	
   stored	
   at	
   -­‐20⁰C.	
  

Cryosections	
   were	
   cut	
   at	
   14μm	
   and	
   transferred	
   onto	
   microscope	
   slides	
   (Superfrost,	
   Fisher	
  

Scientific,	
   Pittsburgh,	
   PA).	
   Sections	
   were	
   stained	
   with	
   nuclear	
   stain	
   Topro-­‐3	
   (1:1000)	
   before	
  

being	
  mounted	
  with	
  antifade	
  reagent	
  (ProLong	
  Gold;Invitrogen).	
  Images	
  were	
  acquired	
  using	
  a	
  

Zeiss	
  LSM	
  510	
  confocal	
  microscope	
  (Carl	
  Zeiss	
  Ltd,	
  UK)	
  at	
  20x	
  magnification.	
  Retinal	
  structure	
  

was	
   quantified	
   by	
   inner	
   nuclear	
   layer	
   thickness,	
   outer	
   nuclear	
   layer	
   thickness	
   and	
   retinal	
  

ganglion	
   cell	
   nuclei	
   per	
   mm.	
   Values	
   were	
   taken	
   from	
   a	
   mean	
   of	
   three	
   areas	
   within	
   a	
   single	
  

cryosection	
   sample.	
   Explants	
   were	
   cultured	
   for	
   up	
   to	
   14	
   days	
   to	
   assess	
   retinal	
   layer	
  

architecture.	
  

2.3.5.1	
  TUNEL	
  LABELLING	
  

Cryosection	
  samples	
  were	
  washed	
   in	
  PBS	
   for	
  30	
  minutes	
  at	
  37⁰C.	
  TUNEL	
  Apoptosis	
  Detection	
  

Kit	
   (Merck	
   Milipore,	
   UK)	
   was	
   used	
   according	
   to	
   manufacturer’s	
   the	
   instructions.	
   Protein	
   K	
  

solution	
   was	
   made	
   by	
   diluting	
   1:24	
   PBS.	
   Sections	
   were	
   then	
   covered	
   in	
   diluted	
   Protein	
   K	
  

solution	
  for	
  30	
  minutes	
  at	
  37⁰C	
  and	
  then	
  washed	
  with	
  distilled	
  water	
  for	
  2	
  minutes	
  4	
  times.	
  TdT	
  

buffer	
  was	
  then	
  incubated	
  with	
  sections.	
  A	
  cocktail	
  of	
  TdT	
  end-­‐labelling	
  cocktail	
  was	
  then	
  made	
  

at	
  a	
  ratio	
  of	
  90:5:5	
  with	
  TdT	
  Buffer,	
  Biotin-­‐dUTP	
  and	
  TdT	
  respectively.	
  Sections	
  were	
  incubated	
  

with	
   50μl	
   of	
   the	
   cocktail	
   for	
   60	
   minutes	
   at	
   37⁰C.	
   The	
   reaction	
   was	
   stopped	
   by	
   immersing	
  

sections	
  in	
  TB	
  Buffer	
  diluted	
  in	
  distilled	
  water	
  (1:9)	
  for	
  5	
  minutes	
  at	
  room	
  temperature.	
  A	
  wash	
  

was	
   then	
  applied	
  with	
  distilled	
  water	
  4	
   times	
   for	
  2	
  minutes.	
  50μl	
  of	
  blocking	
  buffer	
   (Blocking	
  

Solution	
  diluted	
  1:3	
  with	
  PBS)	
  was	
  applied	
  to	
  the	
  sections	
  and	
  incubated	
  at	
  room	
  temperature	
  

for	
  20	
  minutes.	
  50μl	
  of	
  Avidin-­‐FITC	
  solution	
  (1:9	
  dilution	
  with	
  blocking	
  buffer)	
  was	
  incubated	
  

with	
  sections	
  for	
  30	
  minutes	
  in	
  the	
  dark.	
  Sections	
  were	
  washed	
  with	
  PBS	
  twice	
  over	
  15	
  minutes	
  

in	
  the	
  dark.	
  The	
  sections	
  were	
  cover	
  slipped	
  and	
  viewed	
  by	
  Zeiss	
  LSM	
  510	
  confocal	
  microscope	
  

(Carl	
  Zeiss	
  Ltd,	
  UK)	
  captured	
  at	
  20x	
  magnification	
  under	
  FITC	
  settings.	
  Positive	
  controls	
  were	
  

done	
  with	
  the	
  above	
  method	
  using	
  mouse	
  spleen	
  as	
  the	
  test	
  sample.	
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2.3.5.2	
  CALCEIN-­‐AM	
  LABELLING	
  OF	
  RETINA	
  EXPLANTS	
  

Retinal	
  explants	
  were	
  labelled	
  with	
  calcein-­‐AM	
  (Biotium,	
  Inc.,	
  CA,	
  USA)	
  10μM	
  in	
  PBS	
  applies	
  as	
  

200μl	
  topical	
  aliquots	
  for	
  30	
  minutes	
  at	
  37⁰C.	
  Explants	
  were	
  washed	
  three	
  times	
  with	
  PBS	
  and	
  

counterstained	
  with	
  TOPRO-­‐3	
  prior	
  to	
  mounting.	
  Z-­‐stacked	
  images	
  of	
  1	
  micron	
  thickness	
  were	
  

captured	
  by	
  Zeiss	
  LSM	
  510	
  confocal	
  microscope	
  (Carl	
  Zeiss	
  Ltd,	
  UK)	
  at	
  20x	
  magnification	
  under	
  

FITC	
  settings	
  through	
  the	
  entire	
  GCL	
  at	
  four	
  quadrants	
  of	
  the	
  retina.	
  Cell	
  viability	
  was	
  calculated	
  

by	
  counting	
  the	
  average	
  fluorescent	
  cells	
  in	
  a	
  100	
  μm2	
  square	
  per	
  image	
  frame	
  captured	
  in	
  each	
  

quadrant	
  of	
  each	
  explant	
  and	
  described	
  as	
  Calcein-­‐positive	
  cells	
  per	
  mm2.	
  

	
  

2.3.6	
  BDNF	
  TREATMENT	
  OF	
  RETINAL	
  EXPLANTS	
  

Retinal	
  explants	
  were	
  incubated	
  with	
  100	
  ng/ml	
  BDNF	
  (Regeneron/Amgen)	
  diluted	
  in	
  PBS	
  and	
  

0.1%	
  BSA	
  at	
  day	
  0	
  ex-­‐vivo	
  for	
  3	
  days.	
  Controls	
  had	
  no	
  BDNF	
  treatment	
  but	
  were	
  cultured	
  as	
  per	
  

section	
  2.1.1.	
   for	
  3	
  days.	
  Diolistic	
   labelling	
  of	
  RGCs	
  and	
   image	
  capture	
  are	
  as	
  described	
  above.	
  

Sholl	
  profiles	
  were	
  analysed	
  and	
  AUCs	
  were	
  calculated	
  using	
  the	
  trapezoidal	
  rule	
  and	
  compared.	
  

	
  

2.4	
  MURINE	
  EMBRYONIC	
  NEURAL	
  STEM	
  CELL	
  (NSC)	
  ISOLATION	
  AND	
  

CULTURE	
  

Meninges	
   were	
   isolated	
   from	
   embryonic	
   E12-­‐E14	
   C57/Bl6	
   murine	
   cortices	
   into	
   ice	
   cold	
  

DMEM/F-­‐12	
  media	
  containing	
  1%	
  penicillin-­‐streptomycin.	
  After	
  tissue	
  digestion	
  in	
  accutase	
  at	
  

37⁰C	
  for	
  10	
  minutes,	
  isolated	
  cells	
  were	
  centrifuged	
  at	
  1300rpm	
  and	
  resuspended	
  in	
  NSC	
  media	
  

(50ml	
  DMEM/F-­‐12	
  media	
   and	
   1%	
  penicillin-­‐streptomycin	
   supplemented	
  with	
   20	
   ng/ml	
   FGF-­‐

basic	
  Recombinant	
  Human	
  (Invitrogen),	
  20	
  ng/ml	
  EGF	
  Recombinant	
  Human	
  (Invitrogen)	
  and	
  1	
  

ml	
   B27	
   supplement	
   liquid)	
   and	
   incubated	
   at	
   37⁰C,	
   5%CO2.	
   GFP-­‐positive	
   NSC	
  were	
   produced	
  

according	
  to	
  the	
  above	
  method	
  but	
  using	
  GFP	
  transgenic	
  mice	
  (gift	
  from	
  Keele	
  University).	
  	
  

Cells	
  were	
  passaged	
  every	
  4-­‐5	
  days	
  with	
  300	
  μl	
  of	
  accutase	
  for	
  3	
  minutes	
  and	
  kept	
  in	
  12	
  mls	
  of	
  

media	
   in	
  T25	
  flasks	
   for	
  culture	
  at	
  37⁰C,	
  5%CO2.	
  Experiments	
   involving	
  NSCs	
  were	
  taken	
  from	
  

P7	
  up	
  to	
  P25.	
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Figure	
  2.4	
  Light	
  microscopy	
  showing	
  mouse	
  neurospheres	
  in	
  culture	
  amongst	
  some	
  single	
  cells	
  
in	
  media.	
  Scale	
  bar:	
  100µm	
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2.5	
  MURINE	
  CORNEA	
  EXPLANT	
  PREPARATION	
  AND	
  CULTURE	
  

To	
   test	
  magnetofection	
  as	
  a	
   technique	
  of	
   gene	
  delivery	
   in	
  ocular	
   tissue,	
   cornea	
  explants	
  were	
  

used	
   to	
   demonstrate	
   its	
   potential	
   use	
   in	
   the	
   anterior	
   segment	
   of	
   the	
   eye.	
   Corneas	
   are	
   easily	
  

accessible	
   and	
   its	
   transparent	
   but	
   robust	
   properties	
   make	
   it	
   ideal	
   as	
   a	
   test	
   bed	
   for	
  

magnetofection	
  in	
  the	
  anterior	
  segment	
  of	
  the	
  eye.	
  	
  

Corneas	
  were	
  obtained	
  from	
  adult	
  C57Bl6	
  mice.	
  Animal	
  were	
  killed	
  by	
  cervical	
  dislocation	
  and	
  

cornea	
   cups	
  were	
   rapidly	
   dissected	
   out	
   and	
   placed	
   endothelial	
   side	
   up	
   in	
   a	
  well	
   of	
   a	
   24-­‐well	
  

culture	
  plate	
  and	
  immersed	
  fully	
  in	
  1	
  mL	
  Dulbecco’s	
  modified	
  Eagle’s	
  Medium	
  (DMEM)	
  with	
  25	
  

mM	
  glucose	
  (Invitrogen-­‐Gibco,	
  Rockville,	
  MD),	
  supplemented	
  with	
  2%	
  fetal	
  bovine	
  serum	
  (FBS),	
  

penicillin	
   G	
   (100	
   U/mL),	
   and	
   streptomycin	
   (100	
   μg/mL).	
   Half	
   of	
   the	
   culture	
   medium	
   was	
  

exchanged	
  daily	
  and	
  incubation	
  was	
  kept	
  at	
  37⁰C	
  and	
  5%	
  CO2.	
  	
  

2.6	
  COS-­‐7	
  CELL	
  CULTURE	
  

COS-­‐7	
  cells	
  were	
  obtained	
  from	
  a	
  stock	
  cell	
  line	
  in	
  School	
  of	
  Dentistry,	
  Cardiff	
  University.	
  Cells	
  

were	
   thawed	
   from	
  N2	
   storage	
   in	
  media	
   (DMEM	
  supplemented	
  with	
  10%	
  Fetal	
  Bovine	
   Serum,	
  

1%	
   glutamine	
   and	
   1%	
   peniciliin	
   and	
   streptomycin).	
   This	
   was	
   centrifuged	
   at	
   1500rpm	
   for	
   5	
  

minutes	
   and	
   the	
   supernatant	
   was	
   discarded.	
   Cells	
   were	
   resuspended	
   in	
   fresh	
   media	
   and	
  

cultured	
  in	
  T75	
  flasks.	
  The	
  media	
  was	
  changed	
  the	
  following	
  day	
  and	
  passaged	
  every	
  3-­‐4	
  days	
  

after.	
  The	
  passage	
  of	
   cells	
  was	
  performed	
  with	
  0.25%	
   trypsin	
   (2	
  minutes)	
   to	
   release	
  adhered	
  

COS-­‐7	
  cells.	
  Media	
  with	
  free-­‐floating	
  cells	
  were	
  then	
  centrifuged	
  at	
  1500	
  rpm	
  for	
  5	
  minutes	
  and	
  

supernatant	
  was	
  discarded.	
  Cells	
  were	
  resuspended	
  in	
  fresh	
  media	
  and	
  cultured	
  in	
  T75	
  flasks	
  at	
  

37⁰C	
  and	
  5%	
  CO2.	
  	
  

2.7	
  PLASMID	
  PREPARATION	
  

2.7.1	
  TRANSFORMATION	
  REACTION	
  AND	
  MINIPREP	
  

Ten	
  LB	
  agar	
  plates	
  were	
  made	
  with	
  8g	
  LB	
  agar	
  powder	
  dissolved	
  in	
  250	
  ml	
  distilled	
  water	
  in	
  a	
  

500	
  ml	
  glass	
  dewar.	
  The	
  mixture	
  was	
  heated	
  for	
  20-­‐30	
  seconds	
  with	
  a	
  loose	
  lid	
  to	
  allow	
  for	
  all	
  

LB	
  agar	
  powder	
  to	
  dissolve	
  in	
  the	
  solution.	
  This	
  was	
  autoclaved	
  for	
  20	
  minutes	
  and	
  left	
  to	
  cool	
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to	
   50⁰C.	
   500	
   μl	
   of	
   antibiotics	
   [40	
   mg/ml	
   ampicillin	
   for	
   CAG-­‐GFP	
   and	
   BDNF-­‐myc	
   plasmid	
  

minipreps	
  and	
  10	
  μg	
  /ml	
  kanamycin	
  for	
  CBA-­‐GFP	
  plasmid]	
  was	
  added	
  to	
  the	
  LB	
  agar	
  solution.	
  

The	
  solution	
  was	
  poured	
  into	
  ten	
  plates	
  to	
  5	
  mm	
  thickness	
  and	
  distributed	
  evenly.	
  Agar	
  plates	
  

were	
  left	
  to	
  cool	
  with	
  lids	
  slightly	
  off	
  for	
  20	
  minutes	
  then	
  flipped	
  to	
  avoid	
  condensation.	
  These	
  

are	
  sealed	
  with	
  parafilm	
  and	
  stored	
  at	
  4⁰C.	
  

25	
   μl	
   of	
   DH5α	
   competent	
   cells	
   and	
   1μl	
   of	
   plasmid	
   were	
   defrosted	
   on	
   ice	
   for	
   2	
   minutes	
   and	
  

pipetted	
  out	
  gently.	
  These	
  were	
  mixed	
  together	
  in	
  an	
  autoclaved	
  eppendorf	
  and	
  stood	
  on	
  ice	
  for	
  

30	
   minutes.	
   A	
   heat	
   shock	
   to	
   allow	
   for	
   plasmid	
   uptake	
   was	
   carried	
   out	
   in	
   by	
   placing	
   the	
  

eppendorf	
   in	
   a	
  42⁰C	
  water	
  bath	
   for	
  30	
   seconds.	
  50	
  μl	
   of	
   Super	
  Optimal	
  broth	
  with	
  Catabolite	
  

Suppression	
   (SOC)	
  was	
   then	
   incubated	
  with	
   the	
  mixture	
   for	
  60	
  minutes	
  at	
  37⁰C	
  on	
  an	
  orbital	
  

incubator	
  shaker.	
  Using	
  a	
  sterilised	
  glass	
  spreader,	
  the	
  solution	
  was	
  plated	
  onto	
  the	
  agar	
  plates,	
  

inverted,	
   sealed	
   and	
   incubated	
   at	
   37⁰C	
   for	
   not	
   more	
   than	
   10-­‐17	
   hours	
   to	
   prevent	
   excessive	
  

colony	
  growth.	
  

LB	
  broth	
  (2g	
  LB	
  Broth	
  base	
  powder	
  dissolved	
  in	
  100	
  ml	
  distilled	
  water)	
  was	
  autoclaved	
  for	
  25	
  

minutes	
   at	
   120⁰C	
   and	
   200	
   μl	
   of	
   40	
  mg/ml	
   ampicillin	
  was	
   added	
  when	
   cooled.	
   This	
  was	
   split	
  

between	
  10	
  bottles	
  of	
  T75	
  culture	
  flasks.	
  Colonies	
  were	
  carefully	
  selected	
  with	
  a	
  10μl	
  pipette	
  tip	
  

and	
  dropped	
  into	
  the	
  prepared	
  culture	
  flasks.	
  The	
  flasks	
  were	
  incubated	
  overnight	
  in	
  an	
  orbital	
  

incubator	
  shaker	
  at	
  37⁰C.	
  	
  

5	
   mls	
   of	
   culture	
   solution	
   was	
   removed	
   and	
   underwent	
   miniprep	
   (Qiagen	
   Spin	
   Miniprep	
   kit,	
  

Qiagen	
  Dorking	
  UK)	
  as	
  per	
  manufacturer’s	
   instructions.	
  Plasmid	
   solutions	
  were	
  measured	
   for	
  

dsDNA	
  concentration	
  using	
  a	
  NanoVue	
  spectrophotometer	
  and	
  a	
  Picodrop	
  Microliter	
  system.	
  

2.7.2	
  VALIDATION	
  OF	
  GFP	
  PLASMIDS	
  USING	
  COS-­‐7	
  CELLS	
  

The	
   choice	
   of	
   plasmid	
   for	
   the	
   evaluation	
   of	
   the	
   magnetofection	
   technique	
   was	
   based	
   on	
  

validation	
   by	
   lipofection	
   with	
   COS-­‐7	
   cells.	
   Plasmid	
   DNA	
   encoding	
   CAG	
   promoter,	
   green	
  

fluorescent	
   protein	
   (GFP)	
   reporter	
   (Addgene)	
   and	
   plasmid	
   DNA	
   encoding	
   chicken	
   beta	
   actin	
  

(CBA)	
  promoter,	
  GFP	
  reporter	
  (Oxford	
  Genetics)	
  was	
  multiplied	
  and	
  purified	
  from	
  Escherichia	
  

coli	
   using	
   the	
   Qiaprep	
   Spin	
   Miniprep	
   kit	
   (Qiagen,	
   Dorking,	
   UK)	
   [see	
   figure	
   2.5	
   and	
   2.6	
   for	
  

construct	
  maps].	
  

COS-­‐7	
   cells	
  were	
   seeded	
   to	
   90%	
   confluence	
   on	
   a	
   96	
  well	
   overnight	
   and	
   transfected	
  with	
   the	
  

Lipofectamine®	
   2000	
   kit	
   (Life	
   Technologies)	
   as	
   per	
   manufacturer’s	
   protocol.	
   25μl	
   of	
   Opti-­‐

MEM®	
   media	
   was	
   used	
   to	
   dilute	
   1μl	
   of	
   Lipofectamine®	
   2000	
   reagent.	
   1μg	
   of	
   plasmid	
   was	
  

diluted	
   in	
   125μl	
   of	
   Optim-­‐MEM®	
   media	
   individually.	
   Diluted	
   DNA	
   were	
   added	
   to	
   diluted	
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Lipofectamine®	
  2000	
  reagent	
  on	
  a	
  1:1	
  ratio	
  and	
  incubated	
  for	
  5	
  minutes	
  at	
  room	
  temperature.	
  

DNA-­‐lipid	
  complexes	
  were	
  added	
  to	
  COS-­‐7	
  cells	
  and	
  incubated	
  for	
  up	
  to	
  3	
  days	
  with	
  daily	
  media	
  

exchange.	
  Images	
  of	
  transfected	
  cells	
  were	
  acquired	
  at	
  20X	
  objective	
  by	
  DeltaVision	
  Microscopy	
  

Imaging	
  System	
  (Image	
  Solutions,	
  Preston)	
  on	
  FITC	
  settings.	
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Figure	
  2.5	
  Construct	
  map	
  for	
  pCAG-­‐GFP	
  (Addgene)	
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Figure	
  2.6	
  Construct	
  map	
  for	
  CBA-­‐GFP	
  (Oxford	
  Genetics)	
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2.7.3	
  SEQUENCING	
  OF	
  BDNF-­‐MYC	
  PLASMID	
  

Post	
   transformation	
   and	
   mini	
   prep,	
   BDNF-­‐myc	
   plasmids	
   were	
   sent	
   to	
   CBIB	
   DNA	
  

Core[https://dnacore.mgh.harvard.edu/new-­‐

cgibin/site/pages/complete_plasmid_sequencing_main.jsp;jsessionid=AA353FB9A13D09A2B9

BD3EDD418A8414]	
  as	
   a	
  35μl	
   alliquot	
  of	
  70ng/μl	
   in	
  buffer	
  EB	
   solution	
   (10mM	
  Tris-­‐Cl,	
   pH8.5;	
  

QIAprep©)	
   at	
   room	
   temperature	
   for	
   sequencing	
   (Figure	
   2.7	
   shows	
   construct	
  map	
   for	
   BDNF-­‐

myc	
  plasmid).	
  

	
  

	
  

Figure	
  2.7	
  Construct	
  map	
  for	
  BDNF-­‐myc	
  plasmid.	
  (gift	
  from	
  Prof	
  Yves-­‐Alain	
  Barde,	
  Cardiff	
  
University)	
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2.7.4	
  VALIDATION	
  OF	
  BDNF-­‐MYC	
  PLASMID	
  WITH	
  COS-­‐7	
  CELLS	
  

To	
   validate	
   the	
   plasmids	
   after	
  mini	
   prep,	
   plasmids	
  were	
   validated	
   by	
   COS-­‐7	
   cell	
   transfection.	
  

COS-­‐7	
   cells	
   are	
  derived	
  monkey	
  kidney	
   tissue.	
  They	
  were	
  used	
  as	
   they	
  are	
   robust	
  and	
  can	
  be	
  

cultured	
  easily.	
  These	
  cells	
  were	
  seeded	
  to	
  90%	
  confluence	
  on	
  a	
  96	
  well	
  overnight.	
  COS-­‐7	
  cells	
  

were	
  transfected	
  with	
  the	
  Lipofectamine®	
  2000	
  kit	
   (Life	
  Technologies)	
  as	
  per	
  manufacturer’s	
  

protocol.	
   25μl	
   of	
   Opti-­‐MEM®	
  media	
  was	
   used	
   to	
   dilute	
   1μl	
   of	
   Lipofectamine®	
  2000	
   reagent.	
  

1μg	
  of	
  BDNF-­‐myc	
  was	
  diluted	
  in	
  125μl	
  of	
  Optim-­‐MEM®.	
  Diluted	
  DNA	
  was	
  then	
  added	
  to	
  diluted	
  

Lipofectamine®	
  2000	
  reagent	
  on	
  a	
  1:1	
  ratio	
  and	
  incubated	
  for	
  5	
  minutes	
  at	
  room	
  temperature.	
  

DNA-­‐lipid	
   complexes	
   were	
   added	
   to	
   COS-­‐7	
   cells	
   and	
   incubated	
   for	
   24	
   hours	
   before	
   being	
  

processed	
   for	
   myc	
   labelling	
   (see	
   2.8.7).	
   Controls	
   experiments	
   were	
   cells	
   that	
   were	
   not	
  

magnetofected.	
  

	
  

2.8	
  MAGNETOFECTION	
  WITH	
  OSCILLATION	
  

2.8.1	
  MAGNETOFECTION	
  OF	
  COS-­‐7	
  WITH	
  CAG-­‐GFP	
  

To	
   prove	
   that	
   the	
   magnetofection	
   technique	
   was	
   applicable	
   to	
   cells,	
   COS-­‐7	
   cells	
   were	
  

transfected	
  with	
   CAG-­‐GFP	
   and	
  CBA-­‐GFP.	
   COS-­‐7	
   cells	
  were	
   seeded	
   to	
   90%	
   confluence	
   on	
   a	
   96	
  

well	
  overnight.	
  Paramagnetic	
  100nm	
  nTMAG-­‐nanoparticles	
   (nanoTherics	
  Ltd.,	
   Stoke-­‐on-­‐Trent,	
  

UK)	
  were	
   used	
   as	
   the	
   transfection	
   vehicle.	
   These	
   consisted	
   of	
   a	
  magnetite	
  with	
   a	
  mean	
   core	
  

diameter	
  of	
  65-­‐75nm	
  coated	
  with	
  a	
  positively	
  charged	
  polymer	
  (Zeta	
  potential	
  +23.14mV)	
  in	
  an	
  

aqueous	
  suspension.	
  nT-­‐MAG	
  particles	
  and	
  plasmid	
  DNA;	
   (CAG-­‐GFP	
  and	
  CBA-­‐GFP	
  separately),	
  

were	
   mixed	
   in	
   serum-­‐free	
   media	
   at	
   room	
   temperature	
   for	
   15	
   minutes	
   to	
   form	
   nTMAG-­‐DNA	
  

complexes.	
   They	
   were	
   then	
   added	
   to	
   serum-­‐free	
   media	
   of	
   plated	
   COS-­‐7	
   cells.	
   An	
   oscillating	
  

magnetic	
   field	
   of	
   2Hz	
   was	
   applied	
   from	
   beneath	
   the	
   well	
   using	
   the	
   Magnefect	
   Nano	
   II	
  

(nanoTherics	
  Ltd.,	
  Stoke-­‐on-­‐Trent,	
  UK)	
  system	
  and	
  a	
  96	
  magnet	
  array,	
  compatible	
  with	
  96	
  well	
  

plates.	
  Cells	
  were	
  left	
  in	
  culture	
  for	
  3	
  days	
  and	
  images	
  of	
  transfected	
  cells	
  were	
  acquired	
  at	
  20X	
  

objective	
   by	
   DeltaVision	
   Microscopy	
   Imaging	
   System	
   (Image	
   Solutions,	
   Preston)	
   confocal	
  

microscope	
  using	
  FITC	
  settings.	
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2.8.2	
  MAGNETOFECTION	
  OF	
  CORNEA	
  EXPLANT	
  WITH	
  CAG-­‐GFP	
  	
  

nT-­‐MAG	
   particles	
   and	
   plasmid	
   DNA;	
   CAG-­‐GFP	
   (Plasmid	
   with	
   better	
   transfection	
   efficiency),	
  

were	
   mixed	
   in	
   serum-­‐free	
   media	
   at	
   room	
   temperature	
   for	
   15	
   minutes	
   to	
   form	
   nTMAG-­‐DNA	
  

complexes.	
  This	
  was	
  then	
  added	
  to	
  serum-­‐free	
  media	
  cornea	
  cultures	
  in	
  a	
  96	
  well	
  plate	
  with	
  the	
  

corneal	
   endothelium	
   side	
   up.	
   A	
   magnetic	
   field	
   was	
   applied	
   from	
   beneath	
   the	
   well	
   on	
   the	
  

epithelial	
  side	
  using	
  the	
  Magnefect	
  Nano	
  II	
  (nanoTherics	
  Ltd.,	
  Stoke-­‐on-­‐Trent,	
  UK)	
  system	
  and	
  a	
  

96	
   magnet	
   array	
   (NdB	
   magnet	
   0.4T)	
   compatible	
   with	
   96	
   well	
   plates	
   [see	
   figure	
   2.8	
   for	
  

experiment	
   setup].	
   The	
   magnet	
   applied	
   had	
   an	
   oscillatory	
   horizontal	
   displacement	
   of	
   2mm	
  

distance	
   in	
   a	
   sinusoidal	
   wave	
   form	
   which	
   can	
   be	
   adjusted	
   from	
   0Hz	
   to	
   5Hz.	
   Following	
  

magnetofection,	
   corneas	
   were	
   cultured	
   in	
   media	
   supplemented	
   with	
   2%	
   FBS	
   for	
   three	
   days	
  

prior	
   to	
   confocal	
   microscopy	
   with	
   daily	
   media	
   exchange.	
   	
   Each	
   experimental	
   condition	
   was	
  

triplicated.	
  

	
  

	
  

	
  

Figure	
  2.8	
  Experiment	
  setup	
  with	
  dissected	
  cornea;	
  endothelium	
  (en)	
  side	
  up,	
  immersed	
  in	
  a	
  
solution	
  of	
  serum-­‐free	
  media	
  and	
  nTMag-­‐DNA	
  complex	
  with	
  a	
  2mm	
  horizontal	
  displacement	
  
oscillating	
  magnetic	
  field(0.4T)	
  applied	
  from	
  beneath	
  the	
  cornea	
  cup.	
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2.8.2.1	
  FLUORESCENCE	
  MICROSCOPY	
  AND	
  DATA	
  ANALYSIS	
  

Following	
  incubation	
  for	
  three	
  days	
  at	
  37�C	
  and	
  5%	
  CO2,	
  transfected	
  corneal	
  specimens	
  were	
  

fixed	
  in	
  PFA	
  followed	
  by	
  counterstain	
  with	
  TO-­‐PRO	
  3	
  (1:1000;	
  Invitrogen)	
  for	
  10	
  minutes	
  with	
  

three	
   phosphate	
   buffered	
   saline	
   (PBS)	
   washes	
   post-­‐stain.	
   Specimens	
   were	
   then	
   mounted;	
  

cornea	
   endothelium	
   side	
   up,	
   on	
   a	
   slide	
   with	
   ProLong	
   Gold	
   AntiFade	
   Reagent	
   (Invitrogen).	
   A	
  

confocal	
   laser	
   scanning	
  microscope	
   (Zeiss	
   LSM	
   510,	
   Carl	
   Zeiss	
   Ltd,	
   UK)	
  was	
   used	
   to	
   capture	
  

corneal	
  images	
  at	
  20x	
  objective	
  for	
  GFP	
  expression	
  at	
  1μm	
  intervals.	
  The	
  image	
  subtended	
  394	
  

by	
   394	
   μm	
   (512	
   by	
   512	
   pixels,	
   8	
   bits	
   per	
   pixel).	
   Control	
   experiments	
   (corneas	
   cultured	
   in	
  

nTMag	
   and	
   CAG-­‐GFP	
   complexes	
   in	
   the	
   absence	
   of	
   an	
   external	
   magnetic	
   field)	
   were	
   used	
   to	
  

calibrate	
  settings	
  on	
  the	
  confocal	
  microscope	
  in	
  order	
  to	
  reduce	
  background	
  fluorescence.	
  GFP-­‐

positive	
  cells	
  were	
  counted	
  manually	
  using	
  the	
  FIJI	
  plug-­‐in,	
  Cell	
  Counter.	
  Transfection	
  efficiency	
  

was	
  estimated	
  as	
  the	
  percentage	
  of	
  GFP-­‐positive	
  cells	
  per	
  total	
  cells	
  in	
  the	
  microscopic	
  field.	
  The	
  

cornea	
   layers	
   were	
   identified	
   according	
   to	
   change	
   in	
  morphological	
   appearances	
   on	
   TO-­‐PRO	
  

stain.	
   Endothelial	
   and	
   epithelial	
   layers	
   were	
   separated	
   by	
   sparsely	
   distributed,	
   larger	
  

keratocytes	
  in	
  the	
  stromal	
  layer.	
  The	
  endothelium	
  was	
  seen	
  as	
  a	
  single	
  layer	
  of	
  regularly	
  spaced	
  

small	
  cells	
  and	
  epithelium	
  consisted	
  of	
  multilayered,	
  closely	
  spaced	
  sheets	
  of	
  cells.	
  	
  	
  

	
  

2.8.2.2	
  	
  CORNEA	
  TISSUE	
  CRYOSECTION	
  

Corneal	
  explants	
  were	
  fixed	
  with	
  4%	
  PFA	
  at	
  4⁰C	
  for	
  2	
  hours.	
  They	
  were	
  then	
  cryoprotected	
  in	
  

30%	
  sucrose	
   for	
   24	
  hours	
   at	
   4⁰C	
  before	
  being	
   embedded	
   in	
  OCT,	
   frozen	
   and	
   stored	
   at	
   -­‐20⁰C.	
  

Transverse	
   cornea	
   cryosections	
   were	
   performed	
   at	
   14μm	
   and	
   transferred	
   onto	
   microscope	
  

slides	
   (Superfrost,	
   Fisher	
   Scientific,	
   Pittsburgh,	
   PA).	
   The	
   sections	
   were	
   stained	
   with	
   nuclear	
  

stain	
  TOPRO-­‐3	
  before	
  being	
  mounted	
  with	
  antifade	
  reagent	
  (ProLong	
  Gold;	
  Invitrogen).	
  Images	
  

were	
  acquired	
  using	
  a	
  Zeiss	
  LSM	
  510	
  confocal	
  microscope	
  (Carl	
  Zeiss	
  Ltd,	
  UK)	
  captured	
  at	
  20x	
  

magnification	
  under	
  FITC	
  settings.	
  	
  

	
  

2.8.2.3	
  TUNEL	
  LABELLING	
  

Corneal	
  cryosection	
  slices	
  were	
  thawed	
  at	
  room	
  temperature	
  and	
  allowed	
  to	
  dry	
  for	
  30	
  minutes.	
  

Sections	
  were	
  then	
  washed	
  with	
  PBS	
  for	
  30	
  minutes.	
  TUNEL	
  reaction	
  mixture	
  was	
  prepared	
  by	
  

mixing	
  50	
  μl	
  Enzyme	
  Solution	
   to	
  450	
  μl	
  Label	
  Solution	
  as	
  per	
  manufacturer’s	
   instructions,	
   [In	
  

Situ	
  Cell	
  Death	
  Detection	
  Kit,	
  Fluorescein	
  (Roche)].	
  Slides	
  were	
  incubated	
  with	
  Permeabilisation	
  

solution	
   (0.1	
  %	
   TritonX-­‐100	
   in	
   0.1	
  %	
   sodium	
   citrate	
   freshly	
   prepared)	
   for	
   2	
  minutes	
   on	
   ice.	
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TUNEL	
   reaction	
  mixture	
  was	
   then	
   incubated	
  with	
   cryosections	
   for	
   60	
  minutes	
   at	
   37⁰C	
   in	
   the	
  

dark.	
  It	
  was	
  then	
  washed	
  with	
  PBS	
  thrice	
  before	
  counterstained	
  by	
  TOPRO-­‐3	
  (1:1000).	
  Positive	
  

controls	
   were	
   incubated	
  with	
   DNAse	
   1	
   recombinant	
   for	
   10	
  minutes	
   prior	
   to	
   incubating	
  with	
  

TUNEL	
   reaction	
   solution.	
   Negative	
   controls	
   were	
   incubated	
   in	
   Label	
   solution	
   alone	
   without	
  

Enzyme	
  solution.	
  Three	
  images	
  per	
  cornea	
  section	
  was	
  captured.	
  Images	
  were	
  captured	
  with	
  a	
  

confocal	
   laser	
   scanning	
   microscope	
   (Zeiss	
   LSM	
   510,	
   Carl	
   Zeiss	
   Ltd,	
   UK)	
   at	
   20X	
   objective	
   for	
  

TUNEL	
   staining	
   under	
   a	
   FITC	
   channel	
   and	
   for	
   TO-­‐PRO-­‐3	
   stained	
   nuclei.	
   Apoptotic	
   TUNEL	
  

positive	
   cells	
   were	
   calculated	
   as	
   a	
   percentage	
   of	
   total	
   number	
   of	
   nuclei	
   staining	
   positive	
   for	
  

TOPRO-­‐3.	
  

	
  

2.8.3	
  MAGENOFECTION	
  OF	
  RETINAL	
  EXPLANT	
  WITH	
  CAG-­‐GFP	
  

Retinal	
   explants	
   cultures	
  were	
  prepared	
   as	
   described	
   in	
   section	
  2.3.1.	
   A	
   40	
  μl	
   solution	
   of	
   1:1	
  

DNA:MNP	
   ratio	
   of	
   CAG-­‐GFP	
   DNA	
   and	
   nTMag	
   was	
   incubated	
   at	
   room	
   temperature	
   for	
   20	
  

minutes.	
  This	
  was	
  then	
  added	
  to	
  retina	
  media	
  to	
  make	
  up	
  800	
  μl	
  which	
  was	
  then	
  added	
  to	
  the	
  

upper	
  chamber	
  of	
  the	
  culture	
  insert.	
  A	
  magnetic	
  field	
  was	
  applied	
  from	
  beneath	
  the	
  well	
  using	
  

the	
   Magnefect	
   Nano	
   II	
   (nanoTherics	
   Ltd.,	
   Stoke-­‐on-­‐Trent,	
   UK)	
   system	
   and	
   a	
   6	
   magnet	
   array	
  

(NdB	
  magnet	
  0.4T)	
  compatible	
  with	
  the	
  6	
  well	
  plates.	
  ].	
  The	
  magnet	
  applied	
  had	
  an	
  oscillatory	
  

movement	
  of	
  1Hz	
  and	
  was	
  applied	
  for	
  30	
  minutes.	
  At	
  the	
  end	
  of	
  the	
  magnetofection,	
  the	
  800μl	
  

of	
  DNA-­‐MNP	
  complex	
  solution	
  was	
  removed	
  and	
  the	
  retinal	
  explant	
  was	
  allowed	
  to	
  culture	
  for	
  

48	
  hours	
  at	
  37⁰C	
  and	
  5%	
  CO2	
  before	
  being	
  fixed	
  with	
  PFA	
  5%.	
  	
  They	
  were	
  then	
  counterstained	
  

with	
  TO-­‐PRO	
  3	
  (1:1000;	
  Invitrogen)	
  for	
  10	
  minutes	
  followed	
  by	
  three	
  phosphate	
  buffered	
  saline	
  

(PBS)	
  washes	
  post-­‐stain.	
  Specimens	
  were	
  then	
  mounted;	
  RGC	
  side	
  up,	
  on	
  a	
  slide	
  with	
  ProLong	
  

Gold	
  AntiFade	
  Reagent	
  (Invitrogen).	
  A	
  confocal	
  laser	
  scanning	
  microscope	
  (Zeiss	
  LSM	
  510,	
  Carl	
  

Zeiss	
  Ltd,	
  UK)	
  was	
  used	
  to	
  capture	
  corneal	
   images	
  at	
  20x	
  objective	
  for	
  GFP	
  expression	
  at	
  1μm	
  

intervals.	
   The	
   image	
   subtended	
   394	
   by	
   394μm	
   (512	
   by	
   512	
   pixels,	
   8	
   bits	
   per	
   pixel).	
   Control	
  

experiments	
   (retinal	
   explants	
   cultured	
   normally	
   without	
   DNA	
   or	
   an	
   external	
   magnetic	
   field)	
  

were	
  used	
  to	
  calibrate	
  settings	
  on	
  the	
  confocal	
  microscope	
  to	
  reduce	
  background	
  fluorescence.	
  

GFP-­‐positive	
   cells	
   were	
   counted	
   manually	
   using	
   the	
   FIJI	
   plug-­‐in,	
   Cell	
   Counter.	
   Transfection	
  

efficiency	
   was	
   estimated	
   as	
   the	
   percentage	
   of	
   GFP-­‐positive	
   cells	
   per	
   total	
   cells	
   in	
   the	
  

microscopic	
   field.	
   The	
   retinal	
   layers	
   were	
   identified	
   according	
   to	
   change	
   in	
   morphological	
  

appearances	
  on	
  TO-­‐PRO	
  stain.	
  RGC	
  and	
  INL	
  were	
  separated	
  by	
  a	
  space	
  of	
  IPL	
  with	
  sparse	
  cells	
  

present.	
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2.8.4	
  MAGNETOFECTION	
  OF	
  NSC	
  WITH	
  PLASMIDS	
  [CAG-­‐GFP	
  AND	
  BDNF-­‐MYC]	
  

NSCs	
  were	
  plated	
  onto	
  laminin	
  coated	
  96	
  well	
  at	
  16x103	
  cell	
  density	
  in	
  100μl	
  of	
  media	
  (50	
  ml	
  

DMEM/F-­‐12	
   media	
   and	
   1%	
   penicillin-­‐streptomycin	
   supplemented	
   with	
   20	
   ng/ml	
   FGF-­‐basic	
  

Recombinant	
  Human	
   (Invitrogen),	
   20	
   ng/ml	
   EGF	
  Recombinant	
  Human	
   (Invitrogen)	
   and	
   1	
  ml	
  

B27	
   supplement	
   liquid)	
   overnight.	
   MNP-­‐DNA	
   complexes	
   were	
   made	
   by	
   combining	
   DNA	
  

plasmids	
   to	
   nTMag	
   in	
   an	
   Eppendorf	
   for	
   15	
  minutes	
   in	
   the	
   investigated	
  DNA:MNP	
   ratios.	
   The	
  

magnefect-­‐nano	
  II	
  was	
  set	
  to	
  the	
  oscillatory	
  parameters	
  under	
  for	
  30	
  minutes	
  and	
  the	
  96	
  well	
  

plate	
  is	
  secured	
  onto	
  the	
  magnet	
  array.	
  The	
  magnetofection	
  experiment	
  was	
  setup	
  in	
  a	
  37⁰C	
  and	
  

5%	
  CO2	
  incubator.	
  At	
  the	
  end	
  of	
  the	
  experiment,	
  the	
  media	
  was	
  exchanged	
  for	
  fresh	
  media.	
  For	
  

the	
  detection	
  of	
  CAG-­‐GFP	
  transfection,	
  images	
  were	
  acquired	
  at	
  48	
  hours	
  for	
  GFP-­‐positive	
  cells	
  

at	
  20X	
  objective	
  by	
  Delta	
  Vision	
  Elite	
  System	
  confocal	
  microscope.	
  	
  

For	
  the	
  detection	
  of	
  BDNF-­‐myc	
  transfection,	
  images	
  were	
  acquired	
  following	
  fixation	
  and	
  anti-­‐

myc	
   detection	
   by	
   immunohistochemistry	
   at	
   48	
   hours	
   [see	
   2.8.7].	
   Myc	
   positive	
  

immunofluorescent	
   images	
  were	
  captured	
  at	
  20x	
  objective	
  with	
  a	
  Leica	
  SP5	
   inverted	
  confocal	
  

microscope.	
  Control	
  experiments	
  consisted	
  of	
  NSCs	
  that	
  had	
  not	
  been	
  magnetofected.	
  

	
  

2.8.5	
  LIVE/DEAD	
  ASSAY	
  OF	
  NEURAL	
  STEM	
  CELLS/NEUROSPHERES	
  

Ethidium	
  homodimer-­‐1	
  is	
  a	
  commonly	
  used	
  cell	
  viability	
  stain	
  and	
  has	
  been	
  used	
  in	
  cytotoxicity	
  

studies	
   [Papadoulos	
   1994].	
   It	
   works	
   on	
   the	
   principle	
   that	
   cell	
   death	
   disrupts	
   cell	
   membrane	
  

integrity.	
   Ethidium	
  homodimer-­‐1	
   enters	
   cells	
  with	
  damaged	
  membranes	
   and	
  upon	
  binding	
   to	
  

nucleic	
   acids	
   produce	
   a	
   bright	
   red	
   fluorescence	
   in	
   dead	
   cells.	
   It	
   is	
   excluded	
   by	
   intact	
   plasma	
  

membrane	
  of	
  live	
  cells.	
  	
  

NSC-­‐GFPs	
  were	
  plated	
  overnight	
  at	
  37⁰C	
  and	
  5%	
  CO2	
  on	
   laminin	
  coated	
  Falcon	
  TM	
  8	
  chamber	
  

Culture	
   Slides	
   in	
   400	
   μl	
   of	
   media	
   and	
   at	
   1.5x105	
   cell	
   density.	
   Ethidium	
   homodimer-­‐1	
   from	
  

LIVE/DEAD©	
  Viability	
  Cytotoxicity	
  Kit	
   (Thermo	
  Fisher	
  Scientific)	
  was	
  diluted	
  with	
  PBS	
   to	
  0.5	
  

μM.	
   The	
  media	
   from	
  plated	
   cells	
  were	
   removed	
   and	
   replaced	
  with	
   100μl	
   of	
   diluted	
   Ethidium	
  

homodimer-­‐1	
  for	
  30	
  minutes	
  at	
  room	
  temperature.	
  Positive	
  controls	
  cells	
  were	
  killed	
  with	
  70%	
  

Ethanol	
   for	
   10	
   minutes	
   prior	
   to	
   staining	
   with	
   Ethidium	
   homodimer-­‐1.	
   Negative	
   controls	
  

consisted	
  of	
   live	
   cells.	
  All	
   cells	
  were	
  washed	
  with	
  PBS	
   followed	
  by	
   counterstaining	
  with	
  DAPI	
  

(Vectashield	
  antifade	
  mounting	
  medium	
  with	
  DAPI;	
  Vector)	
  for	
  10	
  minutes	
  before	
  being	
  cover	
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slipped,	
   sealed	
  with	
  nail	
   polish	
   and	
   inverted	
   for	
   viewing	
  under	
   a	
   Leica	
   SP5	
   inverted	
   confocal	
  

microscope	
  captured	
  at	
  20x	
  magnification.	
  

	
  

2.8.6	
  NESTIN	
  LABELLING	
  

NSCs	
   under	
   investigation	
   in	
   8μm	
   pore	
   size	
   filter	
   (BD	
   Falcon)	
   from	
   the	
   modified	
   Boyden	
  

Chamber	
  experiment	
  in	
  section	
  2.7.1,	
  were	
  fixed	
  in	
  4%	
  PFA	
  for	
  30	
  minutes.	
  The	
  filter	
  sheet	
  was	
  

cut	
  out	
  from	
  its	
  well	
  and	
  placed	
  on	
  to	
  a	
  slide.	
  The	
  borders	
  of	
  the	
  filter	
  were	
  lined	
  with	
  grease	
  to	
  

create	
   a	
  well.	
   Cells	
  were	
   then	
   covered	
  with	
   5%	
  BSA	
   for	
   an	
   hour	
   and	
  washed	
  with	
   PBS.	
   Anti-­‐

nestin	
  rabbit	
  monoclonal	
  antibody	
  (Sigma)	
  was	
  made	
  up	
  to	
  a	
  1:100	
  concentration	
  with	
  PBS	
  and	
  

0.1%	
  Triton	
  X.	
  NSCs	
  were	
  incubated	
  with	
  this	
  solution	
  overnight	
  at	
  4⁰C.	
  	
  NSC	
  were	
  then	
  washed	
  

with	
  PBS	
  3	
  times	
  every	
  10	
  minutes.	
  Secondary	
  antibodies	
  (Goat	
  Anti-­‐rabbit	
  IgG	
  Alexa	
  Fluor	
  555;	
  

Invitrogen)	
  were	
  made	
  up	
  to	
  1:600	
  with	
  PBS	
  and	
  incubated	
  with	
  NSCs	
  at	
  room	
  temperature	
  for	
  

1	
  hour	
  before	
  being	
  washed	
  with	
  PBS	
  3	
  times	
  at	
  10	
  minute	
  intervals.	
  Cells	
  were	
  counterstained	
  

by	
   DAPI	
   (Vectashield	
   antifade	
   mounting	
   medium	
   with	
   DAPI;	
   Vector)	
   for	
   10	
   minutes	
   before	
  

being	
  cover	
  slipped	
  and	
  viewed	
  under	
  a	
  Leica	
  SP5	
  inverted	
  confocal	
  microscope.	
  	
  

2.8.7	
  MYC	
  LABELLING	
  

NSCs	
   transfected	
  with	
  BDNF-­‐myc	
  were	
   fixed	
   in	
  4%	
  PFA	
   for	
  30	
  minutes	
  at	
   room	
   temperature.	
  

After	
  a	
  PBS	
  wash,	
  cells	
  were	
  exposed	
  to	
  5%	
  BSA	
  for	
  an	
  hour	
  at	
  room	
  temperature.	
  After	
  another	
  

wash	
  with	
  PBS,	
  primary	
  antibodies	
  [1:100	
  mouse	
  monoclonal	
  anti-­‐c-­‐myc	
  antibodies	
  (Abcam©)	
  

diluted	
   with	
   PBS	
   and	
   0.1%Triton-­‐X],	
   were	
   incubated	
   with	
   NSC	
   overnight	
   at	
   5⁰C.	
   Cells	
   were	
  

washed	
  with	
  PBS	
  before	
  being	
  exposed	
  to	
  secondary	
  antibodies	
  (1:500	
  Anti-­‐mouse	
  Alexa	
  Fluor	
  

594;	
  Invitrogen	
  diluted	
  in	
  PBS)	
  for	
  one	
  hour	
  at	
  room	
  temperature.	
  After	
  a	
  PBS	
  wash	
  thrice	
  at	
  10	
  

minute	
   intervals,	
   cells	
   were	
   counterstained	
   by	
   DAPI	
   (Vectashield	
   antifade	
  mounting	
  medium	
  

with	
  DAPI;	
   Vector)	
   for	
   10	
  minutes	
   before	
   being	
   cover	
   slipped	
   and	
   viewed	
   under	
   a	
   Leica	
   SP5	
  

inverted	
   confocal	
   microscope.	
   Control	
   experiments	
   absent	
   of	
   magnetofection	
   were	
   used	
   to	
  

calibrate	
  settings	
  on	
  the	
  confocal	
  microscope	
  in	
  order	
  to	
  reduce	
  background	
  fluorescence	
  from	
  

low	
  levels	
  of	
  endogenous	
  myc.	
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2.8.8	
  COATING	
  OF	
  SLIDES	
  AND	
  PLATES	
  WITH	
  LAMININ	
  

Laminin	
   (Life	
   Technologies)	
   is	
  made	
   to	
   10	
   μg/ml	
   in	
   balanced	
   salt	
   solution.	
   200	
   μl	
   of	
   laminin	
  

solution	
  is	
  added	
  to	
  a	
  24	
  well	
  chamber	
  or	
  100	
  μl	
  to	
  a	
  Falcon	
  TM	
  8	
  chamber	
  Culture	
  Slides	
  per	
  

cell	
   culture	
   vessel	
   and	
   left	
   to	
   set	
   under	
   a	
   fume	
   hood	
   for	
   1	
   hour.	
   Laminin	
   solution	
   is	
   then	
  

removed	
  and	
  washed	
  with	
  PBS	
   thrice	
  before	
  being	
   left	
   to	
  dry	
  under	
   the	
  hood	
   for	
  15	
  minutes.	
  

Laminin	
  coated	
  chambers	
  are	
  used	
  to	
  plate	
  NSC	
  on	
  the	
  day	
  of	
  preparation.	
  

	
  

2.9	
  GALVANOTAXIS	
  IN	
  NSC	
  

2.9.1	
  ELECTROTAXIS	
  ASSAY	
  FOR	
  HORIZONTAL	
  NEUROSPHERE	
  MIGRATION	
  	
  

A	
  well-­‐known	
  electrotactic	
  chamber	
  commonly	
  used	
  in	
  our	
   lab	
  for	
  assessing	
  NSC	
  motility	
  was	
  

assayed	
  according	
  to	
  Song	
  et	
  al.	
  (Song	
  et	
  al.,	
  2007).	
  Electrical	
  fields	
  were	
  applied	
  in	
  electrotactic	
  

chambers(Zhao	
   et	
   al.,	
   1996)	
   consisting	
   of	
   two	
   strips	
   of	
   0.5mm	
   thick	
   cover	
   glass	
   10mm	
  apart	
  

glued	
   in	
  parallel	
   to	
   the	
  bottom	
  of	
  a	
  petri	
  dish	
  with	
  Dow	
  Corning	
  high	
  vacuum	
   	
  grease.	
  A	
  70µl	
  

solution	
   of	
   5x105	
   ml-­‐1density	
   neurospheres	
   and	
   Matrigel	
   (Corning®Matrigel®Matrix)	
   were	
  

plated	
   in	
  the	
  resulting	
  space	
  between	
  these	
  strips	
  covered	
  by	
  a	
  roof	
  consisting	
  of	
  a	
  cover	
  slip.	
  

Care	
   was	
   taken	
   so	
   as	
   not	
   to	
   trap	
   air	
   bubbles	
   within	
   the	
   plated	
   liquid	
   matrigel-­‐neurosphere	
  

solution.	
  Agar-­‐salt	
  bridges	
   (filled	
  with	
  Steinberg’s	
   solution	
  gelled	
  with	
  2%	
  agar)	
  were	
  used	
   to	
  

connect	
   silver	
   to	
   silver	
   chloride	
   electrodes	
   in	
   beakers	
   of	
   Steinberg’s	
   solution	
   to	
   reservoirs	
   of	
  

1000µl	
  culture	
  medium	
  at	
  either	
  side	
  of	
  the	
  chamber.	
  The	
  pH	
  of	
  this	
  was	
  kept	
  stable	
  by	
  adding	
  

HEPES	
  to	
  the	
  medium	
  (1:40	
  concentration).	
  Organisation	
  of	
  the	
  electrotactic	
  chamber	
  is	
  shown	
  

in	
  Figure	
  2.9.	
  The	
  final	
  dimensions	
  of	
  the	
  chamber	
  through	
  which	
  current	
  was	
  passed	
  were	
  22	
  

mm	
  by	
  10	
  mm	
  by	
  0.5	
  mm.	
   For	
   consistency	
   in	
   chamber	
   size	
   setup,	
   a	
   paper	
   template	
  with	
   the	
  

measurements	
  was	
  placed	
  beneath	
  the	
  petri	
  dish	
  to	
  aid	
  in	
  accurate	
  cover	
  glass	
  placement.	
  	
  

In	
  order	
  to	
  detect	
  cell	
  migration	
  over	
  time,	
  images	
  of	
  each	
  marked	
  out	
  NSC	
  were	
  obtained	
  every	
  

5	
  minutes	
  over	
  2	
  hours	
  by	
  a	
  DeltaVision	
  Microscopy	
  Imaging	
  System	
  (Image	
  Solutions,	
  Preston)	
  

at	
  37⁰C.	
  Control	
  experiments	
  were	
  run	
  and	
  imaged	
  in	
  the	
  same	
  conditions	
  for	
  2	
  hours	
  but	
  in	
  the	
  

absence	
  of	
  EF.	
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Figure	
   2.9	
   a:	
   experimental	
   setup	
   of	
   electrotactic	
   chamber	
   in	
   petri	
   dish	
   viewed	
   from	
   above.	
   b:	
  
side-­‐on	
   view	
   of	
   experimental	
   setup	
   including	
   a	
   dc	
   power	
   supply	
   attached	
   to	
   silver	
   chloride	
  
electrodes	
  isolated	
  from	
  the	
  culture	
  chamber	
  but	
  connected	
  via	
  agar	
  salt	
  bridges.	
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Figure	
  2.10	
  Definitions	
  used	
  in	
  the	
  2D	
  trajectory	
  plots.	
  “I”	
  is	
  the	
  index	
  of	
  different	
  single	
  cells.	
  
The	
  first	
  cell	
  has	
  the	
  index	
  “1”,	
  the	
  last	
  one	
  “n”	
  (1	
  ≤	
  I	
  ≤	
  n).	
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2.9.1.1	
  CHEMOTAXIS	
  AND	
  MIGRATION	
  TOOL	
  DEFINITIONS	
  

For	
  data	
  analysis,	
   cell	
  migration	
  of	
  each	
   individual	
   cell	
  was	
  mapped	
  out	
  manually	
  by	
   tracking	
  

the	
  centre	
  of	
  the	
  neurosphere	
  using	
  the	
  FIJI	
  plugin,	
  Manual	
  Tracking.	
  	
  

Average	
  cell	
  migration	
  velocity,	
  directness,	
  distance	
  travelled	
  (euclidean	
  and	
  accumulated)	
  [see	
  

figure	
  2.10],	
  centre	
  of	
  population	
  and	
  parallel	
  Forward	
  Migration	
  Index	
  (FMI)	
  were	
  calculated	
  

via	
  a	
  FIJI	
  plugin,	
  Chemotaxis	
  and	
  Migration	
  tool.	
  	
  

Definitions	
   of	
   directedness,	
   centre	
   of	
   population,	
   forward	
   migration	
   index	
   were	
   taken	
   from	
  

Chemotaxis	
  and	
  Migration	
  Tool	
  Version	
  1.01	
  manual	
  (Ibidi,	
  2016)	
  .	
  	
  

2.9.1.2	
  DIRECTEDNESS	
  

Directedness	
  (Semmling	
  et	
  al.,	
  2010)	
   is	
  calculated	
  by	
  comparing	
   the	
  Euclidean	
  distance	
   to	
   the	
  

Accumulated	
  distance,	
  representing	
  a	
  measurement	
  of	
  the	
  directedness	
  of	
  cell	
  trajectories(Yuki	
  

Asano).	
  The	
  values	
  are	
  always	
  positive.	
   It	
   is	
  not	
  a	
  direct	
  parameter	
   for	
   judging	
  migration,	
  but	
  

can	
  be	
  a	
  used	
  to	
  characterize	
  the	
  straightness	
  of	
  migration.	
  (see	
  figure	
  2.10)	
  

Di=	
  di,	
  euclid/di,accum	
  

Di	
  =	
  Directedness	
  of	
  one	
  single	
  cell	
  	
  

di,	
  Euclid	
  =	
  	
  Euclidean	
  distance	
  

di,accum=	
  Accumulated	
  distance	
  

D=	
  1/n	
  ∑ni=1	
  Di=1/n	
  ∑ni=1	
  di,Euclid/di,accum	
  

Averaged	
  directedness	
  of	
  all	
  cells	
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2.9.1.3	
  CENTRE	
  OF	
  POPULATION	
  

Centre	
  of	
  Population	
  is	
  defined	
  as	
  the	
  averaged	
  endpoint	
  of	
  all	
  cell	
  endpoints	
  (Asano	
  Y).	
  It	
  can	
  

be	
  either	
  positive	
  or	
  negative;	
  depending	
  on	
  the	
  direction	
  of	
  which	
  the	
  group	
  of	
  cells	
  has	
  drifted.	
  

(see	
  figure	
  2.10)	
  

Mstart	
  =	
  (x=0,	
  y=0)	
  

Centre	
  of	
  Population	
  at	
  the	
  beginning	
  of	
  the	
  experiment	
  is	
  located	
  at	
  the	
  point	
  of	
  origin.	
  

Mend=	
  1/n	
  ∑ni=1	
  (xi,end,	
  yi,end)	
  

xi,end=	
  X	
  cell	
  end	
  point	
  	
  	
  

yi,end=	
  Y	
  cell	
  end	
  point	
  	
  	
  

2.9.1.4	
  FORWARD	
  MIGRATION	
  INDEX	
  

Forward	
  migration	
  index	
  (FMI)	
  represents	
  the	
  efficiency	
  of	
  the	
  forward	
  migration	
  of	
  cells	
  and	
  

how	
  they	
  relate	
  to	
  the	
  direction	
  of	
  both	
  axes(Foxman	
  et	
  al.,	
  1999).	
  FMI	
  values	
  can	
  be	
  positive	
  or	
  

negative,	
  depending	
  on	
   the	
  direction	
   in	
  which	
   the	
  cell	
  population	
  has	
  drifted.	
  FMI	
  values	
  only	
  

make	
  sense	
  when	
  a	
  taxis	
  effect	
  is	
  expected	
  under	
  the	
  following	
  conditions:	
  they	
  can	
  be	
  parallel	
  

to,	
   or	
   perpendicular	
   to	
   the	
   x	
   and	
   y	
   axes	
   but	
   not	
   in	
   45⁰angles.	
   Strong	
   taxic	
   effects	
   are	
  

characterized	
  by	
  a	
  high	
  FMI	
  �	
   (can	
  be	
  positive	
  or	
  negative	
  value).	
  FMI	
  values	
  parallel	
   to	
   the	
  x	
  

axis	
  were	
  reported	
  in	
  this	
  case.	
  

YFMI=	
  1/n	
  ∑ni=1	
  yi,end/di,accum	
  

XFMI=	
  1/n	
  ∑ni=1	
  xi,end/di,accum	
  

	
  

2.9.1.5	
  RAYLEIGH’S	
  TEST	
  

Rayleigh’s	
   test	
   is	
   a	
   statistical	
   test	
   run	
   by	
   the	
   software	
   to	
   test	
   if	
   the	
   data	
   was	
   significantly	
  

inhomogenously	
  distributed	
  in	
  any	
  direction	
  when	
  p	
  was	
  <0.05.	
  It	
  is	
  a	
  test	
  used	
  in	
  cell	
  migration	
  

and	
   chemotaxis	
   and	
   has	
   been	
   shown	
   to	
   correlate	
   with	
   centre	
   of	
   population	
   and	
   forward	
  

migration	
   index	
   (Zantl	
   and	
   Horn,	
   2011,	
   Pepperell	
   and	
   Watt,	
   2013).	
   The	
   greater	
   the	
  

displacement	
   of	
   centre	
   of	
   population	
   and	
   forward	
   migration	
   index,	
   the	
   more	
   negative	
   the	
   p	
  

value	
  of	
  the	
  Rayleigh’s	
  test.	
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2.9.2	
  PLATING	
  NEUROSPHERES	
  WITH	
  MATRIGEL	
  

Matrigel	
   (Corning®Matrigel®Matrix)	
   was	
   thawed	
   from	
   frozen	
   on	
   ice.	
   Once	
   thawed,	
   this	
   was	
  

diluted	
  to	
  1:50	
  with	
  media	
  containing	
  neurospheres	
  of	
  5x105	
  ml-­‐1	
  density	
  and	
  plated	
  to	
  prevent	
  

Matrigel	
  from	
  solidifying	
  as	
  it	
  reaches	
  room	
  temperature.	
  

	
  

2.9.3	
  MODIFIED	
  BOYDEN	
  CHAMBER	
  FOR	
  ASSESSING	
  VERTICAL	
  DIRECTION	
  OF	
  

NEUROSPHERES	
  

A	
  modified	
  Boyden	
  chamber	
  system	
  from	
  Widera	
  et	
  al.(Widera	
  et	
  al.,	
  2004)	
  was	
  used	
  to	
  test	
  if	
  

vertical	
   migration	
   of	
   NSC	
   (which	
   represents	
   penetration	
   into	
   tissues)	
   can	
   be	
   directed	
   by	
   an	
  

electric	
  field.	
  The	
  upper	
  chamber	
  consisted	
  of	
  a	
  cell	
  culture	
  insert	
  with	
  a	
  pore	
  size	
  of	
  8μm	
  (BD	
  

Falcon)	
  filled	
  with	
  1	
  ml	
  of	
  1.6x104	
  NSC	
  and	
  the	
  lower	
  chamber	
  was	
  a	
  24-­‐well	
  cell	
  culture	
  plate	
  

filled	
  with	
  NSC	
  media	
  devoid	
  of	
  cells.	
  Platinum	
  wires	
  electrodes	
  connected	
  to	
  a	
  DC	
  power	
  supply	
  

are	
  applied;	
  cathode	
  in	
  the	
  lower	
  chamber	
  and	
  anode	
  in	
  the	
  upper	
  chamber	
  (see	
  figure	
  2.11	
  and	
  

2.12).	
  The	
  voltage	
  dial	
  supplied	
  was	
  adjusted	
  according	
  to	
  the	
  parameters	
  investigated	
  on	
  a	
  DC	
  

power	
   supply.	
  The	
  actual	
   voltage	
   in	
   the	
  Boyden	
   chamber	
  was	
  measured	
  across	
   the	
   chambers	
  

with	
   a	
   voltage	
  meter	
   TES	
   2700	
  multimeter	
   at	
   the	
   beginning	
   and	
   end	
   of	
   the	
   experiment.	
   The	
  

current	
  supplied	
  remained	
  unchanged	
  throughout	
  for	
  all	
  experiments	
  as	
  measured	
  by	
  the	
  TES	
  

2700	
  multimeter.	
   Experimental	
   conditions	
  were	
  kept	
   at	
  37	
   ⁰C	
   and	
  5%	
  CO2	
   throughout	
  by	
   an	
  

incubator.	
  

The	
  filter	
  was	
  removed	
  at	
  the	
  end	
  of	
  the	
  experiment	
  and	
  the	
  upper	
  side	
  of	
  the	
  filter	
  was	
  washed	
  

with	
  PBS	
  x	
  3	
  and	
  scraped	
  with	
  a	
  cell	
  scraper	
  before	
  being	
  fixed	
  with	
  4%	
  	
  PFA.	
  Cell	
  migration	
  was	
  

quantified	
   by	
   counting	
   all	
   migrated	
   cells	
   in	
   each	
   filter.	
   All	
   experiments	
   were	
   performed	
   in	
  

triplicates.	
   Immunofluorescent	
   images	
  were	
   captured	
  at	
  20	
  x	
  objective	
  under	
  GFP	
   settings	
  by	
  

fluorescent	
   microscopy	
   (Olympus	
   AX70).	
   The	
   number	
   of	
   cells	
   in	
   each	
   filter	
   frame	
   [3mm	
   x	
  

2.5mm]	
  was	
   counted	
   using	
   FIJI	
   plugin,	
   Cell	
   Count	
   and	
   compared	
  with	
   controls	
   (no	
   electrical	
  

field	
  exposure).	
  Statistical	
  analysis	
  was	
  performed	
  by	
  t-­‐test	
  using	
  SPSS	
  20.0.	
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Figure	
   2.11	
   A	
   cross	
   sectional	
   illustration	
   of	
   the	
   modified	
   Boyden	
   chamber	
   setup	
   to	
   assess	
  
vertical	
   migration	
   of	
   cells	
   directed	
   by	
   electric	
   field	
   application.	
   Plus	
   and	
   minus	
   symbols	
  
indicate	
   the	
  anode	
  and	
  cathode	
  platinum	
  wire	
  electrodes	
  which	
  were	
  applied.	
  The	
  anode	
   is	
   in	
  
the	
  upper	
  chamber	
  and	
  the	
  cathode	
  is	
  in	
  the	
  bottom	
  chamber.	
  	
  

	
  

Figure	
   2.12	
   Photo	
   of	
   modified	
   Boyden	
   chamber	
   setup	
   with	
   a	
   24	
   well	
   culture	
   plate.	
   The	
  
crocodile	
   clip	
   at	
   the	
   top	
   is	
   attached	
   to	
   the	
   anode	
   of	
   the	
   DC	
   supply	
   and	
   a	
   platinum	
   wire	
  
immersed	
  in	
  the	
  upper	
  chamber	
  and	
  the	
  crocodile	
  clip	
  at	
  the	
  bottom	
  is	
  attached	
  to	
  the	
  cathode	
  
and	
  a	
  platinum	
  wire	
  immersed	
  in	
  the	
  lower	
  chamber	
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2.9.4	
  MODIFIED	
  BOYDEN	
  CHAMBER	
  SETUP	
  WITH	
  RETINAL	
  EXPLANT	
  

To	
   test	
   if	
  neurospheres	
  can	
  be	
  directed	
  by	
  an	
  electric	
   field	
  vertically	
   into	
  a	
   retinal	
  explant	
   i.e.	
  

from	
   inner	
   layer	
   to	
   outer	
   layer,	
   a	
   modified	
   Boyden	
   chamber	
   similar	
   to	
   2.7.1	
   was	
   set	
   up	
   to	
  

include	
  a	
  retinal	
  explant	
  (see	
   figure	
  2.13-­‐2.16).	
  This	
  was	
  placed	
  RGC	
  face	
  up	
  on	
  a	
  4μm	
  pore	
  6	
  

well	
   filter	
   (BD	
   Falcon)	
   and	
   lined	
  with	
   high	
   vacuum	
   grease	
   (Dow	
  Corning©)	
   so	
   that	
   the	
   filter	
  

surface	
  uncovered	
  by	
  retina	
  would	
  be	
  covered	
  in	
  grease,	
  grossly	
  separating	
  the	
  upper	
  chamber	
  

from	
  the	
  lower	
  chamber.	
  The	
  upper	
  chamber	
  was	
  filled	
  with	
  2000μl	
  of	
  NSC-­‐GFP	
  at	
  a	
  density	
  of	
  

approximately	
  8-­‐12x105	
  cell	
  density.	
  The	
   lower	
  chamber	
  consisted	
  of	
  1400μl	
  of	
  retina	
  culture	
  

media	
  devoid	
  without	
  any	
  cells.	
  Platinum	
  wires	
  electrodes	
  are	
  connected	
  to	
  a	
  DC	
  power	
  supply	
  

and	
   submerged	
   in	
  medium;	
   cathode	
   in	
   the	
   lower	
   chamber	
   and	
   anode	
   in	
   the	
   upper	
   chamber.	
  

Care	
  is	
  taken	
  to	
  ensure	
  the	
  anode	
  wire	
  is	
  submerged	
  but	
  not	
  in	
  contact	
  with	
  the	
  retinal	
  explant.	
  

The	
  Boyden	
  chamber	
  experiment	
  is	
  performed	
  at	
  37⁰	
  with	
  5%	
  CO2	
  throughout.	
  The	
  voltage	
  dial	
  

supplied	
   was	
   adjusted	
   according	
   to	
   the	
   parameters	
   investigated.	
   The	
   actual	
   voltage	
   in	
   the	
  

Boyden	
  chamber	
  was	
  measured	
  across	
  the	
  chambers	
  with	
  a	
  voltage	
  meter	
  TES	
  2700	
  multimeter	
  

at	
   the	
  beginning	
  and	
  end	
  of	
   the	
  experiment.	
  The	
  current	
   supplied	
  was	
  unchanged	
   throughout	
  

for	
  all	
  experiments.	
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Figure	
   2.13	
   Modified	
   Boyden	
   chamber	
   viewed	
   from	
   above.	
   Retinal	
   explant	
   with	
   retinal	
  
ganglion	
   cell	
   layer	
   face	
   up	
   on	
   a	
   4µm	
   pore	
   filter	
   of	
   UPPER	
   chamber,	
   lined	
   by	
   high	
   vacuum	
  
grease.	
  Lower	
  chamber	
  consists	
  of	
  1400µl	
  media.	
  The	
  retinal	
  explant	
  is	
  outlined	
  by	
  black	
  dots.	
  
Scale	
  bar:	
  1mm	
  

	
  

	
  

Figure	
  2.14	
  Two	
  retinal	
  explants	
  in	
  modified	
  Boyden	
  chambers	
  with	
  upper	
  chamber	
  filled	
  with	
  
2000µl	
  NSC-­‐GFP	
  at	
  8-­‐12x105	
  cell	
  density	
  in	
  6	
  well.	
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Figure	
  2.15	
  A	
  platinum	
  wire	
  attached	
  to	
  a	
  crocodile	
  clip	
  applying	
  the	
  cathode	
  (black	
  arrow)	
  to	
  
the	
   lower	
   chamber	
   and	
   the	
   anode	
   (red	
   arrow)	
   to	
   the	
   upper	
   chamber.	
   The	
   cathode	
   wire	
   is	
  
submerged	
  in	
  media	
  but	
  does	
  not	
  touch	
  the	
  retina.	
  

	
  	
  

	
  

Figure	
   2.16	
   Diagramatic	
   representation	
   of	
   a	
   cross	
   sectional	
   view	
   of	
   the	
   modified	
   Boyden	
  
chamber	
  with	
  retinal	
  explant	
  laid	
  on	
  the	
  upper	
  chamber	
  filter	
  base,	
  surrounded	
  with	
  grease.	
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2.9.4.1	
  RETINAL	
  TISSUE	
  PROCESSING,	
  IMAGING	
  AND	
  ANALYSIS	
  

Following	
   exposure	
   to	
   an	
   electrical	
   field,	
   the	
   retinal	
   explants	
   were	
   fixed	
   in	
   4%	
   PFA	
   for	
   30	
  

minutes.	
  The	
  explant	
  along	
  with	
  its	
  underlying	
  filter	
  was	
  excised	
  from	
  the	
  upper	
  chamber	
  and	
  

placed	
   on	
   a	
   microscope	
   slide	
   followed	
   by	
   a	
   PBS	
   wash.	
   Retinal	
   explants	
   were	
   stained	
   with	
  

nuclear	
   stain	
   TOPRO-­‐3	
   (diluted	
   in	
   distilled	
   water	
   to	
   1:1000)	
   before	
   being	
   mounted	
   with	
  

antifade	
   reagent	
   (ProLong	
   Gold;	
   Invitrogen).	
   Images	
   were	
   acquired	
   using	
   a	
   Zeiss	
   LSM	
   510	
  

confocal	
  microscope	
  (Carl	
  Zeiss	
  Ltd,	
  UK)	
  captured	
  at	
  20x	
  magnification	
  and	
  1μm	
  interval	
  slice	
  Z	
  

stacks.	
   The	
   image	
   subtended	
   at	
   394	
   by	
   394μm	
   (512	
   by	
   512	
   pixels,	
   8	
   bits	
   per	
   pixel).	
   Nuclear	
  

staining	
  allowed	
  for	
  identification	
  of	
  retinal	
   layers	
  based	
  on	
  the	
  changes	
  in	
  morphology	
  of	
  cell	
  

nuclei.	
  Control	
  experiments	
  were	
  used	
  to	
  calibrate	
  settings	
  on	
  the	
  confocal	
  microscope	
  in	
  order	
  

to	
  reduce	
  background	
  fluorescence.	
  	
  	
  

To	
  identify	
  any	
  penetration	
  of	
  NSC-­‐GFP	
  into	
  the	
  layers	
  of	
  the	
  retina,	
  firstly	
  I	
  needed	
  to	
  identify	
  

the	
   separate	
   layers	
   of	
   the	
   retina.	
   The	
   slices	
   consisting	
   of	
   Retinal	
   Ganglion	
   Cell	
   Layer	
   (RGC),	
  

Inner	
  Nuclear	
  Layer	
   (INL),	
  Outer	
  Plexiform	
  Layer	
   (OPL)	
  and	
  Outer	
  Nuclear	
  Layer	
   (ONL)	
  were	
  

identified	
  based	
  on	
  the	
  nuclear	
  staining	
  morphology.	
  (see	
  Figure	
  2.17)	
  RGC	
  was	
  the	
  superficial	
  

layer	
  of	
  cells	
  with	
  a	
  single	
  layer	
  of	
  larger	
  nuclei.	
  This	
  was	
  followed	
  by	
  the	
  INL	
  which	
  is	
  a	
  smaller	
  

multi-­‐layered	
  nuclei.	
  These	
  layers	
  are	
  separated	
  from	
  the	
  ONL	
  by	
  the	
  OPL	
  which	
  is	
  a	
  space	
  with	
  

sparse	
  cells.	
  The	
  ONL	
  is	
  multi-­‐layered	
  with	
  smaller	
  nuclei.	
  Anything	
  above	
  RGC	
  layer	
  was	
  taken	
  

as	
  the	
  Inner	
  Limiting	
  Membrane	
  (ILM).	
  

Once	
   the	
   layers	
   are	
   known,	
   an	
   NSC-­‐GFP	
   is	
   then	
   selected	
   using	
   the	
   “Select”	
   tool	
   in	
   FIJI.	
   This	
  

demarcates	
   an	
   area	
   around	
   the	
   NSC	
   assessed	
   which	
   is	
   present	
   throughout	
   the	
   layers	
   of	
   the	
  

retinal	
  stack	
  images.	
  The	
  average	
  fluorescence	
  density	
  of	
  the	
  selected	
  cell	
  area	
  for	
  each	
  slice	
  of	
  

the	
  stack	
  was	
  then	
  recorded.	
  (Figure	
  2.18).	
  

To	
  standardize	
  the	
  retinal	
  layers,	
  each	
  layer	
  was	
  divided	
  into	
  percentages.	
  Fluorescence	
  density	
  

was	
  reported	
  for	
  each	
  tenth	
  of	
  a	
  percentage	
  depth	
  of	
  the	
  retinal	
  layer.	
  	
  

AUC	
  of	
  fluorescence	
  for	
  all	
  retinal	
  layers	
  was	
  calculated	
  using	
  the	
  trapezoid	
  method.	
  To	
  detect	
  

any	
  change	
  in	
  the	
  spread	
  of	
  fluorescence	
  which	
  was	
  taken	
  as	
  migration	
  between	
  the	
  layers,	
  the	
  

proportion	
  of	
  fluorescence	
  within	
  the	
  three	
  layers	
  was	
  calculated	
  i.e.	
  Proportion	
  of	
  fluorescence	
  

in	
  IPL	
  (%)	
  =	
  (AUC	
  of	
   fluorescence	
   in	
  IPL	
  /	
  AUC	
  of	
   fluorescence	
   in	
  ILM+RGC+INL+OPL+ONL)	
  X	
  

100.	
  This	
  identifies	
  any	
  shift	
  in	
  the	
  spread	
  of	
  fluorescence	
  within	
  the	
  retina.	
  Statistical	
  analysis	
  

was	
  performed	
  using	
  a	
  Kruskall-­‐Wallis	
  test	
  for	
  non-­‐parametric	
  data	
  and	
  independent	
  sample	
  t-­‐
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test	
  or	
  ANOVA	
   for	
  multiple	
  comparisons	
   for	
  parametric	
  data.	
  Data	
  was	
  explored	
  by	
  normality	
  

tests	
  Shapiro-­‐Wilk	
  and	
  p>0.05	
  was	
  taken	
  as	
  parametric	
  data.	
  Analysis	
  was	
  performed	
  with	
  SPSS	
  

Version	
  20.0.	
  Bonferroni	
  or	
  Tukey	
  post-­‐hoc	
  correction	
  was	
  also	
  applied	
  to	
  account	
  for	
  multiple	
  

comparison	
  and	
  p<0.05	
  was	
  taken	
  as	
  significant.	
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Figure	
  2.17	
  Images	
  A-­‐D	
  shows	
  the	
  nuclear	
  stained	
  confocal	
   images	
  of	
  each	
  retinal	
   layer	
  where	
  
the	
   nuclear	
   morphology	
   is	
   used	
   to	
   identify	
   each	
   layer.	
   A=RGC,	
   a	
   single	
   layer	
   of	
   larger	
   nuclei	
  
cells,	
   B=INL,	
   a	
  multilayer	
   pf	
   smaller	
   nuclei,	
   C=OPL,	
   a	
   space	
   separating	
   the	
   INL	
   from	
   the	
   ONL,	
  
D=ONL	
   a	
   multilayer	
   of	
   small	
   nuclei.	
   E	
   is	
   an	
   orthogonal	
   view	
   of	
   the	
   nuclear	
   stained	
   confocal	
  
image	
   of	
   the	
   retinal	
   layers.	
   ILM=Inner	
   Limiting	
   Membrane,	
   RGC=Retinal	
   Ganglion	
   Cell,	
  
INL=Inner	
   Nuclear	
   Layer,	
   OPL=Outer	
   Plexiform	
   Layer,	
   ONL=Outer	
   Nuclear	
   Layer.	
   Scale	
   bar:	
  
100µm	
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Figure	
   2.18	
   Shows	
   a	
   selected	
   circular	
   area	
   (in	
   red)	
   consisting	
   of	
   NSC-­‐GFP.	
   This	
   selected	
   area	
  
remains	
  the	
  same	
  as	
  is	
  selected	
  throughout	
  the	
  retinal	
  stack.	
  The	
  average	
  fluorescence	
  density	
  
for	
   each	
   slice	
   within	
   the	
   selected	
   area	
   is	
   recorded	
   for	
   each	
   percentage	
   depth	
   of	
   the	
   retinal	
  
layer	
  to	
  produce	
  the	
  graph	
  to	
  the	
  right.	
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2.10	
  WESTERN	
  BLOT	
  FOR	
  BDNF	
  

Magnetofected	
  NSCs	
  were	
  centrifuged	
  at	
  15000rpm	
  at	
  4⁰C	
  for	
  10	
  minutes.	
  As	
  much	
  supernatant	
  

was	
   pipetted	
   off	
   as	
   possible	
   and	
   discarded.	
   The	
   pellet	
  was	
   lysed	
  with	
   100μl	
   of	
   Lysis	
   Protein	
  

solution:	
   RIPA	
   buffer	
   +	
   0.1%SDS	
   (sodium	
  dodecylsulfate)	
   +	
   0.1M	
  DTT	
   (dithiothreitol)	
   2.4μl	
   +	
  

Protease	
   Inhibitors	
   (Sigma	
   Phosphatase	
   inhibitor	
   12μl,	
   Sigma	
   Protease	
   Inhibitor	
   12μl,	
  

Aminohexanoic	
   acid	
   6μl,	
   Aprotinin	
   1.2μl,	
   Phenantroline	
   1.2μl,	
   0.1M)	
   (see	
   Appendix	
   1).	
   Pellet	
  

and	
   lysis	
   solution	
  were	
  vortexed	
  every	
  5	
  minutes	
  and	
  kept	
  on	
   ice	
   for	
  30	
  minutes.	
   It	
  was	
   then	
  

centrifuged	
   at	
   15000rpm	
   for	
   5	
   minutes	
   at	
   4⁰C.	
   Supernatants	
   were	
   collected	
   into	
   separate	
  

eppendorfs	
  and	
  kept	
  on	
  ice.	
  	
  

Protein	
   quantification	
   was	
   performed	
   with	
   a	
   Pierce	
   TM	
   BCA	
   Protein	
   Assay	
   Kit	
   (Thermo	
  

Scientific©).	
  Nine	
  standards	
  of	
  known	
  concentrations	
  were	
  made	
  with	
  Bovine	
  Serum	
  Albumin	
  

(BSA);	
   0.2	
  mg/ml,	
   0.15	
  mg/ml,	
   0.10	
  mg/ml,	
   0.075	
  mg/ml,	
   0.05	
  mg/ml,	
   0.025	
  mg/ml,	
   0.0125	
  

mg/ml,	
  0.0062	
  mg/ml	
  and	
  0.0	
  mg/ml	
  (blank	
  with	
  water).	
  100μl	
  triplicates	
  of	
  each	
  standard	
  was	
  

placed	
  into	
  a	
  96	
  well.	
  Samples	
  were	
  diluted	
  to	
  1	
  in	
  50	
  with	
  water	
  and	
  100	
  μl	
  of	
  each	
  was	
  placed	
  

in	
   the	
   96	
   well.	
   BCA	
   solution	
   was	
   made	
   up	
   according	
   to	
   manufacturer’s	
   guideline;	
   50	
   to	
   1	
  

Reagent	
  A	
  to	
  Reagent	
  B.	
  100	
  μl	
  of	
  BCA	
  solution	
  was	
  added	
  to	
  triplicates	
  of	
  BSA	
  standards	
  and	
  

samples.	
  The	
  96	
  well	
  plate	
  was	
  incubated	
  at	
  37	
  ⁰C	
  for	
  30	
  minutes.	
  The	
  plate	
  was	
  then	
  analysed	
  

in	
  a	
  spectrophotometer	
  (FLUOstar	
  Omega)	
  and	
  a	
  line	
  of	
  best	
  fit	
  is	
  produced	
  from	
  an	
  average	
  of	
  

the	
   standards	
   and	
   blanks	
   using	
   the	
   Omega-­‐Data	
   Analysis.	
   Based	
   on	
   this	
   a	
   calculated	
   protein	
  

concentration	
  in	
  μg/ml	
  is	
  produced.	
  

Protein	
  sample	
  solution	
  at	
  a	
  total	
  volume	
  of	
  27	
  μl	
  was	
  then	
  prepared	
  for	
  loading	
  onto	
  gel.	
  30	
  μg	
  

of	
   sample	
   protein	
   is	
   added	
   to	
   6	
   μl	
   NuPAGE	
   LDS	
   Sample	
   Buffer,	
   2	
   μl	
   DTT,	
   and	
   the	
   residual	
  

amount	
  in	
  Lysis	
  Buffer	
  (approximately	
  5-­‐10	
  μl	
  depending	
  on	
  protein	
  sample	
  volume).	
  A	
  positive	
  

control	
  of	
  75	
  picograms	
  of	
  rBDNF	
  was	
  also	
  included.	
  

Protein	
  sample	
  solution	
  was	
  heated	
  for	
  10	
  minutes	
  at	
  70⁰C.	
  	
  

The	
  running	
  buffer	
  (800	
  ml)	
  was	
  prepared	
  using	
  MOPS/SDS	
  Running	
  Buffer	
  20X	
  diluted	
  to	
  1X	
  

with	
   ddH20.	
   Precast	
   NuPAGE	
   4-­‐12%	
   Bis-­‐Tris	
   Gel	
   (Invitrogen©)	
   was	
   removed	
   from	
   bad	
   and	
  

rinsed	
  with	
  ddH20.	
  Tape	
   from	
   the	
  back	
  of	
   the	
   gel	
  was	
  peeled	
  off	
   and	
   the	
   comb	
  was	
   carefully	
  

removed.	
  Wells	
  were	
  washed	
  out	
  with	
  running	
  buffer	
  using	
  a	
  Pasteur	
  pipette.	
  25	
  μl	
  of	
  sample	
  

solution	
  were	
  gently	
  pipetted	
   to	
   fill	
  each	
  well;	
   care	
   is	
   taken	
   to	
  prevent	
  air	
  bubbles	
  or	
  spillage	
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into	
  adjacent	
  wells.	
  Novex©	
  Mini-­‐cell	
  (Invitrogen)	
  apparatus	
  was	
  set	
  up	
  as	
  per	
  manufacturer’s	
  

instructions.	
  Buffer	
  chamber	
  was	
  filled	
  up	
  with	
  200	
  mls	
  of	
  running	
  buffer	
  and	
  checked	
  for	
  leaks.	
  

The	
   remainder	
   of	
   the	
   running	
   buffer	
   was	
   added	
   to	
   the	
   lower	
   buffer	
   chamber	
   if	
   no	
   leak	
   is	
  

present.	
  The	
  sample	
  was	
  run	
  at	
  120V	
  for	
  70	
  minutes.	
  

1x	
  NuPage	
  Transfer	
  Buffer	
  was	
  made	
  from	
  100ml	
  10x	
  NuPAGE	
  Transfer	
  Buffer	
  	
  mixed	
  with	
  200	
  

ml	
  methanol	
  and	
  700	
  ml	
  ddH20	
  (pH7.2).	
  A	
  7x8cm	
  AmershamTM	
  ProtramTM	
  Nitrocellulose	
  0.2	
  μm	
  

pore	
  size	
  blotting	
  membrane	
  (Life	
  Science)	
  was	
  soaked	
  with	
  this	
   for	
  5	
  to	
  10	
  minutes.	
  Blotting	
  

pads	
  (extra	
  thick	
  blot	
  filter	
  paper,	
  Bio-­‐Rad)	
  and	
  two	
  pieces	
  of	
  manufacturer	
  recommended	
  filter	
  

paper	
   was	
   also	
   pre-­‐soaked	
   in	
   transfer	
   buffer.	
   After	
   electrophoresis	
   was	
   complete,	
   the	
   gel	
  

cassette	
  was	
   cracked	
  open	
  with	
   a	
  blunt	
   edged	
  knife	
   to	
   expose	
   the	
  polyacrylamide	
   gel.	
   This	
   is	
  

soaked	
  in	
  transfer	
  buffer	
  and	
  the	
  stacking	
  gel	
  containing	
  the	
  wells	
  is	
  removed	
  with	
  a	
  knife.	
  One	
  

piece	
   of	
   the	
   pre-­‐soaked	
   filter	
   paper	
   is	
   placed	
   on	
   the	
   transfer	
   unit,	
   ensuring	
   no	
   trapped	
   air	
  

bubbles	
   were	
   present.	
   The	
   pre-­‐soaked	
   membrane	
   is	
   then	
   placed	
   on	
   top	
   of	
   the	
   filter	
   paper,	
  

ensuring	
  no	
  air	
  bubbles	
  were	
  trapped.	
  Transfer	
  buffer	
  was	
  used	
  to	
  wet	
  the	
  surface	
  of	
  the	
  gel	
  and	
  

placed	
  on	
   the	
  membrane.	
  Any	
  air	
  bubbles	
   trapped	
  between	
  the	
  membrane	
  and	
  gel	
  was	
  rolled	
  

out	
  using	
  a	
  clean	
  pipette.	
  Finally	
  the	
  second	
  piece	
  of	
  filter	
  paper	
  was	
  placed	
  on	
  the	
  transfer	
  unit,	
  

once	
  again	
  ensuring	
  no	
  trapped	
  air	
  bubbles	
  were	
  present.	
  The	
  cassette	
  was	
  then	
  placed	
  into	
  the	
  

chamber	
  of	
  the	
  unit	
  with	
  a	
  -­‐20⁰C	
  ice	
  pack	
  to	
  prevent	
  over-­‐heating	
  and	
  was	
  then	
  run	
  at	
  80v	
  for	
  

60	
  minutes.	
  

Blocking	
  solution	
  was	
  prepared	
  with	
  3%	
  	
  BSA,	
  3%	
  ECL	
  Prime	
  TM	
  blocking	
  agent	
  (GE	
  Healthcare)	
  

and	
  100	
  mls	
  of	
  TBST.	
  Once	
  transferred,	
  the	
  membrane	
  was	
  washed	
  with	
  TBST	
  for	
  2	
  minutes.	
  10	
  

mls	
  of	
  blocking	
  solution	
  was	
  placed	
  onto	
  the	
  membrane	
  in	
  a	
  black	
  covered	
  box	
  and	
  placed	
  on	
  a	
  

shaker	
  for	
  1	
  hour.	
  Blocking	
  solution	
  was	
  then	
  removed	
  and	
  1:2000	
  primary	
  antibodies	
  of	
  mouse	
  

anti-­‐BDNF	
  (Icosagen)	
  was	
  added	
  and	
  incubated	
  with	
  the	
  membrane	
  overnight	
  at	
  4⁰C.	
  

The	
  membrane	
  was	
  washed	
  thrice	
  with	
  TBST	
  every	
  15	
  minutes.	
  Secondary	
  antibodies	
  of	
  anti-­‐

mouse	
  HRP	
  1:7500	
  (Promega)	
  was	
  incubated	
  with	
  the	
  membrane	
  for	
  1	
  hour.	
  	
  

This	
  was	
   then	
  washed	
   thrice	
  with	
  TBST	
  and	
  LumiGLO	
  Reserve	
  Chemiluminescent	
  Substrate®	
  

(KPL)	
  solution	
  every	
  20	
  minutes.	
  

The	
  membrane	
  was	
  then	
  immersed	
  in	
  1.5	
  μl	
  of	
  LumiGLO	
  solution	
  for	
  1	
  minute.	
  Development	
  of	
  

the	
   membrane	
   was	
   processed	
   with	
   a	
   Bio-­‐rad	
   ChemiDocTM	
   MP	
   System	
   for	
   chemiluminesence	
  

detection.	
  Images	
  were	
  processed	
  via	
  Image	
  LabTM	
  	
  v5.0	
  software.	
  

For	
   the	
   internal	
   control,	
   the	
  membrane	
  was	
  washed	
   thrice	
  with	
   TBST	
   every	
   10	
  minutes	
   and	
  

incubated	
  with	
  β3Tubilin	
  anti-­‐mouse	
  (Biolegend)	
  1:10000	
  for	
  1	
  hour.	
  It	
  was	
  then	
  washed	
  thrice	
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with	
  TBST	
  every	
  15	
  minutes	
  and	
  incubated	
  with	
  1:5000	
  anti-­‐mouse	
  Alexa	
  Fluor	
  647	
  secondary	
  

antibodies.	
   Image	
   acquisition	
   was	
   captured	
   with	
   a	
   Bio-­‐rad	
   Camera,	
   Imager	
   ChemiDoc™	
   MP	
  

Version	
  5.0	
  for	
  0.369	
  seconds	
  of	
  exposure	
  time.	
  Pierce	
  staining	
  was	
  used	
  to	
  show	
  the	
  presence	
  

of	
   proteins.	
   MemCodeTM	
   Reversible	
   Protein	
   Stain	
   kit	
   (Thermo	
   Scientific)	
   was	
   applied	
   as	
   per	
  

manufacturer’s	
  instructions.	
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CHAPTER	
  3	
  RETINAL	
  GANGLION	
  CELL	
  VIABILITY	
  IN	
  RETINAL	
  

EXPLANTS	
  	
  

OBJECTIVES	
  

• To	
  determine	
  which	
  automated	
  Sholl	
  program	
  should	
  be	
  used	
  for	
  analysis	
  by	
  comparing	
  

several	
  well-­‐known	
  programs	
  against	
  manually	
  produced	
  Sholl	
  profiles	
  

• To	
  determine	
  duration	
  of	
   retinal	
  explant	
  viability	
   inclusive	
  of	
  RGC	
  health	
  by	
  assessing	
  

Sholl	
  profiles	
  	
  

	
  

3.1	
  INTRODUCTION	
  

Adult	
  organotypic	
  retinal	
  explant	
  culture	
  systems	
  in	
  rodents	
  are	
  well	
  established	
  and	
  have	
  been	
  

used	
   as	
   an	
   in-­‐vitro	
   ocular	
   stem	
   cell	
   transplantation	
   model,	
   to	
   investigate	
   neuroprotective	
  

therapies,	
   pharmacological	
   toxicity	
   and	
   laser	
   retinal	
   applications(Johnson	
   and	
   Martin,	
   2008,	
  

Schlichtenbrede	
   et	
   al.,	
   2009,	
   Wood	
   et	
   al.,	
   2011).	
   In-­‐vivo	
   studies	
   have	
   involved	
   intravitreal	
  

injection	
  of	
  drugs	
  of	
  which	
  precise	
  drug	
  concentrations	
  are	
  difficult	
  to	
  control	
  in	
  comparison	
  to	
  

in-­‐vitro	
  studies(Manabe	
  et	
  al.,	
  2002).	
  In-­‐vitro	
  cultures	
  of	
  dissociated	
  retinal	
  cells	
  causes	
  loss	
  of	
  

its	
   normal	
   morphological	
   features.	
   Retinal	
   explant	
   culture	
   systems	
   maintain	
   cell-­‐to-­‐cell	
  

interactions	
   present	
   in	
   intact	
   tissues.	
   However,	
   use	
   of	
   retinal	
   explants	
   as	
   a	
   therapeutic	
   test	
  

platform	
   is	
   critically	
   dependent	
   on	
   the	
   duration	
   of	
   its	
   viability	
   in	
   culture.	
   In	
   rodents	
   this	
   has	
  

been	
  reported	
  to	
  be	
  sustained	
  for	
  up	
  to	
  two	
  weeks	
  in	
  adult	
  rats	
  (Johnson	
  and	
  Martin,	
  2008).	
  	
  

Efforts	
   towards	
   prolonging	
   retinal	
   ganglion	
   cell	
   survival	
   through	
   extrinsic	
   neuroprotective	
  

therapies	
   have	
   been	
   promising(Martin	
   et	
   al.,	
   2003).	
   Indeed,	
   adult	
   rat	
   retinal	
   explant	
   culture	
  

models	
  have	
  been	
  used	
   to	
   screen	
   for	
  potential	
   retinal	
   ganglion	
   cell	
   neuroprotective	
   therapies	
  

(Bull	
   et	
   al.,	
   2011,	
   Guerin	
   et	
   al.,	
   2011,	
   Manabe	
   et	
   al.,	
   2002).	
   To	
   assess	
   retinal	
   ganglion	
   cell	
  

survival,	
  histological	
  analysis	
  of	
   the	
  retinal	
  ganglion	
  cell	
   layer	
   is	
  often	
  used	
  (Caffe	
  et	
  al.,	
  2001,	
  

Johnson	
   and	
  Martin,	
   2008).	
  Most	
   reports	
   have	
   assessed	
   retinal	
   ganglion	
   cell	
   neuroprotection	
  

through	
  nuclei	
  counts	
  in	
  the	
  retinal	
  ganglion	
  cell	
  layer,	
  whereby	
  overestimation	
  of	
  RGC	
  survival	
  

is	
  likely	
  to	
  occur(Bull	
  et	
  al.,	
  2011,	
  Guerin	
  et	
  al.,	
  2011)	
  as	
  microglia	
  have	
  been	
  reported	
  to	
  engulf	
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dead	
   RGC	
   especially	
   when	
   labelled	
   with	
   DiI(Thanos,	
   1991).	
   In	
   this	
   chapter	
   I	
   will	
   quantify	
  

dendritic	
  complexities	
  of	
  RGC	
  in	
  retinal	
  explants	
  over	
  time	
  by	
  Sholl	
  analysis	
  as	
  a	
  more	
  sensitive	
  

and	
   efficient	
   marker	
   for	
   retinal	
   ganglion	
   cell	
   survival	
   in	
   comparison	
   to	
   retinal	
   ganglion	
   cell	
  

count	
   densities.	
   I	
   will	
   determine	
   the	
   duration	
   for	
  which	
   RGCs	
  maintain	
   the	
   integrity	
   of	
   their	
  

dendritic	
  trees	
  that	
  will	
  be	
  the	
  basis	
  for	
  my	
  thesis.	
  	
  

	
  	
  

Experimental	
  Design	
  

As	
  retinal	
  explants	
  will	
  act	
  as	
  a	
  test	
  bed	
  for	
  NSC	
  galvanotaxis	
  from	
  inner	
  nuclear	
  layer	
  to	
  outer	
  

nuclear	
  layer,	
  duration	
  of	
  explant	
  viability	
  especially	
  its	
  inner	
  nuclear	
  layer	
  consisting	
  of	
  RGCs,	
  

needs	
   to	
   be	
   determined.	
   Sholl	
   profiles	
   were	
   analysed	
   to	
   determine	
   RGC	
   health	
   in	
   retina	
  

explants.	
   To	
   determine	
   which	
   automated	
   Sholl	
   program	
   should	
   be	
   used	
   for	
   analysis,	
   four	
  

programs	
  (FIJI	
  plug-­‐in:	
  Simple	
  Neurite	
  Tracer,	
  FIJI	
  plug-­‐in:	
  Bit	
  Map	
  Sholl	
  Analysis,	
  FIJI	
  plug-­‐in:	
  

Ghosh	
  Lab	
  Sholl	
  analysis	
  and	
  Fast	
  Sholl	
  MATLAB	
  script)	
  were	
  compared	
  to	
  manually	
  produced	
  

Sholl	
  profiles	
  of	
  RGC	
  diolistically	
   labelled	
  with	
  DiI	
  (See	
  chapter	
  2.3.2).	
  RGC	
  Sholl	
  profiles	
  were	
  

then	
  analysed	
  for	
  up	
  to	
  3	
  days	
  to	
  determine	
  its	
  health	
  in	
  retinal	
  explant	
  culture.	
  Retinal	
  explant	
  

viability	
  was	
  also	
  assessed;	
  for	
  apoptosis	
  by	
  TUNEL	
  staining,	
  living	
  cells	
  by	
  Calcein-­‐AM	
  staining	
  

and	
  architecture	
  by	
  nuclear	
  staining,	
  for	
  up	
  to	
  14	
  days.	
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3.2	
  RESULTS	
  

3.2.1	
  MANUAL	
  CALIBRATION	
  OF	
  SHOLL	
  ANALYSIS	
  

Both	
   RGCs	
   and	
   amacrine	
   cells	
  were	
   stained	
  with	
   DiI	
   using	
   the	
   gene	
   gun	
  method.	
   RGCs	
  were	
  

identified	
  based	
  on	
  their	
  morphological	
  appearance	
  according	
  to	
  Sun	
  et	
  al.(Sun	
  et	
  al.,	
  2002)	
  and	
  

the	
  presence	
  of	
  a	
  definite	
  axon	
  (see	
   figure	
  3.1).	
  TOPRO-­‐3	
  served	
  as	
  a	
  nuclear	
  counter	
  stain	
  as	
  

well	
  as	
  guided	
  identification	
  of	
  retinal	
  cell	
  layers	
  to	
  ensure	
  the	
  cell	
  identified	
  was	
  in	
  the	
  correct	
  

layer.	
   Sixty	
   two	
   RGC	
   images	
   from	
   25	
   retinas	
   were	
   acquired	
   and	
   analysed.	
   Figure	
   3.2	
  

demonstrates	
  the	
  mean	
  of	
  the	
  cumulative	
  Sholl	
  profiles	
  of	
  all	
  62	
  RGC	
  images	
  [Wai	
  Siene	
  Ng=38,	
  

Katie	
  Binley=24]	
  produced	
  by	
  the	
  four	
  programs	
  under	
  scrutiny	
  in	
  comparison	
  to	
  that	
  produced	
  

manually;	
   taken	
  as	
  gold	
  standard.	
  The	
  FIJI	
  plug-­‐in:	
  Simple	
  Neurite	
  Tracer	
  correlated	
  best	
  with	
  

that	
  of	
   the	
  manual	
   Sholl	
  profile.	
   Fastsholl	
  MATLAB	
  script,	
  Ghosh	
  Lab	
  and	
  FIJI	
  plug-­‐in:	
  Bitmap	
  

Sholl	
  programs	
  undercounted	
  dendritic	
   intersections.	
  Not	
  only	
  were	
  FIJI	
  plug-­‐in:	
  Bitmap	
  Sholl	
  

and	
   Ghosh	
   lab	
   undercounting	
   dendrites	
   the	
   most,	
   but	
   they	
   also	
   correlated	
   similarly	
   to	
   each	
  

other	
  in	
  Sholl	
  production	
  with	
  a	
  second	
  erroneous	
  peak	
  further	
  away	
  from	
  the	
  soma	
  centre	
  at	
  

around	
  250μm	
  (see	
  figure	
  3.2).	
  The	
  calculated	
  percentage	
  difference	
  of	
  each	
  program	
  compared	
  

to	
  manual	
   plots	
   are	
   shown	
   in	
   Figure	
   3.3.	
   ICC	
   for	
   the	
   two	
   assessors	
   (Wai	
   Siene	
   Ng	
   and	
   Katie	
  

Binley)	
   used	
   for	
   manual	
   count	
   of	
   dendritic	
   intersections	
   ranged	
   from	
   0.942-­‐0.988	
   showing	
  

excellent	
  agreement	
  levels.	
  	
  

Bland-­‐Altman	
  plots	
  for	
  all	
   four	
  programs	
  are	
  shown	
  in	
  Figure	
  3.4	
  with	
  some	
  suggestion	
  of	
  the	
  

presence	
   of	
   systematic	
   errors	
   in	
   the	
   FIJI	
   plug-­‐in:	
   Bitmap	
   Sholl,	
   indicated	
   by	
   large	
   limits	
   of	
  

agreement	
  (shown	
  in	
  dotted	
  line,	
  see	
  figure	
  3.1)	
  in	
  the	
  plots	
  and	
  a	
  random	
  arrangement	
  of	
  data	
  

points.	
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Figure	
  3.1	
  A)	
  Confocal	
   image	
  of	
  DiI	
  stained	
  RGC	
  with	
  corresponding	
  tracing	
  (B)	
  and	
  overlay	
  of	
  
10um	
   incremental	
   radius	
   ring	
   tracings	
   for	
  manual	
   count	
   of	
   dendritic	
   intersections	
   (C).	
  White	
  
arrow	
  represents	
  axon	
  of	
  RGC.	
  Black	
  scale	
  bar	
  represents	
  100	
  microns.	
  

	
  

	
  

Figure	
  3.2	
  Sholl	
  plots	
  produced	
  by;	
  FIJI:	
  Simple	
  Neurite	
  Tracer,	
  Fast	
  Sholl	
  MATLAB	
  script,	
  FIJI	
  
Bitmap	
  Sholl	
  and	
  Ghosh	
  lab	
  compared	
  to	
  the	
  gold	
  standard	
  manually	
  produced	
  Sholl	
  plot	
  (red).	
  
N=62	
  Error	
  bars	
  represent	
  SEM.	
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Figure	
   3.3	
   Bar	
   chart	
   showing	
   calculated	
   percentage	
   difference	
   for	
   area	
   under	
   curve	
   of	
   Sholl	
  
profiles	
   from	
   assessed	
   automated	
   Sholl	
   programs;	
   FIJI:	
   Simple	
   Neurite	
   Tracer,	
   Fast	
   Sholl	
  
MATLAB	
   script,	
   FIJI	
   Bitmap	
   Sholl	
   and	
  Ghosh	
   lab,	
   in	
   comparison	
   to	
   area	
   under	
   curve	
   for	
   Sholl	
  
profiles	
  produced	
  by	
  manual	
  count.	
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Figure	
   3.4	
   Bland-­‐Altman	
   plots	
   comparing	
   total	
   intersections	
   for	
   FIJI:	
   Simple	
   Neurite	
   Tracer,	
  
Fast	
   Sholl	
   MATLAB	
   script,	
   FIJI:	
   Bitmap	
   Sholl	
   and	
   Ghosh	
   lab	
   to	
   Manual	
   Sholl	
   analysis.	
   The	
  
difference	
   in	
   total	
   number	
   of	
   intersections	
   between	
   each	
   method	
   for	
   each	
   cell	
   is	
   plotted	
  
against	
   the	
   average	
   number	
   of	
   total	
   intersections	
   for	
   the	
   two	
   methods	
   for	
   each	
   cell.	
   (n=62)	
  
95%	
  Limits	
  of	
  agreement	
  are	
  shown	
  in	
  dotted	
  lines.	
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3.2.2	
  RETINAL	
  EXPLANT	
  VIABILITY	
  

3.2.2.1	
  SHOLL	
  ANALYSIS	
  

A	
   total	
   of	
   174	
   RGCs	
   from	
   50	
   retinas	
   were	
   acquired	
   and	
   analysed	
   by	
   the	
   semi-­‐automated	
  

programme	
   FIJI:	
   Simple	
   Neurite	
   Tracer.	
   Fourty	
   three	
   RGCs	
   were	
   captured	
   immediately	
   post	
  

enucleation	
   (day	
   0)	
   [Wai	
   Siene	
   Ng=37,	
   Katie	
   Binley=6],	
   21	
   RGCs	
   6	
   hours	
   ex	
   vivo	
   [Wai	
   Siene	
  

Ng=15,	
  Katie	
  Binley=6],	
  32	
  RGCs	
  on	
  days	
  ex-­‐vivo	
  1	
  (DEV1)	
  [Wai	
  Siene	
  Ng=24,	
  Katie	
  Binley=8],	
  

42	
   on	
   DEV2	
   [Wai	
   Siene	
   Ng=8,	
   Katie	
   Binley=34]	
   and	
   36	
   on	
   DEV3	
   [Wai	
   Siene	
   Ng=26,	
   Katie	
  

Binley=10].	
  Figure	
  3.7	
  displays	
  the	
  Sholl	
  profiles	
  produced	
  by	
  the	
  mean	
  of	
  RGCs	
  analysed	
  on	
  all	
  

5	
   time	
   endpoints.	
   By	
   day	
   4,	
   there	
  were	
   no	
   definite	
   RGCs	
   identifiable.	
   Examples	
   of	
   RGC	
   from	
  

retinal	
   explants	
   captured	
   at	
   different	
   time	
   endpoints	
   are	
   shown	
   from	
   figure	
   3.5.	
   The	
   AUC	
   of	
  

Sholl	
  profiles	
  from	
  day	
  0	
  to	
  DEV3	
  decreased	
  with	
  increasing	
  culture	
  time	
  [see	
  figure	
  3.8].	
  Two-­‐

tailed	
  paired	
  sample	
  T	
  test	
  at	
  95%CI	
  showed	
  a	
  significant	
  difference	
  between	
  Day	
  0	
  vs	
  6	
  hours	
  

ex-­‐vivo	
   (p=0.011),	
   Day	
   0	
   vs	
   DEV	
   1(p<0.001),	
   Day	
   0	
   vs	
   DEV	
   2(p=0.001)	
   and	
   Day	
   0	
   vs	
   DEV3	
  

(p<0.001).	
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Figure	
   3.5	
   Retinal	
   Ganglion	
   Cells	
   (RGC)	
   stained	
   with	
   DiI	
   confocal	
   image	
   at	
   0	
   days	
   ex-­‐vivo	
  
(DEV),	
  1	
  day	
  ex-­‐vivo,	
  2	
  days	
  ex-­‐vivo	
  and	
  3	
  days	
  ex-­‐vivo.	
  RGC	
  from	
  DEV1	
  shown	
  still	
  maintains	
  
its	
   dendritic	
   complexity	
   while	
   RGC	
   from	
   DEV2	
   and	
   DEV3	
   show	
   truncated	
   dendrites	
   with	
  
reduced	
   branching	
   complexities.	
   RGC	
   at	
   DEV3	
   shows	
   a	
   faint	
   axon	
   with	
   markedly	
   truncated	
  
dendrites.	
  DEV4	
  showed	
  no	
  identifiable	
  RGCs.	
  	
  Scale	
  bar	
  represents	
  100µm.	
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Figure	
   3.6	
   Scatter	
   plots	
   of	
   RGC	
   position	
   on	
   retina	
   for	
   days	
   ex-­‐vivo	
   0	
   to	
   3	
   showing	
   random	
  
labelling	
  of	
  RGC.	
  On	
   the	
  X	
  axis	
  N=nasal,	
  T=	
   temporal,	
   and	
  on	
   the	
  y	
   axis	
   S=superior,	
   I=inferior.	
  
Optic	
  nerve	
  head	
  is	
  represented	
  at	
  0,	
  0	
  coordinates.	
  Scale	
  bar:	
  100µm.	
  	
  	
  

	
  

	
  

Figure	
   3.7	
   Sholl	
   profiles	
   of	
   RGCs	
   from	
   retina	
   explants	
   cultured	
   for	
   0	
   days	
   (red)	
   [n=43],	
   DEV6	
  
hours	
  [n=21],	
  DEV1	
  [n=32],	
  DEV2	
  [n=42]	
  and	
  DEV3	
  [n=36]	
  ex-­‐vivo.	
  Error	
  bars	
  shown	
  in	
  SEM.	
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Figure	
   3.8	
  Bar	
   chart	
   showing	
  AUC	
   for	
   Sholl	
   profiles	
   of	
   RGC	
   from	
   retina	
   explants	
   culture	
   for	
   0	
  
days,	
   6	
   hours,	
   1	
   day,	
   2	
   days,	
   3	
   days	
   and	
   4	
   days	
   ex-­‐vivo.	
   No	
   RGCs	
  were	
   identified	
   on	
   DEV4	
   to	
  
produce	
   a	
   Sholl	
   profile.	
   Error	
   bars	
   shown	
   in	
   SEM.	
   *=p<0.05,	
   **=p<0.01	
   post	
   Bonferroni	
  
correction	
  when	
  compared	
  with	
  0	
  days	
  ex-­‐vivo.	
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  3.2.2.2	
  RETINAL	
  CELL	
  ARCHITECTURE:	
  NUCLEAR	
  STAINING	
  

Nuclei	
   structural	
   integrity	
   for	
   ganglion	
   cell	
   layer	
   (GCL),	
   inner	
   nuclear	
   layer	
   (INL)	
   and	
   outer	
  

nuclear	
  layer	
  (ONL)	
  up	
  to	
  14	
  days	
  are	
  described	
  in	
  Figure	
  3.9.	
  Ganglion	
  cell	
  layer	
  nuclei	
  started	
  

out	
  high	
  at	
  Day	
  0	
  but	
  halved	
  by	
  DEV	
  3	
  and	
  stayed	
  similarly	
  low	
  but	
  still	
  present,	
  even	
  at	
  DEV14	
  

(p=0.007	
   at	
   DEV14).	
   	
   Inner	
   nuclear	
   layer	
   thickness	
   surprisingly	
   increased	
   as	
   culture	
   period	
  

extended	
  (p=0.016	
  at	
  DEV14),	
  whereas	
  outer	
  nuclear	
  layer	
  thickness	
  increased	
  initially	
  at	
  DEV3	
  

but	
  decreased	
  thereafter	
  but	
  this	
  was	
  statistically	
  insignificant.	
  	
  

	
  

3.2.2.3	
  APOPTOSIS	
  DETECTION	
  BY	
  TUNEL	
  STAINING	
  

All	
  layers	
  were	
  positive	
  for	
  TUNEL	
  staining	
  at	
  14	
  DEV.	
  In	
  GCL	
  14	
  DEV	
  showed	
  the	
  most	
  TUNEL	
  

positive	
  staining,	
  but	
  in	
  ONL	
  and	
  INL	
  layers	
  TUNEL	
  staining	
  was	
  shown	
  to	
  occur	
  from	
  DEV7	
  (see	
  

Figure	
  3.10).	
  There	
  were	
  no	
  statistically	
  significant	
  differences	
  shown.	
  	
  

	
  

3.2.2.4	
  LIVE	
  CELL	
  DETECTION	
  BY	
  CALCEIN-­‐AM	
  LABELLING	
  

Retina	
  explants	
  showed	
  abundant	
  Calcein-­‐AM	
  staining	
   in	
   the	
  GCL	
  on	
  DEV0	
  as	
  well	
  as	
  DEV	
  14.	
  

There	
  was	
  a	
  slight	
  reduction	
  in	
  average	
  number	
  of	
  Calcein	
  positive	
  cells	
  per	
  mm2	
  and	
  this	
  was	
  

statistically	
  significant	
  (p=0.022)	
  (Figure	
  3.11).	
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Figure	
   3.9	
   Top	
   three	
   confocal	
   images	
   of	
   nuclei	
   stained	
   with	
   TOPRO-­‐3	
   from	
   cryosections	
   of	
  
retinal	
   explants	
   at	
   0	
   days	
   ex-­‐vivo,	
   7	
   days	
   ex-­‐vivo	
   and	
   14	
   days	
   ex-­‐vivo.	
   GCL=Ganglion	
   Cell	
  
Layer,	
   INL=Inner	
   nuclear	
   Layer,	
   ONL=Outer	
   Nuclear	
   Layer.	
   White	
   scale	
   bar	
   represents	
   100	
  
microns.	
  Bottom	
  bar	
  charts	
  show	
  GCL	
  layer	
  nuclear	
  counts	
  (n=4),	
  INL	
  thickness	
  (n=3)	
  and	
  ONL	
  
thickness	
   (n=3)	
   from	
   retinal	
   explant	
   cryosections	
   up	
   to	
   14	
   days	
   ex-­‐vivo.	
   Error	
   bars	
   shown	
   in	
  
SEM.	
  *=p<0.05,	
  **=p<0.01	
  post	
  Bonferroni	
  correction	
  compared	
  to	
  0	
  DEV	
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Figure	
  3.10	
  Confocal	
   images	
  above	
  demonstrate	
  cryosection	
   images	
  of	
   retinal	
  explants	
  at	
  0,	
  5,	
  
7	
   and	
   14	
   DEV	
   stained	
   with	
   TOPRO-­‐3(blue)	
   for	
   nuclei	
   and	
   TUNEL(green)	
   for	
   apoptosis.	
  
GCL=Ganglion	
   Cell	
   Layer,	
   INL=Inner	
   nuclear	
   Layer,	
   ONL=Outer	
   Nuclear	
   Layer.	
   Scale	
   bar=100	
  
microns.	
   Bar	
   charts	
   show	
   percentage	
   of	
   TUNEL	
   positive	
   cells	
   per	
   mm,	
   number	
   of	
   TUNEL	
  
positive	
   nuclei	
   in	
   ONL	
   and	
   number	
   of	
   TUNEL	
   positive	
   nuclei	
   in	
   INL	
   from	
   retinal	
   explant	
  
cryosections	
  up	
  to	
  14	
  days	
  ex-­‐vivo.	
  Error	
  bars	
  shown	
  in	
  SEM.	
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Figure	
   3.11	
   Confocal	
   images	
   A-­‐B	
   show	
   Calcein-­‐AM	
   positive	
   cells	
   captured	
   of	
   1	
   micron	
   slice	
  
images	
  in	
  Ganglion	
  Cell	
  Layer	
  of	
  retinal	
  explant	
  on	
  DEV	
  0	
  and	
  DEV	
  14.	
  Scale	
  bar:	
  100µm.	
  C)	
  Bar	
  
chart	
   showing	
   reduction	
   in	
   the	
   average	
   number	
   of	
   Calcein-­‐positive	
   cells	
   per	
  mm2	
   from	
  DEV	
  0	
  
and	
  DEV	
  14	
  (n=8).	
  Error	
  bars	
  represent	
  SEM.	
  *=p<0.05	
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3.3	
  DISCUSSION	
  

The	
  generation	
  of	
  a	
  Sholl	
  profile	
  is	
  a	
  two	
  stage	
  process	
  in	
  our	
  experiments.	
  Firstly,	
  tracing	
  of	
  the	
  

neuron;	
  or	
  in	
  this	
  case	
  the	
  RGC	
  dendrite	
  defines	
  the	
  position	
  of	
  all	
  the	
  dendrites.	
  In	
  the	
  second	
  

stage	
  the	
  programs	
  under	
  scrutiny	
  would	
  be	
  run	
  based	
  on	
  the	
  tracings	
  previously	
  produced,	
  to	
  

generate	
  a	
  Sholl	
  profile.	
  

In	
   this	
   chapter	
   I	
   calibrated	
  4	
  programs	
   to	
   the	
   “gold	
   standard”	
  manual	
   Sholl	
   profile.	
   	
   	
   The	
  FIJI	
  

plug-­‐in:	
   Simple	
  Neurite	
   Tracer	
   emerged	
   as	
   the	
   best	
   program	
   out	
   of	
   the	
   4	
   in	
   correlation	
  with	
  

manual	
   calibration.	
   Fastsholl	
  MATLAB	
   script,	
   FIJI	
   plug-­‐in:	
  Ghosh	
  Lab	
   and	
  FIJI	
   plug-­‐in:	
  Bitmap	
  

Sholl	
   programs	
   undercounted	
   dendritic	
   intersections	
  with	
   FIJI	
   plug-­‐in:	
   Bitmap	
   Sholl	
   and	
   FIJI	
  

plug-­‐in:	
   Ghosh	
   lab	
   undercounting	
   dendrites	
   the	
  most.	
   As	
  Bitmap	
   and	
  Ghosh	
   lab	
   analysis	
  may	
  

lead	
  to	
  undercounting,	
  caution	
  especially	
  in	
  retinal	
  ganglion	
  cell	
  analysis	
  should	
  be	
  taken	
  as	
  this	
  

would	
  give	
  a	
  false	
  effect	
  on	
  neuroprotective	
  agents.	
  

	
  Furthermore,	
   an	
   erroneous	
   second	
   lesser	
   hump	
   further	
   away	
   from	
   the	
   soma	
   centre	
   at	
   about	
  

200	
  microns	
  radius	
  was	
  observed.	
  At	
  first	
  I	
  thought	
  that	
  perhaps	
  a	
  maximum	
  radius	
  limit	
  larger	
  

than	
   the	
   dendritic	
   field	
  may	
   cause	
   the	
   algorithm	
   to	
   perform	
   a	
   reverse	
   count	
   of	
   intersections	
  

back	
   towards	
   the	
   soma.	
   Efforts	
   to	
   eliminate	
   this	
   by	
   adjusting	
   the	
   maximum	
   limit	
   of	
   radius	
  

diameter	
  failed	
  to	
  address	
  this.	
  When	
  readings	
  obtained	
  from	
  a	
  blank	
  image	
  was	
  analysed	
  with	
  

Ghosh	
  lab	
  and	
  Bitmap	
  and	
  subtracted	
  from	
  the	
  Sholl	
  analysis	
  of	
   interest,	
   the	
  second	
  peak	
  was	
  

removed.	
  This	
  is	
  because	
  FIJI	
  produces	
  a	
  rectangular	
  boundary	
  on	
  the	
  bitmap	
  canvas	
  resulting	
  

in	
   the	
   generation	
   of	
   the	
   artefact	
   in	
   the	
   Sholl	
   profile.	
   In	
   order	
   to	
   remove	
   this	
   error,	
   future	
  

analyses	
   using	
   these	
   programs	
   should	
   be	
   run	
   with	
   blank	
   image	
   subtraction	
   or	
   an	
   increased	
  

canvas	
  size	
  image	
  so	
  that	
  the	
  image	
  outline	
  does	
  not	
  interfere	
  with	
  readings.	
  	
  

The	
  Fastsholl	
  MATLAB	
  script	
  had	
  been	
  manually	
  calibrated(Gutierrez	
  and	
  Davies,	
  2007)	
  and	
  so	
  

correlated	
  well	
  compared	
  to	
  the	
  manual	
  with	
  only	
  a	
  slight	
  undercount	
  [AUC	
  3.5%	
  below	
  manual	
  

count].	
   Gutierrez	
   et	
   al.	
   acknowledge	
   that	
   in	
   their	
   efforts	
   towards	
   achieving	
   efficiency;	
   using	
  

terminal	
   points	
   and	
   branching	
   points	
   to	
   predict	
   the	
   number	
   of	
   intersections	
   at	
   set	
   ring	
  

diameters,	
   it	
   is	
   possible	
   that	
   any	
   dendrites	
  which	
  meander	
   and	
   intersect	
   the	
   ring	
  more	
   than	
  

once	
  or	
  even	
  extend	
  backwards	
  to	
  the	
  soma,	
  would	
  result	
   in	
  a	
  slight	
  overestimation(Gutierrez	
  

and	
  Davies,	
  2007).	
  	
  



106	
  

	
  

As	
   two	
   assessors	
   was	
   used,	
   Intraclass	
   correlation	
   coeffecient	
   analysis	
   was	
   performed	
   to	
  

highlight	
   any	
   inter	
   observer	
   variability	
   in	
   dendrite	
   tracing	
   given	
   that	
   reduced	
   reproducibility	
  

and	
  human	
  error	
  with	
  manual	
  neurite	
   tracings	
  have	
  been	
  reported(Meijering	
  et	
  al.,	
  2004).	
  To	
  

curb	
  this,	
  a	
  semi-­‐automated	
  neurite	
  tracer	
  plug-­‐in	
  available	
  on	
  FIJI;	
  Simple	
  Neurite	
  Tracer	
  was	
  

used	
   ((Longair	
   et	
   al.,	
   2011).	
   Indeed,	
   excellent	
   correlation	
   of	
   nearly	
   100%	
   between	
   the	
   two	
  

tracers	
  was	
  observed	
  (ICC	
  0.942-­‐0.988).	
  

Overall,	
   the	
   FIJI	
   plug-­‐in:	
   Simple	
   Neurite	
   Tracer	
   would	
   be	
   recommended	
   as	
   the	
   program	
   of	
  

choice	
  for	
  Sholl	
  analysis	
  of	
  RGC.	
  Its	
  advantage	
  in	
  being	
  open-­‐source	
  overcasts	
  the	
  commercially	
  

available	
  Fast	
  Sholl	
  MATLAB	
  though	
  comparable	
  in	
  accuracy.	
  Having	
  a	
  semi-­‐automated	
  tracing	
  

algorithm	
  within	
  the	
  Simple	
  Neurite	
  Tracer	
  plug-­‐in	
  facilitates	
  the	
  generation	
  of	
  a	
  Sholl	
  profile.	
  

The	
   experiment	
   highlights	
   the	
   need	
   for	
   calibration	
   of	
   Sholl	
   analysis	
   plug-­‐ins	
   available	
   on	
   FIJI	
  

prior	
   to	
   commencing	
   analysis.	
   This	
   could	
   possibly	
   contribute	
   to	
   surprising	
   results	
   such	
   as	
  

observing	
  no	
  difference	
  in	
  AUC	
  for	
  Sholl	
  profiles	
  of	
  RGC	
  treated	
  with	
  or	
  without	
  viral	
  mediated	
  

gene	
  therapy	
  despite	
  the	
  presence	
  of	
  other	
  morphological	
  changes(Rodger	
  et	
  al.,	
  2012)	
  and	
  in	
  

Kalesnykas	
   et	
   al.	
   observing	
   no	
   significant	
   decrease	
   in	
   dendritic	
   structure	
   for	
   experimental	
  

glaucoma	
  eyes	
  despite	
  the	
  detection	
  of	
  terminal	
  axon	
  and	
  soma	
  loss(Kalesnykas	
  et	
  al.,	
  2012).	
  

Retinal	
   explants	
   cultured	
   in	
   this	
   lab	
   showed	
   that	
   using	
   diolistics,	
   RGC	
   structure	
   could	
   be	
  

identified	
   for	
   up	
   to	
   3	
   days	
   ex-­‐vivo.	
   Thereafter,	
   staining	
   of	
   cells	
  were	
   few	
   and	
   if	
   present	
  were	
  

indistinguishable	
   from	
  amacrine	
  cells	
  due	
  to	
   the	
  absence	
  of	
  an	
  axon.	
  Prior	
   to	
   this	
  study,	
   there	
  

has	
  been	
  no	
  detailed	
  morphological	
  quantification	
  of	
  RGC	
   in	
  retinal	
  explant	
  culture	
  over	
   time.	
  

Sholl	
  analysis	
  of	
  RGC	
  identified	
  a	
  significant	
  decrease	
  in	
  dendritic	
  complexity	
  from	
  Day	
  0	
  to	
  Day	
  

3.	
  Indeed,	
  the	
  AUC	
  had	
  halved	
  by	
  Day	
  2	
  ex-­‐vivo.	
  From	
  the	
  Sholl	
  analysis,	
  it	
  is	
  interesting	
  to	
  note	
  

that	
   dendritic	
   complexity	
   was	
   decreasing	
   further	
   away	
   from	
   the	
   soma	
   first	
   and	
   maintaining	
  

complexity	
  closer	
  to	
  the	
  soma.	
  It	
  is	
  possible	
  that	
  dendrite	
  loss	
  was	
  occurring	
  distal	
  to	
  the	
  soma	
  

first	
   as	
   these	
  were	
  more	
  vulnerable	
   in	
   comparison	
   to	
   those	
   closer	
   to	
   the	
   soma,	
  or	
   that	
   larger	
  

RGC	
  were	
  dying	
  faster	
  than	
  smaller	
  RGC.	
  This	
  was	
  similarly	
  observed	
  in	
  Manabe	
  et	
  al.	
  whereby	
  

retrograde	
  labelling	
  of	
  RGC	
  with	
  DiI	
  in	
  the	
  superior	
  colliculus,	
  followed	
  by	
  its	
  cell	
  count	
  during	
  

retinal	
  explant	
  cultures,	
  found	
  a	
  shift	
  from	
  the	
  size	
  of	
  the	
  fluorescent	
  retinal	
  ganglion	
  cell	
  spot	
  

size	
  gradually	
  over	
  10	
  days(Manabe	
  et	
  al.,	
  2002).	
  They	
  commented	
  that	
  this	
  was	
  akin	
  to	
  dying	
  of	
  

larger	
  RGC	
  first	
  in	
  comparison	
  to	
  smaller	
  ones.	
  	
  

It	
   seems	
   that	
   RGC	
   dendritic	
   complexity	
   is	
   lost,	
   prior	
   to	
   RGC	
   nuclei	
   loss.	
   Johnson	
   et	
   al.	
   had	
  

reported	
  explants	
  viability	
  of	
  up	
  to	
  2	
  weeks,	
  our	
  data	
  shows	
  that	
  the	
  health	
  of	
  RGCs	
  and	
  perhaps	
  

other	
   underlying	
   cells	
   are	
   compromised	
   much	
   earlier	
   than	
   reported	
   (Johnson	
   and	
   Martin,	
  

2008).	
   	
   Although	
   their	
   rat	
   retinal	
   explant	
   culture	
   system	
   was	
   very	
   similar	
   to	
   retina	
   explant	
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cultured	
   in	
   this	
   lab,	
   these	
   differences	
   in	
   reported	
   explant	
   viability	
   highlights	
   the	
   fact	
   that	
   in	
  

retinal	
  explant	
  use,	
  the	
  health	
  of	
  the	
  target	
  cell	
  under	
  investigation	
  i.e.	
  RGC	
  in	
  this	
  thesis,	
  needs	
  

to	
  be	
   taken	
   into	
  account.	
  Reliance	
  on	
   retinal	
   architecture	
  and	
   immunohistochemistry	
  alone	
   is	
  

insufficient	
   to	
   confirm	
   RGC	
   health.	
   In	
   this	
   chapter,	
   it	
   is	
   demonstrated	
   that	
   although	
   retinal	
  

architecture	
  was	
  intact	
  with	
  very	
  low	
  levels	
  of	
  TUNEL	
  staining	
  at	
  up	
  to	
  14	
  days	
  explant	
  culture,	
  

and	
  positive	
  Calcein-­‐AM	
  labelling	
  at	
  14	
  days,	
  when	
  RGCs	
  are	
  viewed	
  directly	
  and	
  quantified	
  by	
  

Sholl	
  profile,	
  their	
  health	
  is	
  visibly	
  compromised	
  by	
  day	
  3	
  of	
  explant	
  culture.	
  Hence,	
  should	
  any	
  

therapeutics	
  be	
  tested	
  after	
  3	
  days;	
  by	
  which	
  dendropathy	
  was	
  at	
  a	
  severe	
  extent,	
  no	
  difference	
  

would	
  be	
  detected	
  in	
  retinal	
  ganglion	
  cell	
  morphology	
  and	
  possibly	
  function.	
  	
  	
  	
  

Moritoh	
   et	
   al.	
   concurred	
  with	
   results	
   in	
   this	
   chapter	
   as	
   they	
  managed	
   to	
   keep	
   adult	
   rat	
   and	
  

mouse	
  retina	
  viable	
  up	
  to	
  4	
  days(Moritoh	
  et	
  al.,	
  2010).	
  They	
  tested	
  viability	
  by	
  demonstrating	
  

structure	
  by	
  ballistic	
   transfer	
  and	
   function	
  by	
  patch	
  clamp	
   testing.	
  They	
  conducted	
  a	
  particle-­‐

mediated	
  ballistic	
  transfer	
  of	
  EGFP	
  into	
  the	
  rat	
  and	
  mouse	
  retinal	
  explants,	
  and	
  showed	
  mouse	
  

retina	
   showed	
   less	
   viability	
   when	
   compared	
   to	
   rats	
   and	
   observed	
   more	
   pathological	
  

morphologies	
  in	
  their	
  dendrites,	
  such	
  as	
  swelling	
  and	
  thicker	
  dendrites.	
  Unfortunately,	
  they	
  did	
  

not	
   quantify	
   retinal	
   ganglion	
   cell	
   morphology	
   but	
   suggested	
   that	
   this	
   would	
   be	
   important	
   in	
  

indicating	
  the	
  health	
  of	
  cultured	
  retina	
  (Moritoh	
  et	
  al.,	
  2010).	
  It	
  is	
  worth	
  noting	
  that	
  the	
  culture	
  

system	
  of	
  this	
  group	
  differs	
  slightly	
  from	
  ours	
  in	
  that	
  the	
  culture	
  media	
  contained	
  horse	
  serum	
  

whereas	
  ours	
  did	
  not,	
  and	
  that	
  the	
  use	
  of	
  rotary	
  shaker	
  was	
  applied	
  in	
  their	
  experiments.	
  

It	
  has	
  been	
  reported	
  that	
  in	
  glaucoma,	
  early	
  changes	
  in	
  retinal	
  ganglion	
  cell	
  dendritic	
  structure	
  

precedes	
  soma	
  shrinkage	
  and	
  suggests	
  dendritic	
  abnormalities	
  precede	
  degeneration	
  of	
  other	
  

retinal	
   ganglion	
   cell	
   compartments	
   (Morquette	
   and	
   Di	
   Polo,	
   2008).	
   This	
   agrees	
   with	
   this	
  

chapter’s	
  findings	
  of	
  dendritic	
  complexity	
  detection	
  of	
  up	
  to	
  3	
  days	
  only	
  but	
  a	
  retinal	
  ganglion	
  

cell	
  nuclei	
  count	
  viable	
  for	
  up	
  to	
  2	
  weeks.	
  It	
  is	
  therefore	
  imperative	
  that	
  a	
  more	
  detailed	
  analysis	
  

of	
   retinal	
   ganglion	
   cell	
   morphology	
   is	
   used	
   in	
   tandem	
   with	
   other	
   markers	
   in	
   the	
   search	
   for	
  

retinal	
  ganglion	
  cell	
  neuroprotection.	
  

Indeed,	
   Bull	
   et	
   al.	
   have	
   highlighted	
   that	
   viability	
   varies	
   between	
   not	
   only	
   labs	
   but	
   between	
  

experimenters	
  (Bull	
  et	
  al.,	
  2011).	
  In	
  this	
  chapter,	
  I	
  was	
  able	
  to	
  demonstrate	
  and	
  replicate	
  their	
  

results	
   of	
   retinal	
   architecture	
   integrity	
   up	
   to	
   14	
   days	
   with	
   low	
   amounts	
   of	
   TUNEL	
   positive	
  

staining.	
  	
  	
  

In	
  summary,	
  a	
  duration	
  of	
  up	
  to	
  3	
  days	
  has	
  been	
  delineated	
  for	
  screening	
  of	
  retinal	
  ganglion	
  cell	
  

neuroprotection	
   in	
   retinal	
   explants	
   by	
   quantifying	
   dendritic	
   complexities	
   with	
   Sholl	
   profiles.	
  

This	
  parameter	
  allows	
  for	
  a	
  quicker	
  throughput	
  for	
  screening	
  neuroprotective	
  drugs	
  as	
  there	
  is	
  

no	
  need	
  to	
  wait	
  until	
  day	
  4	
  as	
  previously	
  suggested	
  (Bull	
  et	
  al.,	
  2011).	
   It	
  should	
  also	
  be	
  noted	
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that	
  quantifying	
  retinal	
  morphology	
  is	
  emphasised	
  in	
  retina	
  viability	
  experiments	
  and	
  not	
  solely	
  

reliant	
  on	
  retinal	
  ganglion	
  cell	
  nuclear	
  counts	
  as	
  it	
  may	
  be	
  an	
  overestimate.	
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CHAPTER	
  4	
  MAGNETOFECTION	
  	
  

OBJECTIVES	
  

• To	
   explore	
   and	
   optimise	
   the	
   magnetofection	
   parameters	
   for	
   transfection	
   by	
   using	
  

cornea	
  as	
  a	
  test	
  bed	
  and	
  retina	
  as	
  a	
  proof	
  of	
  concept	
  for	
  future	
  applications	
  

• To	
   optimise	
   parameters	
   for	
  magnetofection	
   of	
   NSCs	
   to	
   achieve	
   transfection	
   efficiency	
  

without	
  toxicity	
  

	
  

4.1	
  INTRODUCTION	
  

Gene	
  therapy	
  has	
  revolutionized	
  the	
  treatment	
  of	
  many	
  ocular	
  diseases	
  with	
  a	
  number	
  of	
  agents	
  

in	
   clinical	
   trials	
   (Moreno-­‐Montanes	
  et	
   al.,	
   2014,	
  MacLaren	
  et	
   al.,	
   2014).	
  Most	
   treatments	
  have	
  

targeted	
  retinal	
  and	
  optic	
  nerve	
  disease	
  using	
  adeno-­‐associated	
  virus	
  (AAV)	
  viral	
  vectors	
  which	
  

are	
  well	
   tolerated	
   in	
   the	
   eye.	
  The	
  AAV2	
   serotype	
   remains	
   the	
  most	
  popular	
   for	
   gene	
  delivery	
  

since	
   it	
   is	
  well	
   tolerated	
   (Sharma	
  et	
  al.,	
  2010b,	
  Sharma	
  et	
  al.,	
  2010a).	
  However,	
   its	
   small	
  DNA	
  

cassette	
   limit	
   of	
   4.8Kb	
   can	
   limit	
   its	
   use	
   of	
   delivering	
   large	
   genes.	
   Efforts	
   have	
   been	
  made	
   to	
  

overcome	
   this	
   to	
   some	
  extent	
  by	
   trans-­‐splicing	
  and/or	
   recombination(Ghosh	
  et	
   al.,	
   2011)	
  but	
  

this	
  can	
  result	
  in	
  lower	
  transfection	
  efficiencies	
  (Lai	
  et	
  al.,	
  2010,	
  Allocca	
  et	
  al.,	
  2008).	
  In	
  view	
  of	
  

these	
   considerations,	
   there	
  has	
   been	
   a	
   concerted	
   effort	
   to	
   develop	
  non-­‐viral	
  method	
   for	
   gene	
  

transfer	
   such	
   as	
   electroporation,	
   sonoporation,	
   ballistics,	
   and	
   chemical	
   facilitation	
   (He	
   et	
   al.,	
  

2010,	
  Sonoda	
  et	
  al.,	
  2006,	
  Bauer	
  et	
  al.,	
  2013,	
  Nguyen	
  et	
  al.,	
  2002).	
  	
  

MNP	
  transfection	
  has	
  been	
  developed	
  commercially	
  as	
  a	
  non-­‐viral	
  gene	
  delivery	
  agent(Plank	
  et	
  

al.,	
  2011,	
  Dobson,	
  2006)	
  particularly	
  for	
  cells	
  (e.g.	
  neurons)	
  that	
  are	
  difficult	
  to	
  transfect.	
  MNPs	
  

have	
  also	
  been	
  used	
  in	
  the	
  eye	
  to	
  deliver	
  genes	
  to	
  cells	
  in	
  the	
  retina	
  and	
  vitreous	
  of	
  rabbits	
  in-­‐

vivo	
  with	
  no	
  reported	
  toxic	
  effects	
  (Prow	
  et	
  al.,	
  2008).	
  	
  

While	
  magnetic	
   fields	
   can	
  be	
  used	
   to	
   restrict	
   the	
  distributions	
   of	
  MNP,	
   the	
  modulation	
  of	
   the	
  

magnetic	
  field	
  can	
  be	
  used	
  to	
  control	
  the	
  degree	
  of	
  transfection.	
  MNP	
  uptake	
  occurs	
  via	
  cellular	
  

endocytosis	
  (Plank	
  et	
  al.,	
  2011)	
  which	
  can	
  be	
  enhanced	
  by	
  oscillating	
  magnetic	
  fields	
  although	
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the	
  exact	
  mechanism	
  for	
  this	
  is	
  unclear	
  (Adams	
  et	
  al.,	
  2013).	
   	
  In	
  this	
  chapter,	
  the	
  use	
  of	
  a	
  non-­‐

viral	
  method	
  of	
  transfection;	
  magnetofection	
  with	
  oscillation	
  was	
  explored.	
  

	
  

Experimental	
  Design	
  

Firstly,	
   I	
   needed	
   to	
   identify	
   an	
   efficient	
   plasmid	
   to	
   test	
   transfection	
   efficiencies	
   of	
   the	
  

magnetofection	
   technique.	
   I	
   selected	
   COS-­‐7	
   cells	
   as	
   they	
   are	
   a	
   robust	
   cell	
   line	
   and	
   chose	
  

lipofection	
  which	
   is	
   a	
  well-­‐known	
   efficient	
   non-­‐viral	
   transfection	
  method	
   to	
   test	
   the	
   plasmid	
  

transfection	
   efficiencies.	
   To	
   explore	
   the	
   magnetofection	
   non-­‐viral	
   technique	
   for	
   future	
  

ophthalmic	
  use,	
  I	
  tested	
  it	
  on	
  cornea	
  explants	
  as	
  well	
  as	
  retinal	
  explants.	
  Finally,	
  I	
  optimized	
  the	
  

parameters	
  for	
  NSC	
  transfection	
  and	
  established	
  the	
  safest	
  concentration	
  of	
  MNP	
  for	
  NSC	
  with	
  

Ethidium	
  Bromide	
  Live/Dead	
  assay.	
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4.2	
  RESULTS	
  

4.2.1	
  VALIDATION	
  OF	
  PLASMIDS	
  WITH	
  LIPOFECTION	
  OF	
  COS-­‐7	
  CELLS:	
  CBA-­‐GFP,	
  CAG-­‐

GFP,	
  BDNF-­‐MYC	
  

Initially	
   a	
   commonly	
  used	
  plasmid	
  CBA	
   (chicken	
  beta	
   actin)	
  promoter	
  with	
  GFP	
   reporter	
  was	
  

tested.	
  However,	
   this	
   yielded	
   low	
  plasmid	
   concentrations	
   in	
  mini	
   prep	
   [0.04-­‐0.07	
  μg/ml]	
   and	
  

consequently	
  very	
  low	
  transfection	
  efficiency;	
  only	
  one	
  cell	
  in	
  culture	
  plate	
  (Figure	
  4.1).	
  Hence,	
  

CAG	
   (cytomegalovirus	
   enhancer,	
   chicken	
   beta-­‐actin	
   promoter,	
   rabbit	
   beta-­‐globin	
   gene	
   intron	
  

and	
  green	
  fluorescent	
  protein	
  reporter)	
  GFP	
  reporter	
  was	
  tested,	
  which	
  yielded	
  better	
  plasmid	
  

concentrations	
  and	
  positive	
  transfection	
  (see	
  figure	
  4.2).	
  

The	
  two	
  plasmids	
  were	
  then	
  tested	
  with	
  magnetofection	
  in	
  COS-­‐7	
  cells	
  with	
  varying	
  DNA:MNP	
  

concentrations	
  at	
  2Hz	
  30	
  minutes	
  as	
  recommended	
  by	
  manufacturers	
  as	
  these	
  parameters	
  have	
  

reported	
  successful	
  magnetofection	
  of	
  NSCs(Adams	
  et	
  al.,	
  2013).	
  No	
  transfection	
  was	
  seen	
  with	
  

CBA-­‐GFP	
   but	
   was	
   present	
   in	
   CAG-­‐GFP	
   plasmid	
   (Table	
   4,	
   Figure	
   4.3).	
   Hence,	
   the	
   CAG-­‐GFP	
  

plasmid	
  was	
  selected	
  for	
  the	
  following	
  magnetofection	
  experiments.	
  

The	
   plasmid	
   BDNF-­‐myc	
   (CAG	
   promoter,	
   BDNF	
   expression	
   with	
   myc	
   reporter	
   tag)	
   was	
   also	
  

validated	
  by	
   lipofection	
   in	
  COS-­‐7	
  cells.	
  Anti-­‐myc	
  staining	
  was	
  present	
   in	
  magnetofected	
  COS-­‐7	
  

cells	
  post	
  lipofection	
  (figure	
  4.4).	
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Figure	
  4.1	
  Fluorescent	
  image	
  of	
  one	
  GFP-­‐positive	
  COS-­‐7	
  cell	
  24	
  hours	
  post	
  lipofection	
  of	
  COS-­‐7	
  
cells	
  with	
  CBA-­‐GFP	
  [construct	
  map	
  shown]	
  (Oxford	
  Genetics).	
  Scale	
  bar:	
  100µm.	
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Figure	
  4.2	
  Fluorescent	
  images	
  of	
  GFP-­‐positive	
  COS-­‐7	
  cells	
  24	
  hours	
  post	
  lipofection	
  with	
  CAG-­‐
GFP	
  [construct	
  shown]	
  (Addgene).	
  Scale	
  bar:	
  100µm.	
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DNA:MNP	
  ratio	
   Plasmid	
   GFP	
  Positive	
  Cells	
  

1:2	
   CAG-­‐GFP	
   Present	
  

1:1	
   CAG-­‐GFP	
   Present	
  

3:2	
   CAG-­‐GFP	
   Absent	
  

1:2	
   CBA-­‐GFP	
   Absent	
  

1:1	
   CBA-­‐GFP	
   Absent	
  

3:2	
   CBA-­‐GFP	
   Absent	
  

Control	
   nil	
   Absent	
  

Table	
  4	
  shows	
  presence	
  or	
  absence	
  of	
  GFP-­‐positive	
  cells	
  in	
  varying	
  DNA:	
  MNP	
  ratio	
  of	
  the	
  two	
  
plasmids	
  tested	
  with	
  magnetofection	
  in	
  COS-­‐7	
  cells.	
  	
  

	
  

	
  

Figure	
  4.3	
  Confocal	
   images	
  showing	
  GFP-­‐positive	
  COS-­‐7	
  cells	
  24	
  hours	
  post	
  magnetofection	
  at	
  
2Hz	
  for	
  30	
  minutes	
  with	
  CAG-­‐GFP	
  plasmid.	
  Scale	
  bar	
  represent	
  50	
  microns.	
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Figure	
   4.4	
   Fluorescent	
   image	
   of	
   COS-­‐7	
   cells	
   positive	
   for	
   anti-­‐myc	
   staining	
   24	
   hours	
   post	
  
lipofection	
  with	
   BDNF-­‐myc	
   plasmid.	
   [Construct	
  map	
   shown](Gift	
   from	
   Prof	
   Yves-­‐Alain	
   Barde,	
  
Cardiff	
  University).	
  Scale	
  bar:	
  50µm.	
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4.2.2	
  CORNEAL	
  MAGNETOFECTION	
  AS	
  A	
  TEST	
  BED	
  FOR	
  IN-­‐VIVO	
  MAGNETOFECTION	
  

Magnetofection	
  with	
  GFP	
  was	
  present	
  in	
  cornea	
  explants	
  and	
  was	
  restricted	
  to	
  the	
  endothelium	
  

layer.	
  No	
  endothelium	
  transfection	
  was	
  observed	
  in	
  control	
  experiments	
  or	
  in	
  the	
  absence	
  of	
  an	
  

external	
  magnetic	
  field	
  [Figure	
  4.5].	
  The	
  distribution	
  of	
  GFP-­‐positive	
  cells	
  when	
  the	
  oscillatory	
  

magnetic	
   plate	
   was	
   applied	
   to	
   corneas	
   with	
   endothelium	
   side	
   up	
   is	
   shown	
   in	
   figure	
   4.6	
  

demonstrating	
   transfection	
   limited	
   to	
   the	
   endothelium.	
   The	
   converse	
   pattern	
  was	
   seen	
  when	
  

corneas	
   were	
   placed	
   epithelium	
   side	
   up	
   with	
   transfection	
   limited	
   to	
   the	
   epithelium	
   and	
   no	
  

transfection	
  observed	
  in	
  the	
  endothelial	
  [Figure	
  4.5	
  and	
  4.6]	
  

Transfection	
   efficiency	
  of	
   a	
   range	
  of	
  DNA:	
  MNP	
   combinations	
  were	
   investigated	
   i.e.	
   1:2(0.4μg	
  

DNA:	
  0.8μl	
  MNP),	
  1:1(0.4μg	
  DNA:	
  0.4μl	
  MNP)	
  and	
  3:2(1.2μg	
  DNA:	
  0.8μl	
  MNP).	
  The	
  highest	
  DNA:	
  

MNP	
  (3:2)	
  ratio	
  resulted	
  in	
  the	
  highest	
  GFP-­‐positive	
  endothelial	
  cell	
  counts	
  (p=	
  0.05).	
  

When	
  magnet	
   application	
   times	
  were	
   analysed,	
   conditions	
  with	
   less	
   than	
   15	
  minutes	
  magnet	
  

application	
  were	
   not	
   associated	
  with	
   any	
   transfection.	
   A	
   statistically	
   significant	
   increase	
  was	
  

observed	
   in	
   GFP-­‐positive	
   endothelial	
   cell	
   count	
   with	
   increasing	
   duration	
   of	
   magnetic	
   field	
  

exposure;	
  from	
  15	
  minutes	
  to	
  60	
  minutes	
  magnetofection	
  (p=0.048).	
  Longer	
  durations	
  was	
  not	
  

investigated	
  as	
  this	
  would	
  not	
  be	
  clinically	
  translatable.	
  

The	
  highest	
  yield	
  for	
  positive	
  GFP	
  endothelial	
  cells	
  was	
  seen	
  at	
  1	
  Hz.	
  We	
  noted	
  that	
  transfection	
  

efficiency	
  declined	
  above	
  1Hz	
  p=0.027	
  (Figure	
  4.7).	
  We	
  noted	
  some	
  stromal	
  transfection	
  at	
  4Hz	
  

oscillation	
  suggesting	
  that	
  increasing	
  oscillation	
  may	
  have	
  a	
  role	
  to	
  play	
  in	
  increasing	
  the	
  depth	
  

of	
  tissue	
  transfection.	
  

Conditions	
  yielding	
  the	
  highest	
  average	
  endothelial	
  transfection	
  efficiencies	
  were	
  3:2	
  DNA:	
  MNP	
  

ratio,	
   1Hz	
   oscillation	
   and	
   30	
  minutes	
   duration	
   of	
  magnetic	
   exposure	
   (23.3%	
   range:	
   10.6%	
   to	
  

30.9	
  %)	
  followed	
  by	
  3:2	
  DNA:	
  MNP	
  ratio,	
  2Hz	
  oscillation	
  and	
  60	
  minutes	
  duration	
  of	
  magnetic	
  

exposure	
  (14.5%	
  range:	
  12.2%-­‐18.9%).	
  

Toxic	
  effects	
  of	
  MNPs	
  in	
  cornea	
  explants	
  was	
  explored.	
  Control	
  corneas	
  cultured	
  without	
  MNPs	
  

showed	
   minimal	
   TUNEL	
   staining	
   in	
   the	
   epithelium	
   and	
   keratocyte	
   (see	
   Figure	
   4.8).	
   Corneas	
  

incubated	
  with	
  MNP	
  for	
  24	
  hours	
  showed	
  similar	
  minimal	
  positive	
  signals	
  in	
  the	
  epithelium	
  and	
  

keratocyte.	
   Statistical	
   analysis	
   showed	
   no	
   difference	
   between	
   the	
   two	
   groups	
   (p=0.99).	
   No	
  

TUNEL	
  staining	
  of	
  endothelium	
  was	
  detected.	
  

Statistical	
  analysis	
  was	
  performed	
  with	
  Mann	
  Whitney-­‐U	
  test	
  with	
  Bonferroni	
  correction.	
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Figure	
  4.5	
  Transfection	
   is	
   dependent	
   on	
   cornea	
   cup	
  orientation.	
   Top	
  bar	
   chart	
   demonstrating	
  
GFP	
   positive	
   cells	
   present	
   only	
   in	
   endothelium,	
   layer	
   for	
   normal	
   experiment	
   setup	
   at	
   2Hz	
  
horizontal	
   oscillation,	
   3:2	
   DNA:	
   MNP	
   ratio	
   for	
   30	
   minutes.	
   Bottom	
   bar	
   chart	
   demonstrating	
  
GFP	
  positive	
  cell	
  counts	
  present	
  only	
  in	
  epithelium	
  layer	
  for	
  inverted	
  experiment	
  setup	
  at	
  2Hz	
  
horizontal	
   oscillation,	
   3:2	
   DNA:	
   MNP	
   ratio	
   for	
   30	
   minutes.	
   Experimental	
   setup	
   for	
   each	
   bar	
  
chart	
   is	
   shown	
   in	
   cartoon	
   on	
   the	
   right	
   of	
   bar	
   charts.	
   Error	
   bars	
   show	
   SD.	
   Endothelium=en,	
  
epithelium=ep.	
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Figure	
   4.6	
   (A)	
   endothelial	
   cells	
   exhibiting	
   GFP	
   in	
   cornea	
   (green)	
   [1μm	
   image	
   stack]	
   with	
  
corresponding	
   orthogonal	
   view	
   (E).	
   Images	
   were	
   obtained	
   3	
   days	
   post	
   CAG-­‐GFP	
  
magnetofection	
  of	
  cornea.	
  (B,CD)	
  show	
  1um	
  thick	
  image	
  slices	
  of	
  nuclear	
  stained	
  (blue)	
  cornea	
  
allowing	
   for	
   identification	
  of	
  corneal	
   layers:	
  endothelium	
  [en]	
  single	
   layer	
  of	
   regularly	
  spaced	
  
small	
   cells,	
   stroma	
   [stro]	
  multilayers	
   of	
   larger	
   irregularly	
   spaced	
   cells	
   (forms	
   the	
  majority	
   of	
  
the	
   cornea)	
   and	
   epithelium	
   [ep]	
   multilayered,	
   closely	
   spaced	
   sheets	
   of	
   cells.	
   (F)	
   Orthogonal	
  
view	
   of	
   transfected	
   epithelium	
   in	
   an	
   inverted	
   cornea	
   cup	
   [epithelium	
   side	
   up]	
   experiment	
  
setup.	
   (G,	
   H)	
   Control	
   corneas	
   not	
   exposed	
   to	
   magnetic	
   field	
   showing	
   no	
   transfection	
   in	
  
endothelial	
   cells	
   [1μm	
   image	
   stack	
   [H]].	
   (G)	
   shows	
   absence	
   of	
   GFP	
   transfection	
   throughout	
  
layers	
   of	
   cornea	
   in	
   corresponding	
   orthogonal	
   view	
  with	
   nuclear	
   stain	
   (blue).en=endothelium,	
  
ep=epithelium.	
  Scale	
  bar=100	
  microns	
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Figure	
   4.7	
   Oscillation,	
   DNA:	
   MNP	
   ratio	
   and	
   duration	
   of	
   magnetofection	
   affects	
   transfection	
  
efficiency.	
   (a)	
   effect	
   of	
   increasing	
   DNA:MNP	
   ratio	
   1:2,	
   1:1	
   and	
   3:2	
   on	
   transfection	
   (2Hz,	
   30	
  
minutes	
  magnetofection	
   [n=4].	
   (b)	
   effect	
   of	
   increasing	
   the	
   frequency	
   of	
   field	
   oscillation	
   (1Hz,	
  
2Hz	
  and	
  4Hz)	
  on	
  transfection	
  (3:2	
  DNA:MNP	
  ratio,	
  30	
  minutes	
  magnetofection	
  [n=9].	
  (c)	
  effect	
  
of	
   duration	
   of	
   magnetic	
   field	
   exposure	
   (15,	
   30,	
   60	
   minutes)	
   on	
   transfection	
   (2	
   Hz,	
   3:2	
   DNA:	
  
MNP	
  ratio.	
  [n=6].	
  *P=0.05	
  post	
  Bonferroni	
  correction	
  Error	
  bars	
  show	
  SEM.	
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Figure	
  4.8	
  MNP	
   incubated	
  with	
   cornea	
   showed	
  no	
   significant	
   toxicity.	
  Bar	
   chart	
   on	
   left	
   shows	
  
no	
  statistically	
  significant	
  difference	
  in	
  percentage	
  of	
  nuclei	
  staining	
  positive	
  for	
  TUNEL.	
  Error	
  
bars	
   represent	
   SEM.	
   Images	
   to	
   the	
   right	
   are	
   of	
   fluorescence	
  microscopy	
   post	
   TO-­‐PRO	
   nuclear	
  
stain	
   (blue)	
   and	
   TUNEL	
   stain	
   (green)	
   of	
   cornea	
   cryosections;	
   A]	
   negative	
   control,	
   B]	
   positive	
  
control,	
   C]	
   control	
   cornea	
   cultured	
   without	
   MNP,	
   D]	
   cornea	
   incubated	
   for	
   24	
   hours	
   in	
   1μl	
   of	
  
MNP.	
  Scale	
  bar:	
  100µm.	
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4.2.3	
  OPTIMIZATION	
  OF	
  MNP	
  CONCENTRATIONS	
  FOR	
  NSC	
  VIABILITY	
  

Concentration	
   levels	
   of	
  MNP	
   ranging	
   from	
  0.5μl	
  MNP	
  ml-­‐1(0.2μl	
  MNP	
   in	
   400μl	
  media)	
   to	
   2	
   μl	
  

MNP	
  ml-­‐1(0.8μl	
  MNP	
  in	
  400μl	
  media)	
  were	
  assessed	
  for	
  toxicity	
  on	
  NSC	
  cell	
  viability.	
  Ethidium	
  

Bromide	
  staining	
  was	
  absent	
   in	
  concentrations	
   lower	
   than	
  1	
  μl	
  MNP	
  ml-­‐1	
   (0.4μl	
  MNP	
   in	
  400μl	
  

media)	
  (Figure	
  4.9,	
  4.10).	
  Levels	
  above	
  this	
  also	
  showed	
  decreased	
  ability	
  of	
  NSC	
  to	
  adhere	
  and	
  

plate	
  on	
  laminin	
  overnight.	
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Figure	
   4.9	
   Confocal	
   fluorescence	
   imaging	
   showing	
   negative	
   and	
   positive	
   controls	
   for	
  
Live/Dead	
   assay	
   of	
   NSC-­‐GFP.	
   Cell	
   death	
   stains	
   positive	
   with	
   Ethidium	
   Bromide	
   (Red),	
  
Live=GFP	
  (green)	
  and	
  Nuclei	
  staining	
  with	
  DAPI	
  (blue).	
  Scale	
  bar	
  :100	
  microns.	
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Figure	
  4.10	
  Confocal	
  fluorescence	
  imaging	
  showing	
  Live/Dead	
  assay	
  of	
  GFP	
  neuroshperes	
  post	
  
24	
   hour	
  MNP	
   incubation	
   at	
   various	
   concentrations.	
   	
   Cell	
   death	
   stains	
   positive	
   with	
   Ethidium	
  
Bromide	
   (Red),	
   Live=GFP	
   (green)	
   and	
   Nuclei	
   staining	
   with	
   DAPI	
   (blue).	
   At	
   0.5	
   and	
   1	
   ul	
   MNP	
  
per	
   ml,	
   GFP	
   is	
   strongly	
   present	
   with	
   absent	
   red	
   Ethedium	
   Bromide	
   staining	
   indicating	
   good	
  
viability	
   at	
   these	
   concentrations.	
   At	
   concentrations	
   higher	
   than	
   this,	
   red	
   staining	
   from	
  
Ethidium	
  Bromide	
   is	
  seen.	
   In	
   the	
  neurosphere	
  clusters	
   for	
  2ul	
  MNP	
  per	
  ml	
  concentration,	
  NSC	
  
on	
   the	
   outer	
   part	
   of	
   the	
   neurosphere	
   is	
   staining	
   red	
   where	
   else	
   the	
   inner	
   part	
   of	
   the	
  
neurosphere	
  has	
  yet	
  to	
  stain	
  red	
  but	
  GFP	
  is	
  absent.	
  Scale	
  bar	
  in	
  white	
  represent	
  100	
  microns.	
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4.2.4	
  MAGNETOFECTION	
  OF	
  NSC	
  WITH	
  GFP	
  

Based	
  on	
  the	
  NSC	
  Live/Dead	
  assay,	
  a	
  concentration	
  of	
  1	
  μl	
  ml-­‐1	
  of	
  MNP	
  was	
  used	
  in	
  the	
  following	
  

experiments	
  to	
  magnetofect	
  NSC	
  with	
  CAG-­‐GFP.	
  Magnetofection	
  of	
  NSC	
  occurred	
  with	
  CAG-­‐GFP	
  

with	
  all	
  the	
  DNA:MNP	
  ratios	
  tested.	
  However,	
  only	
  DNA:	
  MNP	
  ratio	
  of	
  2:3	
  and	
  1:1	
  demonstrated	
  

statistical	
  significance	
  when	
  compared	
  to	
  controls	
  for	
  average	
  green	
  fluorescence	
  intensity	
  (see	
  

figure	
   4.13).	
   There	
   was	
   an	
   increase	
   in	
   fluorescence	
   seen	
   from	
   24	
   hours	
   to	
   72	
   hours	
   post	
  

magnetofection	
  (figure	
  4.11	
  and	
  4.12).	
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Figure	
   4.11	
   Confocal	
   images	
   of	
   GFP-­‐positive	
   NSC	
   24	
   hours	
   post	
   magnetofection	
   at	
   2:3	
   DNA:	
  
MNP	
  ratio	
  for	
  30	
  minutes	
  at	
  2Hz	
  oscillation.	
  Scale	
  bar	
  100	
  microns.	
  

	
  

	
  

Figure	
  4.12	
  Confocal	
  images	
  of	
  GFP-­‐positive	
  NSC	
  48	
  hours	
  post	
  magnetofection	
  at	
  2:3	
  DNA:	
  
MNP	
  ratio	
  for	
  30	
  minutes	
  at	
  2Hz	
  oscillation.	
  	
  Scale	
  bar:	
  100µm	
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Figure	
   4.13	
   Bar	
   chart	
   demonstrating	
   average	
   green	
   fluorescence	
   channel	
   intensity	
   recorded	
  
over	
   time	
   for	
  magnetofected	
  NSC	
  with	
  1:3,	
  2:3	
  and	
  1:1	
  DNA:	
  MNP	
  ratios.	
  Error	
  bars	
   represent	
  
SEM.	
  **=p<0.01	
  post	
  Bonferroni	
  correction	
  compared	
  to	
  controls.	
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4.2.5	
  MAGNETOFECTION	
  OF	
  RETINAL	
  EXPLANTS	
  	
  

Following	
  successful	
  magnetofection	
  in	
  the	
  cornea	
  explants,	
  I	
  then	
  applied	
  the	
  magnetofection	
  

technique	
  to	
  assess	
  its	
  suitability	
  for	
  future	
  in-­‐vivo	
  application	
  in	
  the	
  posterior	
  segment.	
  Retinal	
  

explants	
   were	
   transfected	
   at	
   1:1	
   DNA:	
  MNP	
   ratio,	
   1Hz	
  magnetofection	
   oscillation	
   and	
   for	
   30	
  

minutes.	
   This	
   condition	
  was	
   chosen	
   based	
   on	
   the	
   cell	
   viability	
   and	
   optimization	
   results	
   from	
  

4.2.3	
  and	
  4.2.4	
  on	
  NSC	
  and	
  neurosphere	
  magnetofection	
  as	
  retina	
  consists	
  of	
  neural	
  tissue	
  and	
  is	
  

likely	
   to	
   be	
   comparable.	
   Fourty	
   eight	
   hours	
   following	
  magnetofection	
  GFP-­‐positive	
   cells	
  were	
  

present	
  in	
  the	
  RGC	
  layers	
  but	
  were	
  absent	
  in	
  the	
  INL	
  (figure	
  4.14).	
  The	
  calculated	
  transfection	
  

efficiency	
  was	
  23.8%.	
  	
  Control	
  explants	
  were	
  cultured	
  for	
  2	
  days	
  without	
  DNA,	
  MNP	
  or	
  magnetic	
  

field	
  exposure	
  and	
  showed	
  no	
  GFP-­‐positive	
  cells	
  (figure	
  4.15).	
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Figure	
  4.14	
  A)	
  Confocal	
  image	
  of	
  GFP-­‐positive	
  cells(green)	
  in	
  RGC	
  layer	
  (1	
  micron	
  image	
  stack)	
  
with	
   corresponding	
   nuclear	
   staining	
   (B)	
   (blue),	
   and	
   the	
   corresponding	
   orthogonal	
   views	
  
(C=GFP	
   positive	
   cells	
   only,	
   D=composite	
   of	
   GFP-­‐positive	
   cells	
   and	
   stained	
   nuclei)	
   48	
   hours	
  
post	
  magnetofection.	
  E=	
  orthogonal	
   view	
  of	
   retinal	
   explant	
   showing	
  GFP	
  positive	
   cells	
   in	
  RGC	
  
and	
   absence	
   of	
   GFP	
   in	
   ONL.	
   F=	
   bar	
   chart	
   showing	
   average	
   transfection	
   efficiency	
   of	
   23.8%.	
  
Retinal	
   explants	
   were	
   magnetofected	
   at	
   1Hz	
   oscillation	
   for	
   30	
   minutes	
   with	
   1:1	
   DNA:	
   MNP	
  
ratio.	
  (n=7)	
  	
  Error	
  bars=SEM.	
  Scale	
  bar:	
  100µm.	
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Figure	
   4.15	
   A=	
   an	
   orthogonal	
   view	
   of	
   a	
   control	
   retinal	
   explant	
   showing	
   absent	
   GFP	
   positive	
  
cells.	
   B,C,D	
   =	
   1	
  micron	
   thick	
   image	
   slices	
   of	
   nuclear	
   stained	
   (blue)	
   retina	
   for	
   identification	
   of	
  
retinal	
   layers:	
   RGC=Retinal	
   Ganglion	
   Cell	
   Layer	
  OPL=Outer	
   Plexiform	
  Layer	
   (layer	
   of	
   space	
   in	
  
between	
   RGC,	
   INL	
   and	
   OPL	
   consisting	
   of	
   sparse	
   cells,	
   INL=Inner	
   Nuclear	
   Layer,	
   ONL=Outer	
  
Nuclear	
   Layer.E=	
   Z	
   stack	
   of	
   a	
   control	
   retina	
   showing	
   absence	
   of	
   GFP	
   transfection	
   throughout	
  
the	
  layers	
  of	
  the	
  retina.	
  Scale	
  bar:	
  50µm	
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4.3	
  DISCUSSION	
  

Successful	
  magnetofection	
  has	
  been	
  reported	
  in	
  neural	
  stem	
  cells	
  in	
  various	
  publications	
  (Sapet	
  

et	
  al.,	
  2011,	
  Adams	
  et	
  al.,	
  2013,	
  Jenkins	
  et	
  al.,	
  2011,	
  Pickard	
  et	
  al.,	
  2011,	
  Pickard	
  et	
  al.,	
  2015).	
  The	
  

results	
  in	
  this	
  chapter	
  replicates	
  this	
  in	
  neurosphere	
  cultures.	
  Although	
  MNPs	
  have	
  been	
  shown	
  

to	
   have	
   an	
   excellent	
   safety	
   profile	
   (Moysidis	
   et	
   al.,	
   2015,Pickard	
   et	
   al.,	
   2015),	
  my	
   initial	
   pilot	
  

studies	
   revealed	
   unhealthy	
   appearances	
   of	
   NSC	
   post	
   magnetofection	
   at	
   higher	
   DNA	
   to	
   MNP	
  

concentrations.	
  However,	
   studies	
  vary	
   in	
   the	
   types	
  of	
  MNPs	
  used.	
   Indeed,	
  Adams	
  et	
  al.	
  used	
  a	
  

higher	
  MNP	
  concentration	
  of	
  70	
  µl	
  MNP	
  ml-­‐1	
  [3.5µl	
  MNP	
  in	
  50µl	
  NSC	
  and	
  media],	
  but	
  this	
  was	
  

using	
  NeuroMag	
  which	
  is	
  an	
  MNP	
  manufactured	
  for	
  neuron	
  transfection(Adams	
  et	
  al.,	
  2013).	
  In	
  

this	
  chapter,	
  a	
  maximum	
  concentration	
  of	
  up	
  to	
  1	
  μl	
  ml-­‐1	
  of	
  NtMag	
  MNP	
  was	
  well	
   tolerated	
  by	
  

NSC	
  as	
  demonstrated	
  by	
  the	
  Live/Dead	
  assay.	
  Furthermore,	
  DNA:MNP	
  ratios	
  were	
  optimized	
  at	
  

2:3	
  and	
  1:1	
  for	
  magnetofection	
  of	
  NSC	
  with	
  nTMag,	
  a	
  lower	
  MNP	
  dose	
  in	
  comparison	
  to	
  Adams	
  

et	
  al.	
  Indeed,	
  Sapet	
  et	
  al.	
  who	
  used	
  NeuroMag	
  also	
  found	
  cell	
  death	
  in	
  transfected	
  cells	
  in	
  higher	
  

concentrations	
  of	
  MNP	
  NeuroMag	
  i.e.	
  more	
  than	
  32	
  µl	
  MNP	
  ml-­‐1	
  [1.6	
  μl	
  in	
  50	
  μl]	
  and	
  ultimately	
  

used	
  a	
  DNA:MNP	
  ratio	
  of	
  1:1	
  for	
  their	
  experiments.	
  

The	
  cornea	
  is	
  an	
  ideal	
  candidate	
  for	
  evaluating	
  future	
  applications	
  of	
  magnetofection	
  in-­‐vivo.	
  It	
  

is	
   accessible,	
   optically	
   clear,	
   avascular	
   and	
   a	
   site	
   of	
   immune	
   privilege.	
   Furthermore,	
   new	
  

insights	
   into	
  molecular	
  pathology	
  of	
   several	
   corneal	
  dystrophies	
  has	
   revealed	
   targets	
   that	
  are	
  

suited	
   to	
   a	
   gene	
   therapeutic	
   approach,	
   such	
  as	
  utilizing	
   an	
   siRNA	
  against	
   the	
  mutant	
   allele	
  of	
  

keratin	
  K3	
  or	
  K12	
   in	
   the	
   anterior	
   corneal	
   stroma	
  as	
   therapy	
   for	
  Meesmann	
  epithelial	
   corneal	
  

dystrophy(Gillespie	
  et	
  al.,	
  2014,	
  Liao	
  et	
  al.,	
  2011).	
  The	
  cornea	
  can	
  be	
  easily	
  subjected	
  to	
  external	
  

magnetic	
  fields	
  to	
  guide	
  and	
  retain	
  MNPs	
  within	
  a	
  region	
  of	
  interest.	
  To	
  date,	
  these	
  studies	
  have	
  

been	
   undertaken	
   at	
   a	
   cellular	
   level.	
   In	
   this	
   chapter,	
   we	
   demonstrated	
   the	
   potential	
   for	
   the	
  

manipulation	
   of	
   an	
   external	
   magnetic	
   field	
   in	
   controlling	
   the	
   location	
   and	
   degree	
   of	
   corneal	
  

transfection.	
  

A	
  significant	
  finding	
  in	
  the	
  cornea	
  experiments	
  is	
  that	
  transfection	
  did	
  not	
  occur	
  in	
  the	
  absence	
  

of	
  magnetic	
   field	
  oscillation.	
  This	
  was	
  unexpected	
  as	
  magnetofection	
  has	
  been	
  shown	
  without	
  

oscillation	
  (Adams	
  et	
  al.,	
  2013,Pickard	
  et	
  al.,	
  2015,Lee	
  et	
  al.,	
  2008)	
  .	
  Gene	
  transfer	
  for	
  magnetic	
  

nanoparticles	
  may	
   be	
   easier	
   in	
   cells	
   cultures;	
   the	
   cornea	
   consists	
   of	
   a	
  more	
   robust	
   structure	
  

abundant	
   with	
   collagen	
   fibres,	
   which	
   could	
   resist	
   particle	
   penetration.	
   Interestingly,	
  

neurospheres	
  also	
  showed	
  no	
  transfection	
  when	
  a	
  static	
  magnet	
  with	
  no	
  oscillation	
  was	
  applied	
  

with	
   NeuroMag	
   (Adams	
   et	
   al.,	
   2013).	
   The	
   key	
   to	
   these	
   contradicting	
   results	
   may	
   lie	
   in	
   the	
  

variable	
  MNPs	
  used	
  and	
  hence	
  needs	
  to	
  be	
  taken	
  into	
  account	
  with	
  magnetofection	
  application.	
  

In	
  our	
  study,	
  the	
  introduction	
  of	
  an	
  oscillatory	
  magnetic	
  field	
  coupled	
  with	
  a	
  DNA-­‐MNP	
  complex	
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yielded	
   optimum	
   endothelial	
   transfection	
   at	
   1	
   Hz	
   without	
   the	
   need	
   of	
   a	
   tissue	
   traumatizing	
  

intervention	
   such	
   as	
   pretreatment	
   with	
   a	
   stromal	
   injections,	
   de-­‐epithelialization,	
   or	
   surgical	
  

flaps.	
   Further	
   increases	
   in	
   the	
   oscillation	
   frequency	
   resulted	
   in	
   a	
   reduction	
   in	
   endothelial	
  

transfection.	
  	
  

Much	
  of	
  the	
  work	
  on	
  the	
  application	
  of	
  gene	
  transfer	
  to	
  endothelium	
  has	
  focused	
  on	
  strategies	
  

to	
   improve	
   outcome	
   of	
   corneal	
   graft	
   survival	
   prior	
   to	
   transplantation(Kampik	
   et	
   al.,	
   2012).	
  

Donor	
  cornea	
  can	
  be	
  treated	
  prior	
  to	
  transplantation	
  to	
  transfer	
  genes	
  such	
  as	
  bcl-­‐xL	
  and	
  p35	
  to	
  

improve	
   endothelial	
   cell	
   survival	
   (Fuchsluger	
   et	
   al.,	
   2011)	
   and	
   the	
   application	
   of	
   MNP	
   is	
  

particularly	
   suited	
   to	
   this	
   approach	
   where	
   the	
   transfection	
   of	
   non-­‐endothelial	
   layers	
   is	
   not	
  

required.	
   Furthermore,	
   the	
   modulation	
   of	
   immunomodulatory	
   genes	
   to	
   donor	
   cornea	
  

endothelium	
   can	
   delay	
   allogeneic	
   rejection	
   (Bauer	
   et	
   al.,	
   2006).	
   In-­‐vitro	
   treatment	
   of	
  

endothelium	
  cells	
  prior	
  to	
  transplanting	
  them	
  onto	
  the	
  posterior	
  corneal	
  surface	
  can	
  potentially	
  

remove	
  the	
  effects	
  of	
  unwanted	
  off-­‐target	
  effects.	
  

Localised	
   gene	
   delivery	
   to	
   cornea	
   is	
   ideal	
   for	
   treatment	
   of	
   stromal	
   scars.	
   In-­‐vivo	
   injection	
   of	
  

viral	
   vector	
   suspension	
   into	
   the	
   anterior	
   chamber	
   transfects	
   not	
   only	
   endothelium,	
   but	
  

keratocytes	
   at	
   the	
   site	
   of	
   injection	
   and	
   trabecular	
  meshwork(Bainbridge	
   et	
   al.,	
   2001).	
   It	
   also	
  

presents	
  an	
  attractive	
  method	
   for	
   the	
   targeted	
   transfection	
  of	
   the	
   trabecular	
  meshwork	
  given	
  

the	
  ease	
  with	
  which	
  magnetic	
  particles	
  can	
  be	
  drawn	
  to	
   this	
   for	
   the	
  experimental	
  elevation	
  of	
  

intraocular	
  pressure.	
  

Other	
  non-­‐viral	
  methods	
   for	
  corneal	
  gene	
  transfer	
  such	
  as	
  electroporation	
  while	
  effective,	
  can	
  

cause	
   significant	
   corneal	
   damage(Blair-­‐Parks	
   et	
   al.,	
   2002).	
   Magnetic	
   nanoparticles	
   have	
   been	
  

reported	
  as	
   safe	
   and	
  non-­‐toxic	
   as	
  demonstrated	
   in	
   in-­‐vivo	
   studies	
  with	
   retinal	
   transfection	
   in	
  

rabbit	
  eyes	
  (Prow	
  et	
  al.,	
  2008).	
  MNPs	
  have	
  recently	
  been	
  tested	
  on	
  corneal	
  endothelial	
  cells	
  in	
  

vitro	
   and	
   have	
   shown	
   no	
   short-­‐	
   or	
   long-­‐term	
   change	
   in	
   viability	
   or	
   identity	
   (Moysidis	
   et	
   al.,	
  

2015).	
  Moysidis	
   et	
   al.	
   showed	
   no	
   difference	
   between	
   transendothelial	
   electrical	
   resistance	
   of	
  

MNP	
   loaded	
   cells	
   and	
   untreated	
   cells,	
   indicating	
   their	
   ability	
   to	
   form	
   tight	
   junctions	
   between	
  

cells	
   were	
   not	
   affected(Moysidis	
   et	
   al.,	
   2015).	
   This	
   agrees	
   with	
   the	
   findings	
   in	
   this	
   chapter	
  

whereby	
   TUNEL	
   staining	
   after	
   24	
   hours	
   of	
   MNP	
   nTMag	
   incubation	
   with	
   cornea	
   showed	
   no	
  

difference	
  to	
  that	
  in	
  untreated	
  cornea.	
  	
  

Furthermore,	
   following	
   the	
   optimum	
   parameters	
   used	
   in	
   cornea	
   magnetofection,	
   I	
  

magnetofected	
   retinal	
   explants	
   as	
   a	
   proof	
   of	
   concept	
   for	
   future	
   in-­‐vivo	
   experiments.	
   In	
   this	
  

chapter,	
   the	
   RGC	
   layers	
  were	
   transfected	
  with	
   GFP	
   and	
   had	
   a	
   transfection	
   efficiency	
   of	
   23%,	
  

similar	
  to	
  other	
  non-­‐viral	
  techniques.	
  Gene	
  therapy	
  of	
  retinal	
  diseases	
  such	
  as	
  RP	
  and	
  LCA	
  are	
  

rapidly	
  progressing	
  with	
  human	
  clinical	
   trials	
  using	
  recombinant	
  AAV(Bainbridge	
  et	
  al.,	
  2008,	
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Weleber	
   et	
   al.,	
   2016)	
   paving	
   the	
  way	
   for	
   the	
   future	
   application	
   of	
  magnetofection	
  within	
   the	
  

retina.	
   However,	
   the	
   magnetofection	
   technique	
   is	
   more	
   technically	
   challenging	
   as	
   it	
   is	
   less	
  

accessible.	
  A	
  subconjunctival	
  magnet	
  may	
  need	
  to	
  be	
  temporarily	
  sutured	
   into	
  place	
  on	
  to	
  the	
  

sclera	
  for	
  magnetofection	
  to	
  occur	
  (30	
  minutes	
  in	
  this	
  chapter).	
  Future	
  work	
  into	
  optimizing	
  its	
  

parameters	
   to	
   shorten	
   the	
   duration	
   of	
   magnet	
   exposure	
   would	
   make	
   it	
   simpler	
   for	
   clinical	
  

translation.	
  	
  

Use	
  of	
  MNP	
  for	
  gene	
  delivery	
  is	
  also	
  a	
  clinically	
  viable	
  option	
  as	
  they	
  are	
  already	
  FDA	
  approved	
  

for	
  MRI	
  contrast	
  agents	
  (Thorek	
  et	
  al.,	
  2006).	
  Studies	
  have	
  shown	
  that	
  MNPs	
  do	
  not	
  alter	
  stem	
  

cell	
  survival,	
  migration,	
  differentiation	
  and	
  electrophysiological	
  characteristics	
  (Dunning	
  et	
  al.,	
  

2004,	
   Bulte	
   et	
   al.,	
   1999,	
   Guzman	
   et	
   al.,	
   2007).Viral	
   gene	
   transfer	
   limited	
   by	
   its	
   cassette	
   size,	
  

technical	
  complexity	
  and	
  safety	
  concerns	
  need	
   to	
  be	
  replaced	
  by	
  a	
  safe	
  and	
  efficient	
  non-­‐viral	
  

option	
  for	
  clinical	
  translation.	
  In	
  this	
  chapter,	
  I	
  demonstrated	
  the	
  potential	
  for	
  magnetofection	
  

as	
  a	
  non-­‐viral	
  vector	
   for	
  gene	
  delivery	
   in	
  NSC	
  and	
   in	
  restricted	
   tissue	
   layers	
   in	
   the	
  eye.	
   In	
   the	
  

latter	
  part	
  of	
  this	
  thesis,	
  I	
  will	
  explore	
  the	
  use	
  of	
  magnetofection	
  as	
  a	
  non-­‐viral	
  method	
  for	
  gene	
  

transfer	
  of	
  neurospheres	
  to	
  deliver	
  neurotrophins	
  in	
  the	
  retina.	
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CHAPTER	
  5	
  DIRECTING	
  NEURAL	
  STEM	
  CELLS	
  INTO	
  THE	
  RETINA	
  

BY	
  GALVANOTAXIS	
  	
  

OBJECTIVES	
  

• To	
  determine	
  if	
  NSC	
  is	
  susceptible	
  to	
  directed	
  migration	
  by	
  electrical	
  field	
  application	
  in	
  

the	
  horizontal	
  plane.	
  	
  

• To	
  determine	
  if	
  electrical	
  field	
  can	
  direct	
  NSC	
  migration	
  in	
  a	
  vertical	
  plane	
  

	
  

5.0	
  INTRODUCTION	
  	
  	
  

Neural	
  Stem	
  Cells	
  and	
  directional	
  migration	
  

Endogenous	
   electrical	
   fields	
   (EF)	
  play	
   an	
   important	
   role	
   in	
   the	
  development	
   of	
   the	
  CNS,	
  with	
  

endogenous	
   currents	
  detected	
   in	
  many	
  developing	
   systems(Jaffe	
   and	
  Stern,	
   1979,	
  Hotary	
   and	
  

Robinson,	
   1994)	
   and	
   the	
   disruption	
   to	
   growth	
   i.e.	
   failure	
   of	
   neural	
   tube	
   closure,	
   when	
  

endogenous	
   EFs	
   were	
   disrupted	
   (Hotary	
   and	
   Robinson,	
   1994).	
   EFs	
   used	
   to	
   direct	
   stem	
   cell	
  

migration	
  to	
  areas	
  of	
  injury	
  such	
  as	
  in	
  spinal	
  cord	
  injury	
  is	
  currently	
  explored	
  (Song	
  et	
  al.,	
  2004,	
  

Meng	
   et	
   al.,	
   2012).	
   The	
   aim	
  would	
   be	
   to	
   promote	
   functional	
   recovery	
   of	
   the	
   neural	
   tissue	
   by	
  

providing	
   neurotrophic	
   support	
   or	
   aiding	
   endogenous	
   regeneration.	
   In	
   ophthalmology,	
  

degenerative	
  diseases	
  such	
  as	
  dry	
  AMD	
  and	
  glaucoma	
  may	
  benefit	
  from	
  long	
  term	
  neurotrophic	
  

growth	
  factor	
  delivery	
  using	
  stem	
  cells	
  as	
  a	
  vector.	
  However,	
  they	
  need	
  to	
  be	
  directed	
  to	
  migrate	
  

and	
   integrate	
   within	
   the	
   retina	
   where	
   chances	
   of	
   survival	
   maybe	
   higher	
   and	
   the	
   delivery	
   of	
  

neurotrophins	
  is	
  closer	
  to	
  the	
  area	
  of	
  damage.	
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5.1	
  DIRECTED	
  MIGRATION	
  OF	
  NEUROSPHERES	
  IN	
  A	
  HORIZONTAL	
  PLANE	
  BY	
  

ELECTRIC	
  FIELD	
  APPLICATION	
  

5.1.1	
  INTRODUCTION	
  

Prior	
  to	
  any	
  attempts	
  at	
  directing	
  NSC	
  migration	
  into	
  retina,	
  proof	
  of	
  galvanotaxis	
   in	
  the	
  NSCs	
  

cultured	
   in	
   the	
   lab	
  was	
  essential.	
  Galvanotaxis	
   in	
  NSCs	
   is	
  often	
   reported	
   in	
   the	
   form	
  of	
   single	
  

cells	
   (Feng	
  et	
  al.,	
  2012).	
   	
   In	
   this	
  experiment,	
   the	
  electrotactic	
  chamber	
  was	
  applied	
  to	
  NSCs	
   in	
  

the	
  form	
  of	
  neurospheres	
  3	
  days	
  post	
  passage	
  to	
  assess	
  for	
  galvanotaxis.	
  The	
  rationale	
  for	
  this	
  is	
  

that	
   in	
   spinal	
   cord	
   injury	
   models	
   where	
   most	
   of	
   NSC	
   transplantation	
   work	
   is	
   reported,	
  

transplantation	
   of	
   NSCs	
   are	
   often	
   in	
   the	
   form	
   of	
   neurospheres	
   rather	
   than	
   dissociated	
  

cells(Cheng	
   et	
   al.,	
   2015,	
   Okano	
   et	
   al.,	
   2003).	
   Improved	
   survival	
   and	
   integration	
   has	
   been	
  

reported	
   in	
   transplantation	
   of	
   injured	
   rat	
   spinal	
   cord	
   using	
   whole	
   versus	
   dissociated	
  

neurosphere	
   transplants(Mothe	
   and	
   Tator,	
   2005).	
   The	
   theory	
   behind	
   this	
   is	
   that	
   the	
  

neurosphere	
   microenvironment	
   i.e.	
   cell-­‐cell	
   contact,	
   neurotrophin	
   secretion	
   (Ourednik	
   et	
   al.,	
  

2002)	
  is	
  optimum	
  for	
  its	
  survival.	
  

Experimental	
  Design	
  

Electrotactic	
  chambers	
  that	
  have	
  been	
  widely	
  used	
  in	
  various	
  papers	
  to	
  assess	
  the	
  effect	
  of	
  EF	
  

on	
  different	
  cell	
  types	
  were	
  used	
  (Meng	
  et	
  al.,	
  2012,	
  Zhao	
  et	
  al.,	
  2015,	
  Li	
  et	
  al.,	
  2014).	
  [See	
  2.7.1	
  

for	
  material	
  and	
  methods).	
  Briefly,	
  it	
  consists	
  of	
  plated	
  NSC	
  with	
  matrigel	
  in	
  a	
  chamber	
  of	
  10mm	
  

x	
   22mm	
   x	
   0.5mm	
  where	
   a	
   DC	
   current	
   is	
   applied.	
   Cell	
  migration	
  was	
   imaged	
   by	
   a	
   time-­‐lapse	
  

microscope	
  fitted	
  with	
  a	
  motorized	
  stage.	
  Based	
  on	
  previously	
  established	
  protocols	
  within	
  the	
  

lab,	
  and	
  studies	
  which	
  have	
  reported	
  galvanotaxis	
  with	
  a	
  range	
  of	
  up	
  to	
  500mV/mm-­‐1	
  in	
  rat	
  NSCs	
  

(Meng	
  et	
  al.,	
  2012),	
  EFs	
  of	
  125mVmm-­‐1(total	
  EF	
  2.75V	
  [125mVmm-­‐1	
  x	
  22mm2])	
  and	
  250mVmm-­‐1	
  

(total	
   EF	
   5.5V	
   [250mVmm-­‐1	
   x	
   22mm2])	
   were	
   evaluated.	
   For	
   data	
   analysis,	
   the	
   FIJI	
   plugin:	
  

Chemotaxis	
  and	
  Migration	
  Tool	
  was	
  used	
  to	
  produce	
  cell	
  migration	
  velocity,	
  directness,	
  centre	
  

of	
  population,	
  Forward	
  Migration	
  Index	
  parallel	
  to	
  the	
  x	
  axis,	
  Rayleigh’s	
  test	
  of	
  uniformity	
  and	
  a	
  

trajectory	
  plot	
  for	
  cell	
  migration	
  was	
  created	
  (for	
  definitions	
  please	
  refer	
  to	
  2.9.1.1).	
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5.1.2	
  RESULTS	
  

Neurospheres	
  exhibit	
  electrotaxis	
  with	
  directed	
  migration	
  towards	
  cathode	
  

Trajectory	
  plots	
   for	
   control	
  0v,	
  2.75V	
   (125mV	
  mm-­‐1	
   )	
  and	
  5.5V	
   (250mV	
  mm-­‐1	
   	
   )	
   are	
   shown	
   in	
  

figure	
   5.1.	
   The	
   neurospheres	
   showed	
   galvanotactic	
   response	
   for	
   two	
   hours	
   with	
   migration	
  

towards	
  the	
  cathode	
  as	
  previously	
  reported	
  (Meng	
  et	
  al.,	
  2012).	
  Centre	
  of	
  population	
  was	
  x:17.8,	
  

y:18.2	
   for	
   controls,	
   x:21.9,	
   y:22.0	
   for	
   2.75V	
   (125mV	
   	
   mm-­‐1)	
   and	
   x:45.8,	
   y:46.2	
   for	
   5.5V	
  

(250mVmm-­‐1).	
  

Forward	
  Migration	
   Index	
   parallel	
   to	
   the	
   x-­‐axis	
   was	
   highest	
   for	
   5.5V	
   (250mV	
  mm-­‐1)	
   at	
   0.761,	
  

followed	
   by	
   0.447	
   at	
   2.75V	
   (125mV	
   mm-­‐1)	
   and	
   0.122	
   for	
   controls.	
   When	
   aligned	
   over	
   time,	
  

neurospheres	
   from	
  5.5V	
   (250mV	
  mm-­‐1)	
   population	
   showed	
   a	
   significant	
   centre	
   of	
   population	
  

displacement	
   increase	
   early	
   on	
   in	
   the	
   experiment	
   in	
   comparison	
   to	
   controls	
   (p<0.001).	
   A	
  

significant	
  but	
  smaller	
  response	
  was	
  observed	
  in	
  the	
  2.75V	
  (125mV	
  mm-­‐1	
  )	
  population	
  (p=0.04)	
  

(see	
  figure	
  5.2).	
  

The	
   directedness	
   of	
   the	
   2.75V	
   (125mV	
  mm-­‐1	
   )	
   population	
   and	
   5.5V	
   (250mVmm-­‐1)	
   population	
  

showed	
  a	
  statistically	
   significant	
  difference	
   in	
  directedness	
  p=0.005	
   for	
  2.75V	
  (125mV	
  mm-­‐1	
   )	
  

and	
   p<0.001	
   when	
   compared	
   to	
   controls	
   (see	
   figure	
   5.3).	
   Distances	
   travelled	
   for	
   both	
  

accumulated	
   and	
  euclidean	
  were	
   statistically	
   significant	
  when	
   compared	
   to	
   controls	
   [p=0.012	
  

for	
  accumulated	
  distance	
  in	
  2.75V	
  (125mV	
  mm-­‐1),	
  p=0.006	
  for	
  Euclidean	
  distance	
  in	
  125mVmm-­‐

12.75V	
  (125mV	
  mm-­‐1	
  ),	
  p=0.018	
   for	
  accumulated	
  distance	
   in	
  5.5V	
  (250mV	
  mm-­‐1)	
  and	
  p<0.001	
  

for	
   Euclidean	
   distance	
   in	
   5.5V	
   (250mV	
   mm-­‐1)]	
   (see	
   figure	
   5.4).	
   Neurospheres	
   displayed	
  

increasing	
   velocity	
   of	
  migration	
   as	
   voltage	
   increased;	
   p=0.012	
   for	
   2.75V	
   (125mV	
  mm-­‐1)	
   	
   and	
  

p<0.001	
   for	
   5.5V	
   (250mV	
  mm-­‐1)	
   (see	
   figure	
   5.5).	
   The	
   Rayleigh’s	
   test	
   revealed	
   4.86x10-­‐9	
   and	
  

1.42x10-­‐9	
   for	
   2.75V	
   (125mV	
   mm-­‐1)	
   and	
   5.5V	
   (250mV	
   mm-­‐1)	
   populations	
   showing	
   an	
  

inhomogeneous	
  distribution	
  of	
  cell	
  end	
  points	
  with	
  respect	
  to	
  circular	
  distribution.	
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Figure	
  5.1	
  (A)	
  trajectory	
  plot	
  of	
  neurospheres	
  imaged	
  over	
  2	
  hours	
  with	
  no	
  EF	
  [n=29].	
  (B)	
  and	
  
(C)	
   show	
   neurospheres	
   at	
   the	
   start	
   (B)	
   [blue	
   dot	
   marks	
   beginning	
   centre	
   point	
   for	
   cell]	
   and	
  
end(C)	
   of	
   experiment	
   [red	
   dot	
  marks	
   centre	
   point	
   for	
   cell	
   at	
   the	
   end	
   of	
   experiment.	
   Blue	
   line	
  
illustrates	
   the	
   path	
   of	
   the	
   cells	
   centre	
   point	
   from	
   start	
   to	
   end].	
   (D)	
   trajectory	
   plot	
   of	
  
neurospheres	
   exposed	
   to	
   2.75V	
   (125mVmm-­‐1)	
   for	
   2	
   hours	
   [n=45]	
   ;(E)	
   and	
   (F)	
   show	
  
neurospheres	
   at	
   the	
   start	
   (E)	
   and	
   end	
   (F)	
   of	
   the	
   experiment.	
   (G)	
   trajectory	
   plot	
   of	
  
neurospheres	
  exposed	
  to	
  5.5V	
  (250mVmm-­‐1)for	
  2	
  hours	
  [n=29]	
  (H)	
  and	
  (I)	
  show	
  neurospheres	
  
at	
  the	
  start	
  (H)	
  and	
  end	
  (I)	
  of	
  the	
  experiment.	
  Red	
  cross	
  in	
  A,	
  D	
  and	
  G	
  represents	
  the	
  centre	
  of	
  
population	
  for	
  the	
  group	
  of	
  cells	
  at	
  the	
  end	
  of	
  the	
  experiment.	
  Scale	
  bar:	
  100	
  microns.	
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Figure	
   5.2	
   shows	
   the	
   displacement	
   of	
   the	
   centre	
   of	
   population	
   for	
   each	
   group	
   [control,	
   2.75V	
  
(125mVmm-­‐1	
  )	
  and	
  5.5V	
  (250mVmm-­‐1	
  )	
  group	
  of	
  cells]	
  parallel	
  to	
  the	
  	
  x	
  axis	
  over	
  2	
  hours.	
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Figure	
  5.3	
  Bar	
  chart	
  showing	
  directedness	
  of	
  cell	
  migration	
  for	
  control,	
  2.75V	
  (125mVmm-­‐

1)and	
  5.5V	
  (250mVmm-­‐1)experiments.	
  **	
  =	
  p<0.01	
  post	
  Bonferroni	
  Error	
  bars=SEM	
  

	
  

	
  

	
  

	
  

Figure	
  5.4	
  Bar	
  charts	
  showing	
  accumulated	
  and	
  euclidean	
  distances	
  of	
  neurosphere	
  migration	
  
for	
  control,	
  2.75V	
  (125mVmm-­‐1),	
  5.5V	
  (250mVmm-­‐1	
  )	
  experiments	
  .**	
  =	
  p<0.01	
  post	
  Bonferroni	
  
Error	
  bars=SEM	
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Figure	
  5.5	
  Bar	
  chart	
  showing	
  average	
  velocity	
  of	
  migration	
  of	
  cells	
  in	
  microns	
  per	
  minute	
  for	
  
control,	
  2.75V	
  (125mVmm-­‐1)and	
  5.5V	
  (250mVmm-­‐1)experiments.	
  	
  **	
  =	
  p<0.01	
  post	
  Bonferroni.	
  
Error	
  bars=SEM	
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5.2	
  DIRECTED	
  MIGRATION	
  OF	
  NEURAL	
  STEM	
  CELLS	
  IN	
  A	
  VERTICAL	
  PLANE	
  

BY	
  ELECTRIC	
  FIELD	
  APPLICATION	
  

5.2.1	
  INTRODUCTION	
  	
  

To	
  assess	
  directed	
  vertical	
  migration	
  of	
  NSC	
  by	
  electric	
  field,	
  a	
  conventional	
  assay	
  	
  used	
  in	
  cell	
  

migration	
   research;	
   Boyden	
   Chamber	
   a.k.a	
   transwell	
   assay,	
   was	
   employed(Boyden,	
   1962).	
  

Although	
  more	
   often	
  used	
   in	
   chemotaxis	
  migration	
   studies,	
   it	
   has	
   been	
   applied	
   to	
   investigate	
  

electrotaxis	
  in	
  lymphocyte	
  cells(Lin	
  et	
  al.,	
  2008).	
  	
  	
  

	
  

Experimental	
  design	
  

The	
  modified	
   Boyden	
   chamber	
   consisted	
   of	
   upper	
   and	
   lower	
   chambers	
   separated	
   by	
   a	
   filter	
  

with	
  a	
  pore	
  size	
  of	
  8μm.	
  The	
  upper	
  chamber	
  was	
  filled	
  with	
  NSCs	
  of	
  the	
  same	
  cell	
  density	
  for	
  all	
  

experiments.	
   (See	
   2.9.3	
   for	
   Boyden	
   chamber	
   set	
   up	
   details).	
   Electric	
   fields	
   of	
   2.5V	
  

(1.47mv/mm3),	
   5V	
   (2.94mv/mm3)	
   and	
   10V	
   (5.88mv/mm3)	
   were	
   investigated	
   based	
   on	
   cell	
  

viability	
  studies	
  showing	
  cell	
  death	
  at	
  above	
  total	
  EFs	
  of	
  15V	
  (10.7mV/mm3).	
  	
  The	
  electric	
  field	
  

was	
  applied	
  across	
  the	
  Boyden	
  chamber	
  by	
  placing	
  two	
  platinum	
  electrodes	
  connected	
  to	
  a	
  DC	
  

power	
  supply	
  to	
  the	
  top	
  and	
  bottom	
  well	
  of	
  the	
  Boyden	
  chamber;	
  cathode	
  in	
  the	
  lower	
  chamber.	
  

Cells	
  migrating	
  from	
  the	
  upper	
  to	
  lower	
  chamber	
  would	
  be	
  captured	
  on	
  the	
  filter	
  mid	
  migration	
  

and	
   hence	
   could	
   be	
   counted.	
   The	
   filter	
   pore	
   size	
   of	
   8	
   μm	
   was	
   used	
   as	
   it	
   provided	
   enough	
  

resistance	
  to	
  show	
  number	
  of	
  cells	
  vertically	
  migrating	
  from	
  upper	
  to	
  lower	
  chamber.	
  An	
  initial	
  

pilot	
  study	
  of	
  4μm	
  filters	
  showed	
  that	
  this	
  was	
  too	
  small	
  for	
  migration	
  to	
  occur	
  and	
  for	
  NSC	
  to	
  

be	
  captured	
  within	
  the	
  filter	
  (Figure	
  5.6).	
  Effect	
  of	
  increasing	
  time	
  of	
  electric	
  field	
  exposure	
  was	
  

also	
   investigated	
  at	
  20,	
  40,	
  80	
  and	
  180	
  minutes	
  at	
  5V	
  (2.94mv/mm3).	
  Cells	
  present	
  within	
  the	
  

filter	
  area	
  captured	
  were	
  counted	
  and	
  compared	
  to	
  controls.	
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Figure	
  5.6	
  	
  Illustration	
  of	
  modified	
  Boyden	
  chamber	
  experiment	
  setup	
  shown	
  above.	
  Images	
  
showing	
  NSCs	
  absent	
  in	
  4micron	
  filter	
  (A,B)	
  vs	
  8micron	
  filters(C,D).	
  Scale	
  bar:	
  100µm	
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5.2.2	
  RESULTS	
  

Neural	
  stem	
  cells	
  displayed	
  migration	
  in	
  a	
  vertical	
  plane	
  in	
  the	
  presence	
  of	
  an	
  electric	
  field	
  	
  

The	
   number	
   of	
  NSC	
   counted	
  within	
   the	
   filter	
  were	
   significantly	
  more	
   in	
   2.5V	
   (1.47mv/mm3),	
  

and	
   5V	
   (2.94mv/mm3)	
   experiments	
   in	
   comparison	
   to	
   controls	
   p=0.045,	
   p=0.047(figure	
   5.7).	
  

This	
   increased	
   as	
   voltage	
  was	
   increased	
   to	
   5V	
   (2.94mv/mm3)	
   but	
   decreased	
   thereafter.	
   Cells	
  

counted	
  in	
  the	
  10V	
  (5.88mv/mm3)	
  experiment	
  were	
  not	
  statistically	
  significant	
  when	
  compared	
  

to	
  controls	
  [figure	
  5.7].	
  

Prolonged	
  EF	
  exposure	
  at	
  5V	
  (2.94mv/mm3)	
  showed	
  an	
  increase	
  in	
  the	
  number	
  of	
  cells	
  counted	
  

within	
   the	
   filter	
   from	
   20	
  minutes	
   to	
   80	
  minutes.	
   This	
   effect	
   tailed	
   off	
   after	
   180minutes	
   (see	
  

figure	
   5.8).	
   Durations	
   of	
   EF	
   exposure	
   longer	
   than	
   20	
  minutes	
  were	
   statistically	
   significant	
   in	
  

comparison	
  to	
  controls	
  (40minutes	
  p=0.013,	
  80minutes	
  p=0.045,	
  180minutes	
  p=0.047).	
  

To	
  ensure	
  cells	
  counted	
  in	
  filter	
  were	
  indeed	
  NSC,	
  they	
  were	
  stained	
  for	
  anti-­‐nestin.	
  (figure	
  5.9)	
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Figure	
   5.7	
   Barchart	
   above	
   shows	
   effect	
   of	
   voltage	
   on	
   number	
   of	
   cells	
   counted	
   in	
   filter.	
  
*=p<0.05	
   (A)	
   shows	
   cells	
   in	
   filter	
   of	
   control,	
   (B)	
   for	
   2.5V	
   (1.47mv/mm3),	
   (C)	
   for	
   5V	
  
(2.94mv/mm3)	
  	
  and	
  (D)	
  for	
  10V(5.88mv/mm3),	
  for	
  40	
  minutes.	
  Scale	
  bar:	
  100µm	
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Figure	
  5.8	
  Barchart	
  above	
  shows	
  effect	
  of	
   increasing	
  electric	
   field	
  exposure	
  duration	
  at	
  5V	
  on	
  
cells	
   counted	
   per	
   mm2	
   in	
   filter.	
   *=p<0.05	
   (A)	
   shows	
   cells	
   in	
   filter	
   of	
   control,	
   (B)	
   5V	
  
(2.94mv/mm3)	
  for	
  40minutes,	
  (c)	
  5V	
  (2.94mv/mm3)	
  for	
  80	
  minutes	
  and	
  (d)	
  5V	
  (2.94mv/mm3)	
  
for	
  180	
  minutes.	
  Scale	
  bar:	
  100µm	
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Figure	
  5.9	
  Neural	
  stem	
  cells	
  in	
  filter	
  staining	
  positive	
  for	
  nestin	
  (red)	
  following	
  
5V(2.94mv/mm3)	
  exposure	
  for	
  40minutes.	
  Scale	
  bar	
  50	
  microns	
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5.4	
  DISCUSSION	
  

The	
  application	
  of	
  EF	
  directing	
  stem	
  cell	
  migration	
  is	
  a	
  promising	
  field	
  especially	
  in	
  spinal	
  cord	
  

injury	
  (Yao	
  et	
  al.,	
  2016).	
  The	
  presence	
  of	
  endogenous	
  EF	
  and	
  the	
  changes	
  in	
  embryonic	
  growth	
  

with	
  its	
  disruption	
  indicates	
  the	
  importance	
  of	
  galvanotaxis	
  in	
  normal	
  embryonic	
  development	
  

(Hotary	
   and	
   Robinson,	
   1992).	
   Several	
   studies	
   have	
   demonstrated	
   that	
   an	
   applied	
   EF	
   directs	
  

migration	
  of	
  NSC	
  in	
  vitro	
  towards	
  the	
  cathode(Li	
  et	
  al.,	
  2014),	
  as	
  replicated	
  in	
  this	
  chapter	
  for	
  

cultured	
  neurospheres.	
  FMI	
  which	
  represents	
  the	
  efficiency	
  of	
  forward	
  migration	
  with	
  relation	
  

to	
  the	
  x	
  axis	
  (towards	
  the	
  cathode)	
  was	
  highest	
  for	
  250mVmm-­‐1	
  and	
  directedness,	
  accumulated	
  

distance	
  and	
  euclidean	
  distance	
  were	
  all	
  significantly	
  higher	
  than	
  controls	
  for	
  both	
  EF	
  voltages	
  

applied,	
   suggesting	
   the	
  straightness	
  of	
   the	
  cells’	
  migration	
  character	
  was	
  higher	
   than	
  controls	
  

(Yuki	
   Asano).	
   In	
   depth	
   analysis	
   of	
   the	
   neurospheres’	
   migration	
   characterisation	
   was	
   not	
  

analysed	
  as	
   the	
   focus	
  of	
   this	
   chapter	
  was	
   to	
  direct	
   the	
  neurospheres	
  vertically	
   into	
   the	
   retina	
  

and	
  an	
  abundance	
  of	
  work	
  has	
  been	
  published	
  in	
  this	
  respect	
  (Meng	
  et	
  al.,	
  2012,	
  Babona-­‐Pilipos	
  

et	
  al.,	
  2012,	
  Li	
  et	
  al.,	
  2014,	
  Zhao	
  et	
  al.,	
  2015).	
  	
  	
  

Although	
  migration	
  of	
  the	
  neuropheres	
  occurred	
  towards	
  the	
  cathode	
  as	
  expected,	
  there	
  was	
  an	
  

unexplained	
   anomaly	
   in	
   the	
   control	
   experiments	
   whereby	
   a	
   small	
   proportion	
   of	
   the	
  

neurospheres	
  were	
  migrating	
  parallel	
  to	
  the	
  x-­‐axis	
  in	
  the	
  negative	
  as	
  well	
  as	
  positive	
  axes.	
  The	
  

majority	
   stayed	
   undirected,	
   but	
   this	
   anomaly	
   cannot	
   be	
   explained	
   as	
   experiments	
   were	
  

triplicated	
  and	
  conditions	
  were	
  kept	
  as	
  similar	
  to	
  each	
  other	
  as	
  possible.	
  It	
  may	
  have	
  been	
  that	
  

there	
   was	
   an	
   error	
   with	
   the	
   stage	
   of	
   the	
   microscope	
   on	
   the	
   day	
   of	
   the	
   experiment,	
   but	
  

nevertheless	
  this	
  did	
  not	
  seem	
  to	
  affect	
  the	
  results	
  of	
  our	
  analyses	
  on	
  comparison	
  with	
  the	
  test	
  

variables.	
  

Having	
  demonstrated	
  galvanotaxis	
  characteristics	
  in	
  the	
  NSC-­‐GFP	
  cultured,	
  it	
  was	
  necessary	
  to	
  

show	
  that	
  migration	
  towards	
  cathode	
  would	
  also	
  occur	
  in	
  a	
  vertical	
  manner	
  as	
  so	
  far,	
  there	
  has	
  

been	
   no	
   work	
   demonstrating	
   this.	
   Vertical	
   migration	
   of	
   stem	
   cells	
   has	
   been	
   published	
   in	
  

chemotaxis	
  protocols	
  using	
  Boyden	
  chambers	
  but	
  not	
  for	
  assessing	
  galvanotaxis	
  (Durbec	
  et	
  al.,	
  

2008).	
   The	
   use	
   of	
   Boyden	
   chamber	
   with	
   EF	
   has	
   been	
   shown	
   for	
   lymphocytes	
   and	
   hence	
   a	
  

modified	
  version	
  of	
   this	
  was	
  used	
  to	
  assess	
  NSC	
  (Lin	
  et	
  al.,	
  2008).	
   	
  The	
  results	
  of	
   this	
  chapter	
  

shows	
   vertical	
  migration	
   of	
  NSC	
   from	
  upper	
   to	
   lower	
   chamber	
   occurs	
  when	
   an	
   EF	
   is	
   applied	
  

with	
  the	
  cathode	
  in	
  the	
  lower	
  chamber.	
  The	
  migration	
  was	
  affected	
  by	
  voltage	
  and	
  duration	
  of	
  

EF	
  application,	
  with	
  5V	
  (2.94mv/mm3)	
  	
  for	
  80	
  minutes	
  resulting	
  in	
  the	
  highest	
  number	
  of	
  cells	
  

migrating	
  within	
  the	
  filter.	
  	
  It	
  is	
  hard	
  to	
  determine	
  if	
  the	
  use	
  of	
  platinum	
  wire	
  electrodes	
  would	
  

have	
  altered	
  electrolytes	
  within	
  the	
  media	
  enough	
  to	
  cause	
  a	
  chemical	
  gradient	
  contributing	
  to	
  

the	
  taxic	
  response.	
  	
  I	
  chose	
  platinum	
  electrodes	
  as	
  they	
  are	
  one	
  of	
  the	
  most	
  inert	
  metals	
  and	
  has	
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been	
   used	
   in	
   another	
   published	
   experiment	
   to	
   show	
   migration	
   [Lin	
   et	
   al.,	
   2008].	
   Future	
  

experiments	
  should	
  address	
  this	
  by	
  including	
  a	
  non-­‐metal	
  form	
  of	
  electric	
  field	
  delivery.	
  

Differentiation	
   following	
   prolonged	
   DC	
   electrical	
   stimuli	
   has	
   been	
   shown	
   to	
   induce	
   SC	
  

differentiation	
   towards	
   a	
   certain	
   lineage	
   (Thrivikraman	
   et	
   al.,	
   2014,	
   Chang	
   et	
   al.,	
   2016).	
  

Durations	
   of	
   up	
   to	
   48	
   hours	
   were	
   reported	
   to	
   induce	
   NSC	
   to	
   neurons,	
   astrocytes	
   and	
  

oligodendrocytes	
   (Zhao	
   et	
   al.,	
   2015).	
   Although	
   durations	
   of	
   EF	
   application	
   were	
   only	
  

investigated	
  up	
  to	
  180	
  minutes,	
  NSCs	
  were	
  stained	
  with	
  nestin	
  to	
  ensure	
  differentiation	
  had	
  not	
  

taken	
  place	
  post	
  EF	
  exposure	
  and	
  that	
  their	
  stem	
  cell	
  properties	
  remained.	
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CHAPTER	
  6	
  DIRECTED	
  MIGRATION	
  OF	
  NEURAL	
  STEM	
  CELLS	
  

FROM	
  INNER	
  TO	
  OUTER	
  LAYER	
  OF	
  THE	
  RETINA	
  BY	
  

GALVANOTAXIS	
  

Objective	
  

To	
  determine	
  if	
  exposure	
  to	
  an	
  electrical	
  field	
  can	
  direct	
  NSC	
  migration	
  into	
  the	
  retina	
  from	
  the	
  

inner	
  layer	
  to	
  the	
  outer	
  layer.	
  

6.1	
  INTRODUCTION	
  

Replacing	
   lost	
   cells	
   or	
   delivering	
   neuroprotection	
   with	
   stem	
   cells	
   may	
   repair	
   a	
   degenerative	
  

retina	
  and	
  improve	
  visual	
  function.	
  Transplanted	
  stem	
  cells	
  (SC)	
  need	
  to	
  migrate,	
  integrate	
  and	
  

hence	
  survive	
  into	
  these	
  sophisticated	
  layers	
  of	
  the	
  retina	
  for	
  effective	
  cell	
  transplantation;	
  and	
  

these	
  are	
   interlinked	
   (Ma	
  et	
   al.,	
   2011).	
   So	
   far,	
   efforts	
  have	
  been	
  placed	
  on	
   subretinal	
  delivery	
  

whereby	
  migration	
  would	
  have	
  to	
  occur	
  from	
  outer	
  to	
  inner	
  layer	
  of	
  the	
  retina	
  with	
  a	
  resultant	
  

localised	
   retinal	
   detachment	
   as	
   part	
   of	
   the	
   delivery	
   process(MacLaren	
   et	
   al.,	
   2006).	
   This	
  

approach	
  may	
  better	
  target	
  outer	
  retinal	
  diseases	
  like	
  AMD	
  and	
  RP	
  but	
  would	
  be	
  unlikely	
  to	
  be	
  

effective	
   in	
   inner	
  retinal	
  diseases	
   like	
  glaucoma.	
  Furthermore,	
  even	
  though	
  some	
  studies	
  have	
  

reported	
   functional	
   restoration	
   after	
   subretinal	
   transplantation	
   (Pearson	
   et	
   al.,	
   2012),	
   most	
  

studies	
   have	
   relatively	
   low	
   survival	
   rates	
   ranging	
   from	
   0.04%	
   to	
   8%	
   (Ballios	
   et	
   al.,	
   2015).	
  

Techniques	
   to	
   improve	
   stem	
   cell	
   delivery	
   to	
   inner	
   retina	
   needs	
   further	
   development	
   as	
   the	
  

majority	
  of	
  SC	
  remain	
  in	
  the	
  vitreous	
  body	
  (Johnson	
  et	
  al.,	
  2010a)	
  or	
  at	
  best	
  are	
  adherent	
  to	
  the	
  

vitreal	
   surface	
   of	
   the	
   retina	
   when	
   delivered	
   intravitreally.	
   The	
   barrier	
   to	
   this	
   technique	
   is	
  

primarily	
  a	
  physical	
  one	
  consisting	
  of	
  the	
  inner	
  limiting	
  membrane,	
  extracellular	
  matrix	
  of	
  the	
  

inner	
   basal	
   lamina	
   and	
   microglia(Johnson	
   et	
   al.,	
   2010b,	
   Singhal	
   et	
   al.,	
   2008).	
   Research	
   into	
  

improving	
  this	
  have	
  included	
  biomaterial	
  approaches,	
  vitrectomy	
  prior	
  to	
   intravitreal	
  delivery	
  

of	
   SC	
   (Jayaram	
   et	
   al.,	
   2014),	
  mechanical	
   peeling	
   of	
   the	
   ILM(Johnson	
   et	
   al.,	
   2010b),	
   enzymatic	
  

degradation(Johnson	
  et	
  al.,	
  2010b,	
  Singhal	
  et	
  al.,	
  2008)	
  and	
  manipulation	
  of	
  microglia.	
  Of	
  note,	
  

SC	
   augmented	
   to	
   overexpress	
   GDNF	
   reported	
   some	
   integration	
   with	
   intravitreal	
   delivery	
  

(Gregory-­‐Evans	
  et	
  al.,	
  2009).	
  This	
  will	
  be	
  discussed	
  and	
  investigated	
  in	
  Chapter	
  6.	
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In	
   this	
   chapter,	
   I	
  used	
  an	
  electric	
   field	
   to	
  direct	
  migration	
  of	
  NSCs	
  vertically	
  past	
   the	
  physical	
  

barriers	
  of	
  the	
  inner	
  retina	
  into	
  the	
  inner	
  nuclear	
  layer	
  of	
  the	
  retinal	
  explants	
  similar	
  to	
  Chapter	
  

5	
  where	
  the	
  barrier	
  was	
  a	
  filter.	
  

	
  

Experimental	
  Design	
  

In	
  chapter	
  3,	
  I	
  validated	
  the	
  retinal	
  explants	
  cultured	
  in	
  this	
  lab	
  and	
  confirmed	
  their	
  maximum	
  

viability	
   term	
  with	
   the	
   inclusion	
  of	
  healthy	
  RGCs	
  would	
  be	
   for	
  3	
  days.	
  This	
  was	
  performed	
   to	
  

identify	
  the	
  therapeutic	
  window	
  for	
  retinal	
  explants	
  as	
  the	
  duration	
  of	
  EF	
  field	
  exposure	
  to	
  NSC	
  

and	
  retina	
  to	
  demonstrate	
  migration	
  was	
  not	
  yet	
  known.	
  	
  

In	
  brief,	
  a	
  modified	
  Boyden	
  chamber	
  was	
  set	
  up	
  with	
  the	
  retinal	
  explant	
  laid	
  RGC	
  face	
  up	
  on	
  the	
  

filter	
  of	
  the	
  upper	
  chamber	
  and	
  the	
  NSCs	
  in	
  media	
  filled	
  the	
  upper	
  chamber	
  (figure	
  6.1).	
  	
  

Effect	
   of	
   voltage	
   was	
   investigated	
   at	
   5V	
   (1.47mv/mm3),	
   10V	
   (2.94mv/mm3)	
   and	
   15V	
  

(4.41mv/mm3)	
   for	
   60	
  minutes.	
  Higher	
   voltages	
   [20V(5.88mv/mm3)	
   and	
   100V(29.4mv/mm3)]	
  

were	
   trialled	
  but	
   resulted	
   in	
   cell	
   death.	
  The	
   voltages	
  under	
   investigation	
  were	
   applied	
   across	
  

the	
  Boyden	
  chamber	
  by	
  placing	
  two	
  platinum	
  electrodes	
  connected	
  to	
  a	
  DC	
  power	
  supply	
  to	
  the	
  

top	
  and	
  bottom	
  well	
  of	
  the	
  Boyden	
  chamber;	
  cathode	
  in	
  the	
  lower	
  chamber.	
  Effect	
  of	
  duration	
  of	
  

EF	
  application	
  on	
  migration	
  was	
  examined	
  at	
  5V	
  (1.47mv/mm3)	
  for	
  60	
  minutes,	
  90	
  minutes	
  and	
  

120	
  minutes,	
  at	
  10V	
  (2.94mv/mm3)	
   for	
  30	
  minutes,	
  60	
  minutes	
  and	
  90	
  minutes,	
  as	
  well	
  as	
  at	
  

15v	
   (4.41mv/mm3)	
   for	
   15	
   minutes	
   30	
   minutes	
   and	
   60	
   minutes.	
   To	
   assess	
   if	
   the	
   maximum	
  

voltage	
   and	
   EF	
   duration	
   of	
   exposure	
   did	
   not	
   result	
   in	
   cell	
   death,	
   cells	
   were	
   stained	
   with	
  

Ethidium	
  Bromide	
  following	
  15V	
  and	
  60	
  minutes	
  of	
  EF	
  exposure.	
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Figure	
   6.1	
   Illustration	
   of	
  modified	
   Boyden	
   chamber	
   setup	
  with	
   retinal	
   explant,	
   RGC	
   facing	
   up	
  
laid	
  in	
  the	
  upper	
  chamber.	
  Red	
  cross	
  represents	
  the	
  anode	
  charged	
  platinum	
  wire	
  placed	
  in	
  the	
  
upper	
   chamber,	
   and	
   the	
   red	
   negative	
   sign	
   represented	
   the	
   cathode	
   charged	
   platinum	
   wire	
  
placed	
  in	
  the	
  bottom	
  chamber	
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6.2	
  RESULTS	
  

Effect	
  of	
  voltage	
  of	
  EF	
  on	
  migration	
  of	
  neurospheres	
  from	
  inner	
  retinal	
  layer	
  to	
  outer	
  retinal	
  layer	
  	
  

The	
   average	
   fluorescence	
   from	
   NSC-­‐GFP	
   present	
   within	
   retinal	
   layers	
   for	
   5V	
   (1.47mv/mm3),	
  

10V	
  (2.94mv/mm3)	
  and	
  15V	
  (4.41mv/mm3)	
  for	
  60	
  minutes	
  are	
  shown	
  in	
  Figure	
  6.2.	
  Migration	
  

occurred	
  for	
  all	
  voltages	
  applied,	
  mostly	
  within	
  the	
  RGC	
  and	
  to	
  a	
  lesser	
  extent	
  the	
  INL.	
  Control	
  

experiments	
  with	
  no	
  electric	
  field	
  showed	
  no	
  migration.	
  

15V	
   (4.41mv/mm3)	
   for	
   60minutes	
   appeared	
   to	
   have	
   the	
   highest	
   proportion	
   of	
   fluorescence	
  

within	
  the	
  INL	
  with	
  a	
  corresponding	
  reduction	
  in	
  fluorescence	
  within	
  the	
  RGC	
  layer.	
  However,	
  

there	
  seems	
  to	
  be	
  a	
  generally	
  lower	
  fluorescence	
  for	
  the	
  15V	
  (4.41mv/mm3)	
  experiment.	
  	
  

Hence,	
  I	
  looked	
  into	
  the	
  duration	
  of	
  EF	
  application	
  to	
  optimize	
  migration	
  as	
  well	
  as	
  cell	
  viability	
  

studies	
  to	
  see	
  if	
  the	
  low	
  fluorescence	
  was	
  due	
  to	
  cell	
  death.	
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Figure	
  6.2	
  (A)	
  Bar	
  chart	
  	
  shows	
  average	
  fluorescence	
  density	
  through	
  retinal	
  layers	
  (RGC	
  layer	
  
blue,	
   INL	
   green,	
   OPL	
   yellow,	
   ONL	
   red)	
   in	
   controls	
   0V	
   60	
   minutes	
   [n=13]	
   experiment.	
  
ILM=Inner	
   Limiting	
   Membrane,	
   RGC=Retinal	
   Ganglion	
   Cell	
   Layer,	
   INL=Inner	
   Nuclear	
   Layer,	
  
OPL=	
  Outer	
  Plexiform	
  Layer,	
  ONL=Outer	
  Nuclear	
  Layer.	
  Error	
  bars	
  =SEM.	
   	
   Image	
   in	
   the	
  upper	
  
right	
   shows	
   z	
   stack	
   from	
   confocal	
  microscopy	
   of	
   1	
  micron	
   slice	
   in	
   RGC	
   layer.	
   Blue=	
   TOPRO-­‐3	
  
nuclear	
   stain,	
   Green=NSC-­‐GFP	
   cells.	
   Image	
   in	
   lower	
   right	
   shows	
   orthogonal	
   stack	
   of	
   retina	
  
showing	
  NSC-­‐GFP	
  lying	
  within	
  RGC	
  layer.	
  Scale	
  bar:	
  100µm.	
  

	
  

	
  

Figure	
  6.2(B)	
  	
  Bar	
  chart	
  	
  shows	
  average	
  fluorescence	
  density	
  through	
  retinal	
  layers	
  (RGC	
  layer	
  
blue,	
  INL	
  green,	
  OPL	
  yellow,	
  ONL	
  red)	
  in	
  	
  5V	
  (4.41mv/mm3)	
  	
  60	
  minutes	
  [n=19]	
  experiment.	
  
ILM=Inner	
  Limiting	
  Membrane,	
  RGC=Retinal	
  Ganglion	
  Cell	
  Layer,	
  INL=Inner	
  Nuclear	
  Layer,	
  
OPL=	
  Outer	
  Plexiform	
  Layer,	
  ONL=Outer	
  Nuclear	
  Layer.	
  Error	
  bars	
  =SEM.	
  	
  Image	
  in	
  the	
  upper	
  
right	
  shows	
  z	
  stack	
  from	
  confocal	
  microscopy	
  of	
  1	
  micron	
  slice	
  in	
  RGC	
  layer.	
  Blue=	
  TOPRO-­‐3	
  
nuclear	
  stain,	
  Green=NSC-­‐GFP	
  cells.	
  Image	
  in	
  lower	
  right	
  shows	
  orthogonal	
  stack	
  of	
  retina	
  
showing	
  NSC-­‐GFP	
  lying	
  within	
  RGC	
  layer.	
  Scale	
  bar:	
  100µm.	
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Figure	
  6.2(C)	
  	
  Bar	
  chart	
  	
  shows	
  average	
  fluorescence	
  density	
  through	
  retinal	
  layers	
  (RGC	
  layer	
  
blue,	
  INL	
  green,	
  OPL	
  yellow,	
  ONL	
  red)	
  in	
  	
  10V(2.94mv/mm3)	
  	
  60	
  minutes	
  [n=19]	
  experiment.	
  
ILM=Inner	
  Limiting	
  Membrane,	
  RGC=Retinal	
  Ganglion	
  Cell	
  Layer,	
  INL=Inner	
  Nuclear	
  Layer,	
  
OPL=	
  Outer	
  Plexiform	
  Layer,	
  ONL=Outer	
  Nuclear	
  Layer.	
  Error	
  bars	
  =SEM.	
  	
  Image	
  in	
  the	
  upper	
  
right	
  shows	
  z	
  stack	
  from	
  confocal	
  microscopy	
  of	
  1	
  micron	
  slice	
  in	
  RGC	
  layer.	
  Blue=	
  TOPRO-­‐3	
  
nuclear	
  stain,	
  Green=NSC-­‐GFP	
  cells.	
  Image	
  in	
  lower	
  right	
  shows	
  orthogonal	
  stack	
  of	
  retina	
  
showing	
  NSC-­‐GFP	
  lying	
  within	
  RGC	
  layer.	
  Scale	
  bar:	
  100µm.	
  

	
  

Figure	
  6.2(D)	
  Bar	
  chart	
  	
  shows	
  average	
  fluorescence	
  density	
  through	
  retinal	
  layers	
  (RGC	
  layer	
  
blue,	
  INL	
  green,	
  OPL	
  yellow,	
  ONL	
  red)	
  in	
  	
  15V	
  (4.41mv/mm3)	
  	
  60	
  minutes	
  [n=16]	
  experiment.	
  
ILM=Inner	
  Limiting	
  Membrane,	
  RGC=Retinal	
  Ganglion	
  Cell	
  Layer,	
  INL=Inner	
  Nuclear	
  Layer,	
  
OPL=	
  Outer	
  Plexiform	
  Layer,	
  ONL=Outer	
  Nuclear	
  Layer.	
  Error	
  bars	
  =SEM.	
  	
  Image	
  in	
  the	
  upper	
  
right	
  shows	
  z	
  stack	
  from	
  confocal	
  microscopy	
  of	
  1	
  micron	
  slice	
  in	
  RGC	
  layer.	
  Blue=	
  TOPRO-­‐3	
  
nuclear	
  stain,	
  Green=NSC-­‐GFP	
  cells.	
  Image	
  in	
  lower	
  right	
  shows	
  orthogonal	
  stack	
  of	
  retina	
  
showing	
  NSC-­‐GFP	
  lying	
  within	
  RGC	
  layer.	
  Scale	
  bar:	
  100µm.	
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Figure	
  6.3	
  Orthogonal	
  view	
  of	
  retinal	
  images	
  captured	
  on	
  confocal	
  microscopy.	
  Blue=TOPRO-­‐3	
  
nuclear	
  stain,	
  Green=	
  NSC-­‐GFP	
  cell.	
  A:	
  Control	
  0v	
  for	
  60	
  minutes;	
  NSC-­‐GFP	
  sitting	
  on	
  top	
  of	
  
RGC	
  layer	
  in	
  Inner	
  Limiting	
  Membrane	
  (ILM),	
  B:	
  5V	
  (1.47mv/mm3)	
  for	
  60	
  minutes,	
  C:	
  10V	
  
(2.94mv/mm3)	
  for	
  60	
  minutes,	
  D:	
  15V(4.41mv/mm3)	
  for	
  60	
  minutes.	
  RGC=Retinal	
  Ganglion	
  
Cell	
  Layer,	
  INL=Inner	
  Nuclear	
  Layer,	
  ONL=Outer	
  nuclear	
  Layer.	
  Scale	
  bar:	
  50µm.	
  

	
  

	
  

	
  

	
  

	
  

Figure	
  6.4	
  Bar	
  chart	
  showing	
  the	
  spread	
  of	
  fluorescence	
  in	
  the	
  retina	
  layers	
  as	
  a	
  proportion	
  of	
  
the	
  total	
  fluorescence.	
  Retinal	
  ganglion	
  cell=RGC,	
  inner	
  nuclear	
  layer=INL	
  and	
  Outer	
  plexiform	
  
layer=OPL.	
  Error	
  bars	
  =SEM.	
  **=p<0.01,	
  *=p<0.05	
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Effect	
  of	
  EF	
  exposure	
  duration	
  on	
  migration	
  of	
  neurospheres	
  into	
  retina	
  from	
  inner	
  to	
  outer	
  retinal	
  

layer	
  	
  

At	
   5V	
   (1.47mv/mm3),	
   a	
   longer	
   duration	
   of	
   EF	
   application	
   showed	
   a	
   trend	
   towards	
   increased	
  

migration	
   into	
   INL,	
   although	
   this	
   was	
   not	
   statistically	
   significant.	
   A	
   drop	
   in	
   proportion	
   of	
  

fluorescence	
   was	
   seen	
   in	
   the	
   RGC	
   which	
   is	
   accompanied	
   by	
   an	
   increase	
   in	
   INL	
   fluorescence	
  

when	
  5V	
  (1.47mv/mm3)	
  was	
  used	
  at	
  120	
  minutes	
  in	
  comparison	
  to	
  60	
  minutes	
  (p=0.029)(see	
  

figure	
  6.5	
  and	
  6.6).	
  	
  

At	
  10V	
  (2.94mv/mm3)	
  the	
  duration	
  of	
  EF	
  application	
  which	
  showed	
  the	
  most	
  INL	
  migration	
  was	
  

at	
  60	
  minutes	
  (p=0.004	
  when	
  compared	
  with	
  30	
  minutes)	
  (see	
  figure	
  6.7	
  and	
  6.8).	
  

At	
  15V	
  (4.41mv/mm3)	
  more	
  integration	
  was	
  seen	
  in	
  the	
  INL	
  at	
  a	
  shorter	
  duration	
  of	
  exposure.	
  

15V	
   (4.41mv/mm3)	
   applied	
   for	
   15	
   minutes	
   showed	
   the	
   highest	
   proportion	
   of	
   fluorescence	
  

within	
   the	
   INL	
   (p=0.011	
   15v	
   (4.41mv/mm3)	
   15	
  minutes	
   compared	
   to	
   15V	
   (4.41mv/mm3)	
   60	
  

minutes)	
  (see	
  figure	
  6.9	
  and	
  6.10).	
  	
  	
  Fluorescence	
  within	
  the	
  OPL	
  was	
  also	
  detected	
  (see	
  figure	
  

6.10).	
  

	
  

To	
  assess	
  cell	
  viability	
  post	
  EF	
  exposure,	
  NSC-­‐GFP	
  neurospheres	
  following	
  15V	
  EF	
  exposure	
  for	
  

60	
  minutes	
  were	
  stained	
  with	
  ethidium	
  bromide.	
  No	
  staining	
  was	
  observed	
  (	
  see	
   figure	
  6.11).	
  

NSC-­‐GFP	
   neurospheres	
   post	
   15V	
   (4.41mv/mm3)	
   90	
   minute	
   exposure	
   stained	
   positive	
   for	
  

Ethidium	
  Bromide	
  (figure	
  6.12)	
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Figure	
   6.5	
   A)	
   Bar	
   chart	
   showing	
   proportion	
   of	
   fluorescence	
   within	
   retinal	
   layers;	
   retinal	
  
ganglion	
   cell(RGC),	
   inner	
   nuclear	
   layer(INL)	
   and	
   outer	
   plexiform	
   layer(OPL)	
   run	
   at	
   5V	
  
(1.47mv/mm3)	
  	
  60	
  minutes,	
  90	
  minutes	
  and	
  120	
  minutes	
  Error	
  bars	
  =SEM.	
  **=p<0.01	
  

	
  

Figure	
  6.6	
  Bar	
   charts	
   showing	
   average	
   fluorescence	
  density	
   through	
   retinal	
   layers	
   (RGC	
   layer	
  
blue,	
   INL	
   green,	
   OPL	
   yellow,	
   ONL	
   red)	
   in	
   	
   A)	
   5V(1.47mv/mm3)	
   	
   60	
   minutes	
   [n=19],	
   B)	
  
5V(1.47mv/mm3)	
   90	
   minutes	
   [n=12	
   ]	
   and	
   C)	
   5V(1.47mv/mm3)	
   	
   120	
   minutes	
   [n=16].	
  
ILM=Inner	
   Limiting	
   Membrane,	
   RGC=Retinal	
   Ganglion	
   Cell	
   Layer,	
   INL=Inner	
   Nuclear	
   Layer,	
  
OPL=	
  Outer	
  Plexiform	
  Layer,	
  ONL=Outer	
  Nuclear	
  Layer.	
  Error	
  bars	
  =SEM.	
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Figure	
   6.7	
   A)	
   Bar	
   chart	
   showing	
   proportion	
   of	
   fluorescence	
   within	
   retinal	
   layers;	
   retinal	
  
ganglion	
   cell(RGC),	
   inner	
   nuclear	
   layer(INL)	
   and	
   outer	
   plexiform	
   layer(OPL)	
   run	
   at	
   10V	
  
(2.94mv/mm3)	
  30	
  minutes,	
  60	
  minutes	
  and	
  90	
  minutes.	
  	
  Error	
  bars	
  =SEM.	
  **=p<0.01	
  	
  

	
  

	
  

Figure	
  6.8	
  Bar	
  charts	
   	
  showing	
  average	
   fluorescence	
  density	
   through	
  retinal	
   layers	
  (RGC	
   layer	
  
blue,	
   INL	
   green,	
   OPL	
   yellow,	
   ONL	
   red)	
   in	
   	
   A)10V(2.94mv/mm3)	
   30	
   minutes	
   [n=8],	
  
B)10V(2.94mv/mm3)	
   	
   60	
   minutes	
   [n=19	
   ]	
   and	
   C)10V(2.94mv/mm3)	
   	
   90	
   minutes	
   [n=8].	
  
ILM=Inner	
   Limiting	
   Membrane,	
   RGC=Retinal	
   Ganglion	
   Cell	
   Layer,	
   INL=Inner	
   Nuclear	
   Layer,	
  
OPL=	
  Outer	
  Plexiform	
  Layer,	
  ONL=Outer	
  Nuclear	
  Layer.	
  Error	
  bars	
  =SEM.	
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Figure	
   6.9	
   A)	
   Bar	
   chart	
   showing	
   proportion	
   of	
   fluorescence	
   within	
   retinal	
   layers;	
   retinal	
  
ganglion	
   cell(RGC),	
   inner	
   nuclear	
   layer(INL)	
   and	
   outer	
   plexiform	
   layer(OPL)	
   run	
   at	
  
15V(4.41mv/mm3)	
  15	
  minutes,	
  30	
  minutes	
  and	
  60	
  minutes.	
  	
  Error	
  bars	
  =SEM.	
  **=p<0.01	
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Figure	
  6.10	
  Bar	
  charts	
  	
  showing	
  average	
  fluorescence	
  density	
  through	
  retinal	
  layers	
  (RGC	
  layer	
  
blue,	
   INL	
   green,	
   OPL	
   yellow,	
   ONL	
   red)	
   in	
   	
   A)15V(4.41mv/mm3)	
   15	
   minutes	
   [n=11],	
  
B)15V(4.41mv/mm3)	
   30	
   minutes	
   [n=14]	
   and	
   C)15V	
   (4.41mv/mm3)	
   60	
   minutes	
   [n=16].	
  
ILM=Inner	
   Limiting	
   Membrane,	
   RGC=Retinal	
   Ganglion	
   Cell	
   Layer,	
   INL=Inner	
   Nuclear	
   Layer,	
  
OPL=	
  Outer	
  Plexiform	
  Layer,	
  ONL=Outer	
  Nuclear	
  Layer.	
  Error	
  bars	
  =SEM.	
   	
   Images	
  D,F,H	
  shows	
  
a	
   z	
   stack	
   from	
   confocal	
   microscopy	
   of	
   1	
   micron	
   slice	
   thickness	
   in	
   the	
   retina	
   at	
   15V	
  
(4.41mv/mm3)	
   	
   for	
   (D)	
   15	
   minutes,	
   (F)	
   30	
   minutes	
   and	
   (H)	
   60	
   minutes.	
   Blue=	
   TOPRO-­‐3	
  
nuclear	
  stain,	
  Green=NSC-­‐GFP	
  cells.	
   Images	
  E,	
  G	
  and	
  I	
  shows	
  their	
  corresponding	
  orthogonal	
  Z	
  
stack	
  of	
  slices.	
  Scale	
  bar:	
  100µm.	
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Figure	
  6.11	
  Images	
  of	
  NSC-­‐GFP	
  post	
  15V(4.41mv/mm3)	
  	
  60	
  minutes	
  EF	
  exposure	
  showing	
  no	
  
staining	
  with	
  Ethidium	
  Bromide.	
  Scale	
  bar:	
  100µm	
  

	
  

	
  

Figure	
  6.12	
  Images	
  of	
  NSC-­‐GFP	
  post	
  15V(4.41mv/mm3)	
  	
  90	
  minutes	
  EF	
  exposure	
  showing	
  
positive	
  stain	
  for	
  Ethidium	
  Bromide.	
  Scale	
  bar:	
  100µm	
  

	
  



161	
  

	
  

6.3	
  DISCUSSION	
  	
  

Success	
   in	
   transplantation	
  of	
   SC	
   into	
   retina	
  has	
  been	
  achieved	
  mainly	
  by	
  using	
   the	
   subretinal	
  

technique,	
  whereby	
   a	
   focal	
   retinal	
   detachment	
   is	
   induced	
   prior	
   to	
   SC	
   transplantation,	
   risking	
  

damage	
  to	
  the	
  retinal	
  structures	
  (Ong	
  and	
  da	
  Cruz,	
  2012,	
  Pearson	
  et	
  al.,	
  2012,	
  MacLaren	
  et	
  al.,	
  

2006).	
   Intravitreal	
   delivery	
   is	
   a	
  much	
   simpler	
   procedure	
   but	
   leads	
   to	
   poor	
   or	
   no	
   integration	
  

unless	
  its	
  environment	
  is	
  manipulated	
  i.e.	
  by	
  mechanical	
  retinal	
  injury	
  (Nishida	
  et	
  al.,	
  2000)	
  or	
  

peeling	
   of	
   the	
   ILM	
   (Johnson	
   et	
   al.,	
   2010b).	
   The	
   majority	
   remains	
   as	
   a	
   clump	
   on	
   the	
   retina	
  

surface,	
  the	
  ILM	
  or	
  to	
  a	
  small	
  proportion	
  within	
  the	
  RGC	
  layer	
  (Johnson	
  and	
  Martin,	
  2008).	
  This	
  

is	
  demonstrated	
  well	
  in	
  orthogonal	
  slices	
  of	
  the	
  retina	
  in	
  the	
  control	
  group	
  (Fig	
  6.2A	
  and	
  6.3A).	
  

Upon	
  application	
  of	
  EF,	
  NSC-­‐GFPs	
  were	
  shown	
  to	
  migrate	
   into	
  the	
  INL	
  from	
  the	
  surface	
  of	
   the	
  

RGC	
  layer.	
  The	
  proportions	
  of	
  total	
  GFP	
  expression	
  within	
  the	
  retina	
  was	
  shown	
  to	
  increase	
  in	
  

the	
  INL	
  layer	
  in	
  comparison	
  to	
  the	
  controls	
  when	
  EF	
  was	
  applied.	
  The	
  experiment	
  with	
  15V	
  for	
  

15	
  minutes	
   resulted	
   in	
   the	
  best	
   condition	
   for	
  migration	
  of	
  NSC	
  GFP	
   into	
   INL	
  and	
  ONL.	
   So	
   far,	
  

migration	
   of	
   NSCs	
   by	
   EF	
   application	
   in	
   explants	
   have	
   only	
   been	
   demonstrated	
   in	
   explants	
   of	
  

spinal	
  cord	
  but	
  not	
  retina	
  (Meng	
  et	
  al.,	
  2012,	
  Fujino	
  et	
  al.,	
  2004).	
  This	
  study	
  provides	
  a	
  proof	
  of	
  

principle	
   for	
   harnessing	
   galvanotaxis	
   to	
   direct	
  NSCs	
   past	
   the	
   physical	
   barrier	
   of	
   ILM	
   into	
   the	
  

retina	
  after	
  an	
  intravitreal	
  injection.	
  	
  

The	
  EF	
  voltage	
  needed	
  optimization	
  to	
  induce	
  cell	
  migration	
  without	
  causing	
  cell	
  death.	
  Viability	
  

tests	
  following	
  EF	
  exposure	
  was	
  determined	
  by	
  Live/Dead	
  assay	
  (GFP/Ethidium	
  Bromide)	
  and	
  

its	
   upper	
   limits	
   were	
   shown	
   to	
   be	
   at	
   15V	
   (4.41mv/mm3)	
   and	
   90	
   minutes.	
   	
   Hence,	
   variables	
  

below	
   this	
   limit	
  were	
   examined.	
   As	
   expected,	
   voltage	
   and	
   duration	
   of	
   EF	
   application	
   affected	
  

migration	
   into	
   INL.	
   It	
   was	
   encouraging	
   to	
   see	
   that	
   only	
   a	
   short	
   duration	
   of	
   15	
   minutes	
   was	
  

needed	
  to	
  induce	
  the	
  best	
  result	
  as	
  clinically	
  this	
  would	
  be	
  a	
  tolerable	
  length	
  of	
  time	
  for	
  patients	
  

to	
  endure.	
  

The	
   fluorescence	
   measurements	
   should	
   be	
   interpreted	
   with	
   caution	
   as	
   it	
   only	
   gives	
   a	
   gross	
  

indication	
  as	
  to	
  migration	
  within	
  the	
   layers	
  of	
   the	
  retina.	
  However,	
   this	
  method	
  is	
   fast,	
  simple	
  

and	
  allows	
  for	
  an	
  objective	
  measure.	
  To	
  account	
  for	
  variation	
  in	
  fluorescent	
  intensities	
  of	
  each	
  

cell,	
   the	
   proportion	
   of	
   fluorescence	
  within	
   the	
   retinal	
   layers	
  was	
   calculated	
   i.e.	
   Proportion	
   of	
  

fluorescence	
  in	
  INL	
  (%)	
  =	
  (AUC	
  of	
  fluorescence	
  in	
  INL	
  /	
  AUC	
  of	
  fluorescence	
  in	
  RGC+IPL+INL)	
  X	
  

100.	
  This	
  identifies	
  any	
  shift	
  in	
  the	
  spread	
  of	
  fluorescence	
  within	
  the	
  retina.	
  In	
  controls,	
  most	
  of	
  

the	
  fluorescence	
  is	
  recorded	
  above	
  the	
  RGC	
  layer,	
  but	
  this	
  decreases	
  as	
  voltage	
  is	
  applied	
  which	
  

indicates	
  NSC	
  migration.	
  In	
  15V	
  (4.41mv/mm3)	
  experiments	
  fluorescence	
  appeared	
  to	
  decrease	
  

as	
   the	
  duration	
  of	
  EF	
   application	
  was	
  prolonged.	
  This	
  may	
  be	
  due	
   to	
   the	
  NSCs	
  becoming	
   less	
  

healthy	
  as	
  voltage	
  is	
  increased,	
  but	
  not	
  dead	
  as	
  ethidium	
  bromide	
  staining	
  was	
  absent.	
  It	
  could	
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also	
  be	
  argued	
  that	
  the	
  GFP	
  is	
  more	
  spread	
  out	
  towards	
  the	
  inner	
  retina	
  as	
  the	
  neurospheres	
  are	
  

migrating	
  into	
  the	
  INL.	
  When	
  EF	
  at	
  15V	
  (4.41mv/mm3)	
  	
  was	
  applied	
  for	
  a	
  shorter	
  duration	
  (15	
  

minutes),	
  there	
  is	
  a	
  definite	
  increase	
  in	
  the	
  proportion	
  of	
  fluorescence	
  in	
  the	
  INL	
  and	
  ONL.	
  	
  

At	
  5V	
  (1.47mv/mm3)	
  a	
  trend	
  to	
  increased	
  fluorescence	
  within	
  the	
  INL	
  was	
  observed	
  but	
  longer	
  

durations	
  were	
  not	
   investigated	
  as	
  they	
  would	
  be	
  not	
  be	
  clinically	
   translatable	
  and	
  may	
  affect	
  

NSC	
  viability.	
  

Given	
   that	
   the	
   voltage	
   and	
   duration	
   of	
   application	
   needs	
   to	
   be	
   optimized,	
   this	
   should	
   be	
  

performed	
  on	
   in-­‐vivo	
  animal	
   studies	
  as	
  endogenous	
  EFs	
  need	
   to	
  be	
  accounted	
   for,	
   along	
  with	
  

immunological	
  and	
  host	
  retinal	
  tissue	
  response	
  as	
  it	
  has	
  been	
  shown	
  that	
  EF	
  causes	
  RPE	
  cells	
  to	
  

migrate	
  and	
  orientate	
  towards	
  the	
  cathode	
  (Sulik	
  et	
  al.,	
  1992).	
  In-­‐vivo	
  studies	
  on	
  rat	
  brain	
  using	
  

transcranial	
  direct	
  current	
  stimulation	
  to	
  direct	
  migration	
  of	
  engrafted	
  NSC	
  has	
  been	
  performed	
  

but	
  results	
  were	
  hard	
  to	
   interpret	
  as	
  xenograft-­‐induced	
  inflammation	
  occurred	
  (Keuters	
  et	
  al.,	
  

2015).	
  	
  

Electrical	
  stimulation	
  in	
  CNS	
  repair	
  has	
  been	
  widely	
  studied,	
  and	
  as	
  a	
  technique	
  is	
  suitable	
  for	
  

clinical	
   application	
   as	
   it	
   has	
   been	
   well	
   established	
   e.g.	
   in	
   deep	
   brain	
   stimulation,	
  

electroconvulsive	
   therapy	
   and	
   transcranial	
   direct	
   current	
   stimulation(Huang	
   et	
   al.,	
   2015).	
  

Translation	
  of	
  EF	
  application	
  to	
  direct	
  NSC	
  migration	
  into	
  the	
  retina	
  with	
  intravitreal	
  injection	
  

could	
  occur	
  by	
  electroacupunture	
  with	
  platinum	
  needles;	
  a	
  technique	
  researched	
  in	
  spinal	
  cord	
  

injury	
   of	
   rat	
   models(Geng	
   et	
   al.,	
   2015),	
   or	
   by	
   introduction	
   of	
   scleral	
   electrodes	
   imitating	
  

transcranial	
   direct	
   current	
   stimulation	
   (Keuters	
   et	
   al.,	
   2015).	
   In-­‐vivo	
   studies	
   using	
   these	
  

techniques	
   in	
  animal	
  models	
  would	
  be	
  essential	
   to	
  establish	
   if	
  EF	
  directed	
  migration	
   is	
  strong	
  

enough	
  to	
  overcome	
  the	
  current	
  physical	
  barriers	
  of	
  intravitreal	
  SC	
  transplantation	
  such	
  as	
  the	
  

ILM,	
   the	
   vitreous	
   body	
   and	
   the	
   propensity	
   for	
   SCs	
   to	
   adhere	
   anterior	
   to	
   the	
   equator	
   of	
   the	
  

retina(Gregory-­‐Evans	
  et	
  al.,	
  2009)	
  possibly	
  due	
  to	
  vector	
  currents	
  from	
  aqueous	
  production	
  and	
  

vitreous	
  fluid	
  dynamics(Stocchino	
  et	
  al.,	
  2007).	
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CHAPTER	
  7	
  GALVANOTAXIS	
  DIRECTED	
  MIGRATION	
  OF	
  NEURAL	
  

STEM	
  CELLS	
  MAGNETOFECTED	
  TO	
  OVEREXPRESS	
  BDNF	
  AS	
  A	
  

VECTOR	
  FOR	
  NEUROTROPHIC	
  GROWTH	
  FACTOR	
  DELIVERY	
  IN	
  

TO	
  THE	
  RETINA.	
  

Objectives	
  

• To	
  magnetofect	
  NSC	
  with	
  BDNF-­‐myc.	
  

• To	
  assess	
  the	
  effect	
  of	
  magnetofected	
  NSC-­‐BDNF	
  on	
  migration	
  in	
  retinal	
  explant.	
  	
  

• To	
  assess	
  the	
  effect	
  of	
  magnetofected	
  NSC-­‐BDNF	
  on	
  EF	
  directed	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  migration	
  in	
  retinal	
  explant.	
  

• To	
  show	
  RGC	
  neuprotection	
  by	
  BDNF	
  application	
  from	
  Sholl	
  analysis	
  	
  

7.1	
  MAGNETOFECTION	
  OF	
  NSC-­‐GFP	
  WITH	
  BDNF-­‐MYC	
  

Introduction	
  

Neurotrophic	
   growth	
   factors	
   are	
   essential	
   to	
   the	
   survival	
   of	
   CNS	
   neurons.	
   Indeed,	
   research	
  

surrounding	
  its	
  use	
  to	
  rescue	
  neurons	
  and	
  increase	
  their	
  survival	
  are	
  abundant.(Beltran,	
  2008).	
  

Several	
   groups	
   have	
   looked	
   into	
   long	
   term	
   delivery	
   solutions	
   for	
   treatment	
   of	
   degenerative	
  

diseases	
  in	
  the	
  eye	
  such	
  as	
  glaucoma,	
  AMD	
  and	
  RP	
  (Cayouette	
  et	
  al.,	
  1998,	
  Kauper	
  et	
  al.,	
  2012,	
  

Leaver	
   et	
   al.,	
   2006a,	
   Tao	
   et	
   al.,	
   2002).	
   A	
   phase	
   II	
   clinical	
   trial	
   for	
   slow	
   release	
   encapsulated	
  

neurotrophic	
  growth	
   factors	
   in	
  human	
  eyes	
  have	
   started	
   (Goldberg,	
  2016).	
   Increasingly,	
   stem	
  

cells	
  are	
  looked	
  upon	
  as	
  a	
  vector	
  for	
  delivery	
  of	
  neurotrophic	
  factors(Park	
  et	
  al.,	
  2012a).	
  Park	
  et	
  

al	
  describe	
  using	
  virally	
   transduced	
  mesenchymal	
   stem	
  cell	
   to	
  over-­‐express	
  BDNF.	
  They	
  used	
  

this	
  as	
  a	
  vector	
  for	
  BDNF	
  delivery	
  into	
  the	
  rat	
  retina(Park	
  et	
  al.,	
  2012b).	
  They	
  report	
  integration	
  

of	
  about	
  15%	
  of	
   transplanted	
  SC	
  via	
   the	
   subretinal	
  method	
   following	
   the	
  creation	
  of	
   a	
   retinal	
  

detachment	
  bleb.	
  However,	
  they	
  were	
  not	
  successful	
  with	
  the	
  intravitreal	
  method	
  of	
  delivery	
  as	
  

SCs	
  remained	
  clustered	
  in	
  the	
  vitreous	
  cavity	
  with	
  no	
  incorporation	
  into	
  the	
  retina.	
  In	
  this	
  final	
  

chapter,	
   a	
   non-­‐viral	
  method	
   of	
  magnetofection	
  will	
   be	
   used	
   to	
   firstly	
   transfect	
   NSC-­‐GFP	
  with	
  

BDNF	
  tagged	
  with	
  myc	
  for	
  identification	
  purposes,	
  followed	
  by	
  EF	
  application	
  to	
  direct	
  SC	
  and	
  

overcome	
  failure	
  of	
  SC	
   integration	
   into	
  retina	
  from	
  inner	
   layer	
  to	
  outer	
   layer.	
  This	
  will	
   form	
  a	
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proof	
   of	
   principle	
   for	
   EFs	
   use	
   in	
   directing	
   SC	
   and	
   aiding	
   delivery	
   of	
   neurotrophins	
   into	
   the	
  

retina.	
  	
  

Furthermore,	
   neurotrophins	
   have	
   been	
   reported	
   to	
   play	
   an	
   integral	
   role	
   in	
   neural	
   stem	
   cell	
  

migration	
   and	
   differentiation(Teng	
   et	
   al.,	
   2011).	
   	
   Indeed,	
   BDNF	
   has	
   been	
   shown	
   to	
   induce	
  

migration	
  of	
  Multipotent	
  Astrocytic	
   Stem	
  Cells	
   in	
  Boyden	
   chamber	
   assays(Douglas-­‐Escobar	
   et	
  

al.,	
   2012).	
   BDNF	
   induced	
   migration	
   of	
   ventricular	
   progenitor	
   cells	
   have	
   also	
   been	
   shown	
   in	
  

developing	
  mouse	
   cerebral	
   cortex	
   (Ohmiya	
   et	
   al.,	
   2002).	
   Prior	
   to	
   directing	
   NSC	
  with	
   EF	
   into	
  

retina	
   as	
   demonstrated	
   in	
   chapter	
   5,	
   it	
   is	
   necessary	
   to	
   determine	
   if	
   BDNF	
   overexpression	
   of	
  

magnetofected	
  NSC	
  itself	
  will	
  cause	
  directed	
  migration	
  in	
  the	
  absence	
  of	
  EF.	
  	
  

The	
   introduction	
   of	
   BDNF-­‐secreting	
   stem	
   cells	
   in	
   cell	
   cultures	
   and	
   in	
   vivo	
   models	
   has	
   been	
  

shown	
  to	
  promote	
  RGC	
  survival	
  (Harper	
  et	
  al.,	
  2011,	
  Harper	
  et	
  al.,	
  2009).	
  To	
  identify	
  the	
  effect	
  

of	
   BDNF	
   delivery	
   onto	
   RGC	
   dendritic	
   atrophy	
   of	
   cultured	
   retinal	
   explants,	
   Sholl	
   analysis	
  was	
  

used	
  to	
  assess	
  for	
  RGC	
  health.	
  As	
  per	
  results	
  in	
  chapter	
  3,	
  explants	
  were	
  cultured	
  for	
  3	
  days	
  as	
  

identifiable	
   RGCs	
   were	
   showing	
  maximum	
   atrophy	
   and	
   a	
   shift	
   in	
   Sholl	
   profile	
   by	
   that	
   stage,	
  

prior	
  to	
  being	
  indistinguishable	
  from	
  amacrine	
  cells	
  on	
  day	
  4.	
  	
  

Experimental	
  Design	
  

NSC-­‐GFP	
  were	
  magnetofected	
  with	
   BDNF-­‐myc	
   at	
   variable	
   DNA:MNP	
   ratios	
   (1:2,	
   1:1	
   and	
   3:2)	
  

and	
   variable	
   oscillatory	
   frequencies	
   (0Hz,	
   2Hz,	
   4Hz,	
   5Hz)	
   to	
   assess	
   for	
   optimum	
   transfection	
  

conditions.	
  Details	
   of	
  magnetofection	
   experimental	
   setup	
   is	
   described	
   in	
   2.6.3.	
  Magnetofected	
  

NSC	
  were	
   plated	
   on	
   to	
   laminin	
   coated	
  8	
  well	
   chambers	
   and	
   cultured	
   for	
   48	
  hours.	
   Chambers	
  

were	
   then	
  processed	
   and	
   imaged	
   for	
  Myc,	
  DAPI	
   and	
  GFP	
   (see	
  2.6.7).	
   Transfection	
   efficiencies	
  

were	
  reported	
  as	
  a	
  percentage	
  of	
  counted	
  Myc-­‐positive	
  cells	
  out	
  of	
  counted	
  DAPI-­‐positive	
  nuclei	
  

per	
   captured	
   image	
   frame	
   (1024x1024	
  pixel,	
   300μmx300μm).	
   Presence	
   of	
   BDNF	
  protein	
  was	
  

confirmed	
  by	
  Western	
  Blots.	
  	
  

Based	
   on	
   results	
   from	
   6.1,	
   NSC-­‐GFP	
   cells	
   were	
   magnetofected	
   as	
   described	
   in	
   2.6.3	
   at	
   1:2	
  

DNA:MNP	
   ratio,	
   5Hz	
   oscillation	
   frequency	
   and	
   for	
   30	
   minutes.	
   They	
   were	
   then	
   allowed	
   to	
  

culture	
  normally	
  as	
  per	
  section	
  2.2	
   for	
  2	
  days.	
  Magnetofected	
  NSC	
  were	
  returned	
  to	
  12	
  mls	
  of	
  

media	
  in	
  a	
  T25	
  flask.	
  2	
  mls	
  of	
  media	
  with	
  a	
  cell	
  density	
  of	
  about	
  5	
  x	
  104	
  ml-­‐1	
  of	
  magnetofected	
  

NSC	
  was	
  taken	
  from	
  this	
  and	
  placed	
  into	
  the	
  upper	
  chamber	
  of	
  the	
  modified	
  Boyden	
  chamber	
  on	
  

top	
   of	
   the	
   retina	
   explant.	
   Details	
   of	
   this	
   is	
   described	
   in	
   2.7.2.	
   Experiments	
   in	
   6.2	
   were	
   not	
  

exposed	
  to	
  electric	
  field.	
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7.1.2	
  RESULTS	
  

Non-­‐viral	
  transfection	
  of	
  NSCs-­‐GFP	
  with	
  BDNF-­‐myc	
  using	
  magnetofection	
  was	
  achieved	
  (figure	
  

7.1).	
   Highest	
   average	
   transfection	
   efficiency	
   was	
   achieved	
   at	
   5Hz	
   magnetic	
   plate	
   oscillation	
  

frequency	
  and	
  1:2	
  DNA:MNP	
  ratio	
  (97.2%	
  [17.5myc	
  positive	
  cells/18	
  DAPI	
  stained	
  cells])	
  n=8.	
  

Lowest	
  average	
  transfection	
  efficiency	
  was	
  observed	
  at	
  1:1	
  DNA:MNP	
  ratio	
  4Hz	
  magnetic	
  plate	
  

oscillation	
  frequency	
  (19.4%	
  %	
  [1.17myc	
  positive	
  cells/6	
  DAPI	
  stained	
  cells])	
  n=8	
  (figure	
  7.2).	
  

DNA:MNP	
  ratios	
  were	
  analysed	
  for	
  each	
  magnetic	
  plate	
  oscillatory	
  frequency	
  group	
  and	
  showed	
  

no	
  statistically	
  significant	
  difference.	
  	
  

Overall,	
   transfection	
   efficiencies	
   seemed	
   to	
   be	
   higher	
   in	
   5Hz	
   experiments	
   (figure	
   7.4).	
  When	
  

analysed	
   with	
   different	
   ratios,	
   there	
   was	
   a	
   trend	
   showing	
   an	
   increase	
   in	
   magnetic	
   plate	
  

oscillatory	
   frequency	
   increased	
   transfection	
   efficiency.	
   This	
  was	
  more	
   pronounced	
   in	
   the	
   3:2	
  

DNA:MNP	
  ratio	
  experiments	
  (5hz	
  vs	
  0Hz	
  p=0.031)	
  (figure	
  7.4).	
  In	
  the	
  1:2	
  DNA:MNP	
  ratio	
  group,	
  

this	
   was	
   also	
   observed,	
   with	
   5Hz	
   achieving	
   highest	
   efficiencies	
   which	
   was	
   significant	
   in	
  

comparison	
  to	
  2Hz	
  (p=0.029).	
  However,	
  this	
  was	
  not	
  significant	
  when	
  compared	
  to	
  0Hz.	
  For	
  the	
  

1:1	
  DNA:MNP	
  ratio	
  group,	
  no	
  statistically	
  significant	
  difference	
  was	
  observed.	
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Figure	
  7.1	
  Confocal	
  imaging	
  of	
  NSC-­‐GFP	
  cells	
  2	
  days	
  post	
  magnetofection	
  with	
  BDNF-­‐myc	
  of	
  
3:2	
  DNA:MNP	
  ratio	
  at	
  5Hz	
  oscillatory	
  frequency	
  for	
  30	
  minutes.	
  Blue	
  shows	
  DAPI	
  nuclear	
  stain.	
  
Green	
  shows	
  GFP	
  fluorescence.	
  Red	
  shows	
  anti-­‐myc	
  positive	
  staining;	
  tag	
  for	
  BDNF.	
  Composite	
  
shown	
  in	
  bottom	
  right.	
  Image	
  shows	
  high	
  transfection	
  with	
  calculated	
  transfection	
  efficiency	
  
of	
  100%	
  (19myc	
  positive	
  cells/19	
  DAPI	
  nuclei	
  stained).	
  Scale	
  bar:	
  50	
  microns	
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Figure	
  7.2	
  Confocal	
  imaging	
  of	
  NSC-­‐GFP	
  cells	
  2	
  days	
  post	
  magnetofection	
  with	
  BDNF-­‐myc	
  of	
  
1:1	
  DNA:MNP	
  ratio	
  at	
  4Hz	
  oscillatory	
  frequency	
  for	
  30	
  minutes.	
  Blue	
  shows	
  DAPI	
  nuclear	
  stain.	
  
Green	
  shows	
  GFP	
  fluorescence.	
  Red	
  shows	
  anti-­‐myc	
  positive	
  staining;	
  tag	
  for	
  BDNF.	
  A	
  range	
  of	
  
low	
  transfection	
  efficiencies	
  is	
  shown.	
  Top	
  row	
  shows	
  calculated	
  transfection	
  efficiency	
  of	
  
27.3%	
  (3myc	
  positive	
  cells/11	
  DAPI	
  nuclei	
  stained).	
  Bottom	
  row	
  shows	
  0	
  transfection.	
  Scale	
  
bar	
  represents	
  50	
  microns.	
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Figure	
  7.3	
  Confocal	
  imaging	
  of	
  Control	
  NSC-­‐GFP	
  cells	
  2	
  days	
  post	
  exposure	
  to	
  BDNF-­‐myc	
  of	
  1:1	
  
DNA:MNP	
  ratio	
  without	
  magnetic	
  field	
  exposure.	
  Blue	
  shows	
  DAPI	
  nuclear	
  stain.	
  Green	
  shows	
  
GFP	
  fluorescence.	
  Red	
  shows	
  anti-­‐myc	
  staining;	
  tag	
  for	
  BDNF.	
  Composite	
  shown	
  in	
  bottom	
  
right.	
  Scale	
  bar:	
  100	
  microns	
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Figure	
  7.4	
  Bar	
  chart	
  A	
  shows	
  transfection	
  efficiencies	
  in	
  1:2	
  DNA:MNP	
  ratio	
  for	
  varying	
  
magnetic	
  plate	
  oscillatory	
  frequencies	
  (n=3-­‐8	
  image	
  frames)	
  [*	
  p=0.029].	
  Bar	
  chart	
  B	
  shows	
  
transfection	
  efficiencies	
  in	
  1:1	
  DNA:MNP	
  ratio	
  for	
  varying	
  magnetic	
  plate	
  oscillatory	
  
frequencies	
  [n=8].	
  Bar	
  chart	
  C	
  shows	
  transfection	
  efficiencies	
  in	
  3:2	
  DNA:MNP	
  ratio	
  for	
  
varying	
  magnetic	
  plate	
  oscillatory	
  frequencies	
  (n=8)	
  [*	
  p=0.031].	
  Error	
  bars:	
  SEM.	
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Western	
  Blots	
  demonstrate	
  BDNF	
  protein	
  presence	
  in	
  magnetofected	
  NSC	
  

Western	
  Blots	
   (WB)	
   for	
  NSCs	
  48	
  hours	
  post-­‐magnetofected	
   in	
  5Hz	
  1:2,	
  1:1	
  and	
  3:2	
  DNA:MNP	
  

ratios	
   as	
  well	
   as	
   2Hz	
  1:2,	
   1:1	
   and	
  3:2	
  DNA:MNP	
   ratios	
  were	
  performed	
   (figure	
  7.5).	
   To	
   show	
  

presence	
  of	
  protein	
  bands	
  in	
  the	
  samples,	
  Pierce	
  staining	
  was	
  used	
  (see	
  figure	
  7.6).	
  BDNF	
  was	
  

detected	
   at	
   5Hz	
  1:2	
   and	
   at	
   a	
  weaker	
   level,	
   1:1	
  DNA:MNP	
   conditions.	
  Negative	
   control	
   (NSC	
  2	
  

days	
  post	
  passage,	
  without	
  magnetofection)	
  showed	
  no	
  detectable	
  band	
  for	
  BDNF.	
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Figure	
  7.5	
  Western	
  Blot	
  of	
  BDNF	
  protein	
  for	
  positive	
  control,	
  5Hz	
  1:2,1:1	
  and	
  3:2	
  DNA:MNP	
  
ratios	
  and	
  2Hz	
  1:2,	
  1:1	
  and	
  3:2	
  DNA:MNP	
  ratios.	
  Positive	
  control	
  was	
  75	
  picograms	
  of	
  rBDNF	
  
and	
  negative	
  control	
  had	
  NSC	
  with	
  no	
  magnetofection.	
  Internal	
  control	
  was	
  shown	
  with	
  βIII-­‐
Tubulin.	
  

	
  

Figure	
  7.6	
  Pierce	
  staining	
  of	
  membrane	
  in	
  figure	
  6.5	
  confirming	
  presence	
  of	
  protein	
  bands	
  in	
  
lanes.	
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7.2	
  MIGRATION	
  OF	
  MAGNETOFECTED	
  NSC-­‐GFP	
  WITH	
  BDNF-­‐MYC	
  INTO	
  

RETINA	
  DID	
  NOT	
  OCCUR	
  IN	
  THE	
  ABSENCE	
  OF	
  ELECTRIC	
  FIELD	
  

There	
   was	
   no	
   demonstrable	
   difference	
   in	
   fluorescence	
   migration	
   into	
   IPL	
   between	
  

magnetofected	
   stem	
   cells	
   with	
   BDNF-­‐myc	
   compared	
   with	
   control	
   (figure	
   7.7).	
   Fluorescence	
  

proportion	
   also	
   did	
   not	
   show	
   any	
   statistically	
   significant	
   shift	
   into	
   the	
   RGC	
   layer	
   when	
  

compared	
  to	
  control	
  [p=0.99]	
  (figure	
  7.8).	
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Figure	
  7.7	
  Bar	
  chart	
  shows	
  average	
  fluorescence	
  through	
  retinal	
  layers	
  (RGC	
  layer	
  blue=retinal	
  
ganglion	
  cell,	
  INL	
  green=inner	
  nuclear	
  layer,	
  OPL	
  yellow=outer	
  plexiform	
  layer,	
  ONL	
  red=outer	
  
nuclear	
  layer,	
  ILM	
  white=inner	
  limiting	
  membrane)	
  in	
  controls;	
  0V	
  60	
  minutes	
  [n=13]	
  on	
  the	
  
left	
  and	
  NSC	
  magnetofected	
  with	
  BDNF-­‐myc	
  with	
  no	
  electric	
  field	
  application	
  for	
  60	
  minutes	
  
on	
  the	
  right	
  [n=8].	
  Error	
  bars:	
  SEM.	
  	
  	
  

	
  

	
  

Figure	
   7.8	
   Bar	
   chart	
   showing	
   proportion	
   of	
   fluorescence	
   in	
   inner	
   limiting	
   membrane	
   (ILM),	
  
retinal	
   ganglion	
   cell	
   layer	
   (RGC),	
   inner	
   nuclear	
   layer	
   (INL)	
   for	
   control	
   with	
   0V	
   and	
  
magnetofected	
  NSC	
  with	
  BDNF-­‐myc	
  with	
  0V.	
  Error	
  bars:	
  SEM	
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7.3	
  MAGNETOFECTED	
  NSC-­‐GFP	
  WITH	
  BDNF-­‐MYC	
  SHOWED	
  AUGMENTED	
  

DIRECTED	
  MIGRATION	
  INTO	
  RETINA	
  WHEN	
  EXPOSED	
  TO	
  ELECTRIC	
  FIELD	
  

NSC	
  migration	
  was	
  observed	
  with	
  increased	
  fluorescence	
  in	
  INL	
  and	
  OPL	
  when	
  magnetofected	
  

NSC-­‐GFP	
  with	
  BDNF-­‐myc	
  was	
  exposed	
   to	
  15V	
   (4.41mv/mm3)	
  of	
  EF	
   for	
  60	
  minutes	
   (p<0.001)	
  

(figure	
  7.9	
  -­‐	
  7.11).	
  There	
   is	
  a	
  visible	
  shift	
   in	
  the	
  average	
  fluorescence	
  recorded	
  from	
  the	
   inner	
  

layer	
   to	
   the	
   outer	
   layer	
   as	
   seen	
   when	
   controls	
   were	
   compared	
   with	
   15V	
   (4.41mv/mm3)	
  

60minute	
  exposed	
  BDNF-­‐myc	
  neurospheres	
  (Figure	
  7.10)	
  

Figure	
  7.11	
  illustrates	
  no	
  migration	
  seen	
  in	
  controls	
  with	
  0V	
  and	
  no	
  migration	
  in	
  controls	
  with	
  

BDNF-­‐myc	
  magnetofected	
   neurospheres	
   and	
   absent	
   electric	
   field	
   but	
  migration	
   into	
   the	
   RGC	
  

layer	
  and	
  INL	
  for	
  15V	
  (4.41mv/mm3)	
  60	
  minutes	
  and	
  deeper	
  migration	
  into	
  OPL	
  in	
  BDNF-­‐myc	
  

magnetofected	
  neurospheres	
  with	
  15V	
  (4.41mv/mm3)	
  exposure.	
  

In	
   comparison	
   to	
   15V	
   (4.41mv/mm3)	
   60	
   minutes	
   and	
   15V	
   (4.41mv/mm3)	
   15	
   minutes,	
   the	
  

magnetofected	
   NSC-­‐GFP	
   with	
   BDNF-­‐myc	
   showed	
   a	
   statistically	
   significant	
   increase	
   in	
   the	
  

proportion	
  of	
  fluorescence	
  in	
  the	
  OPL	
  layer	
  (p<0.001)	
  (Figure7.12	
  -­‐	
  7.13)	
  with	
  a	
  corresponding	
  

increase	
  in	
  the	
  INL	
  layer	
  and	
  decrease	
  in	
  the	
  RGC	
  layer.	
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Figure	
  7.9	
  Bar	
  chart	
  showing	
  proportion	
  of	
  fluorescence	
  within	
  retinal	
   layers;	
  retinal	
  ganglion	
  
cell(RGC),	
   inner	
  nuclear	
   layer(INL)	
   and	
  outer	
  plexiform	
   layer(OPL),	
   run	
  at	
  15V(4.41mv/mm3)	
  	
  
60	
   minutes	
   with	
   NSC-­‐GFP	
   without	
   magnetofection(n=16),	
   15V(4.41mv/mm3)	
   60	
   minutes	
   run	
  
with	
   magnetofected	
   NSC-­‐GFP	
   with	
   BDNF-­‐myc(n=9),	
   Magnetofected	
   NSC-­‐GFP	
   without	
   electric	
  
field	
   application	
   for	
   60	
  minutes(n=8)	
   and	
   controls	
   consisting	
   of	
   0V,	
   non-­‐magnetofected	
   NSC-­‐
GFP	
  for	
  60	
  minutes(n=13).	
  Error	
  bars:	
  SEM.	
  **=p<0.01	
  when	
  compared	
  against	
  control.	
  

	
  

Figure	
   7.10	
   Bar	
   chart	
   shows	
   average	
   fluorescence	
   through	
   retinal	
   layers	
   (RGC	
   layer	
  
blue=retinal	
   ganglion	
   cell,	
   INL	
   green=inner	
   nuclear	
   layer,	
   OPL	
   yellow=outer	
   plexiform	
   layer,	
  
ONL	
  red=outer	
  nuclear	
   layer,	
   ILM	
  white=inner	
   limiting	
  membrane)	
   in	
  controls;	
  0V	
  60	
  minutes	
  
[n=13]	
   and	
   NSC	
   magnetofected	
   with	
   BDNF-­‐myc	
   and	
   exposed	
   to	
   15V(4.41mv/mm3)	
   electric	
  
field	
  application	
  for	
  60	
  minutes	
  [n=9].	
  Error	
  bars:	
  SEM.	
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Figure	
  7.11	
  Confocal	
  image	
  slices	
  of	
  orthogonal	
  Z	
  stacks	
  of	
  retina	
  showing	
  NSC-­‐GFP	
  
neurospheres	
  lying	
  on	
  top	
  and	
  some	
  within	
  the	
  RGC	
  layer	
  in	
  controls	
  and	
  magnetofected	
  NSC-­‐
GFP	
  neurospheres	
  with	
  BDNF-­‐myc	
  in	
  the	
  absence	
  of	
  electric	
  field	
  application.	
  
15V(4.41mv/mm3)	
  60	
  minute	
  experiments	
  show	
  NSC-­‐GFP	
  neurospheres	
  migrating	
  into	
  RGC	
  
and	
  INL.	
  Magnetofected	
  NSC-­‐GFP-­‐BDNF-­‐myc	
  exposed	
  to	
  15V	
  for	
  60	
  minutes	
  show	
  a	
  deeper	
  
migration	
  into	
  the	
  OPL.	
  Blue=	
  TOPRO-­‐3	
  nuclear	
  stain,	
  Green=NSC-­‐GFP	
  cells.	
  Scale	
  bar:	
  100	
  
microns.	
  RGC=	
  Retinal	
  Ganglion	
  Cell	
  layer,	
  INL	
  =	
  Inner	
  Nuclear	
  Layer,	
  OPL=Outer	
  Plexiform	
  
Layer,	
  ONL=Outer	
  Nuclear	
  Layer.	
  

	
  

Figure	
   7.12	
   Bar	
   chart	
   showing	
   proportion	
   of	
   fluorescence	
   within	
   retinal	
   layers;	
   retinal	
  
ganglion	
   cell(RGC),	
   inner	
   nuclear	
   layer(INL)	
   and	
   outer	
   plexiform	
   layer(OPL),	
   run	
   at	
   15V	
  
(4.41mv/mm3)	
  15	
  minutes	
  	
  and	
  60	
  minutes	
  with	
  NSC-­‐GFP	
  without	
  magnetofection(n=11,n=16)	
  
and	
   15V	
   (4.41mv/mm3)	
   60	
  minutes	
   applied	
   to	
  magnetofected	
  NSC-­‐GFP	
  with	
   BDNF-­‐myc(n=9),	
  
Error	
  bars:SEM.	
  **=p<0.01	
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Figure	
   7.13	
   Confocal	
   image	
   slices	
   of	
   orthogonal	
   Z	
   stacks	
   of	
   retina	
   showing	
   NSC-­‐GFP	
  
neurospheres	
   lying	
   on	
   top	
   RGC	
   layer	
   in	
   controls.	
   15V	
   (4.41mv/mm3)	
   60	
  minute	
   experiments	
  
show	
   NSC-­‐GFP	
   neurosphere	
   within	
   RGC	
   and	
   INL.	
   15V	
   15	
   minutes	
   NSC-­‐GFP	
   and	
   15V	
  
(4.41mv/mm3)	
   60minutes	
   magnetofected	
   NSC-­‐GFP-­‐BDNF-­‐myc	
   show	
   migration	
   into	
   the	
   OPL.	
  
Blue=	
   TOPRO-­‐3	
   nuclear	
   stain,	
   Green=NSC-­‐GFP	
   cells.	
   Scale	
   bar:	
   100	
   microns.	
   RGC=	
   Retinal	
  
Ganglion	
   Cell	
   layer,	
   INL	
   =	
   Inner	
   Nuclear	
   Layer,	
   OPL=Outer	
   Plexiform	
   Layer,	
   ONL=Outer	
  
Nuclear	
  Layer.	
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7.4	
  BDNF	
  DELIVERY	
  CONFERS	
  NEUROPROTECTION	
  OF	
  RGC	
  IN	
  RETINAL	
  

EXPLANT	
  

RGC	
  without	
  BDNF	
  application	
  showed	
  more	
  dendritic	
  pruning	
  and	
  loss	
  of	
  dendritic	
  branching.	
  

Sholl	
   analysis	
   of	
   3	
   days	
   ex-­‐vivo	
   shows	
   a	
   higher	
   peak	
   in	
   retinal	
   explants	
   treated	
   with	
   BDNF	
  

indicating	
   retention	
   of	
   dendritic	
   integrity	
   in	
   comparison	
   to	
   those	
   not	
   treated.	
   There	
   was	
   an	
  

increase	
   in	
  AUC	
  of	
   Sholl	
   profiles	
   for	
   retinal	
   explants	
   cultured	
   in	
  BDNF	
  on	
  DEV3	
   compared	
   to	
  

DEV3	
  alone	
  (See	
  figure	
  7.14)	
  which	
  was	
  statistically	
  significant	
  at	
  p=0.038.	
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Figure	
  7.14	
  A:	
  Graph	
  above	
  shows	
  Sholl	
  analysis	
  of	
  retinal	
  explants	
  on	
  DEV3	
  with	
  and	
  without	
  
BDNF	
  application	
  with	
  corresponding	
  RGC	
  coordinates	
  scatter	
  plots	
  (B,C).	
  Figures	
  (D,E)	
  below	
  
are	
  confocal	
  images	
  of	
  DiI	
  labelled	
  RGCs	
  captured	
  on	
  DEV3	
  with	
  and	
  without	
  BDNF	
  application.	
  
F:	
  Bar	
   chart	
  on	
   the	
   right	
   shows	
  AUC	
  of	
   Sholl	
   profiles	
  of	
  RGCs	
  on	
  DEV3	
  with	
  BDNF	
   (n=18)	
   and	
  
without	
  BDNF	
  application	
  (n=38).	
  *=p<0.05	
  Error	
  bars:	
  SEM	
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7.5	
  DISCUSSION	
  

In	
   the	
   first	
   section	
   of	
   this	
   chapter	
   I	
   demonstrated	
   magnetofection	
   of	
   NSC-­‐GFP	
   neurospheres	
  

with	
   the	
  BDNF-­‐Myc	
  plasmid	
  with	
   increasing	
   calculated	
   transfection	
  efficiencies	
  proportionate	
  

to	
   the	
   oscillatory	
   frequencies	
   of	
   the	
   magnetic	
   plate.	
   The	
   upper	
   limit	
   of	
   frequency	
   under	
  

investigation	
  was	
  5Hz	
  as	
   it	
  was	
   limited	
  by	
  the	
  Magnefect	
  Nano	
  II	
  (nanoTherics	
  Ltd.,	
  Stoke-­‐on-­‐

Trent,	
   UK)	
   device	
   used.	
   This	
   effect	
   was	
   consistent	
   with	
   several	
   studies	
   who	
   reported	
   an	
  

improvement	
   in	
   the	
   transfection	
   efficiency	
   using	
   oscillating	
   magnet	
   arrays	
   in	
   human	
   lung	
  

epithelial	
  cells,	
  human	
  cardiac	
  progenitor	
  cells,	
  oligodendrocyte	
  cell	
  precursors	
  and	
  neural	
  stem	
  

cells	
   in	
   suspension.	
   (Lim	
   and	
   Dobson,	
   2012,	
   Subramanian	
   et	
   al.,	
   2013,	
   Jenkins	
   et	
   al.,	
   2011,	
  

Adams	
  et	
  al.,	
  2013).	
  Transfection	
  levels	
  of	
  up	
  to	
  ten	
  fold	
  in	
  comparison	
  to	
  static	
  fields	
  have	
  been	
  

described,	
   even	
   when	
   compared	
   with	
   lipid-­‐based	
   agents.	
   (Lim	
   and	
   Dobson,	
   2012).	
   It	
   is	
  

suggested	
  that	
  the	
  additional	
  horizontal	
  motion	
  introduced	
  to	
  the	
  particles	
  through	
  oscillation	
  

of	
   the	
  magnet	
  array;	
  on	
  top	
  of	
   its	
  primary	
  perpendicular	
   force,	
  enhances	
  transfection(Dobson,	
  

2006).	
  	
  

As	
   this	
   chapter	
   focuses	
   mainly	
   on	
   demonstrating	
   an	
   example	
   of	
   the	
   benefits	
   of	
   EF	
   directed	
  

neurospheres	
   into	
   the	
   retina	
   i.e.	
   as	
   a	
   vector	
   for	
   neurotrophin	
   delivery	
   in	
   this	
   case,	
   BDNF	
  

quantification	
  was	
  not	
  carried	
  out	
  but	
  is	
  demonstrated	
  by	
  Western	
  Blot,	
  which	
  also	
  confirmed	
  

5Hz	
  to	
  be	
  the	
  optimum	
  oscillation	
  frequency	
  for	
  BDNF	
  expression.	
  The	
  use	
  of	
  myc	
  labelling	
  was	
  

utilized	
  as	
  it	
  would	
  facilitate	
  calculation	
  of	
  transfection	
  efficiency	
  as	
  well	
  as	
  being	
  a	
  commonly	
  

reported	
  tag	
  for	
  BDNF	
  (Matsumoto	
  et	
  al.,	
  2008,	
  Orefice	
  et	
  al.,	
  2013,	
  Di	
  Polo	
  et	
  al.,	
  1998).	
  	
  

Ratios	
   of	
   DNA:MNP	
   in	
   NSC	
  magnetofection	
   have	
   been	
   reported	
   to	
   vary	
   with	
   optimum	
   levels	
  

achieved	
  at	
  a	
  1:1	
  ratio	
  (Pickard	
  and	
  Chari,	
  2010,	
  Pickard	
  et	
  al.,	
  2011).	
  This	
  was	
  investigated	
  but	
  

I	
  could	
  not	
  demonstrate	
  any	
  statistically	
  significant	
  difference	
  for	
  DNA:MNP	
  ratios.	
  Transfection	
  

was	
  seen	
  to	
  occur	
  in	
  all	
  three	
  variables	
  investigated;	
  1:2,	
  1:1	
  and	
  3:2	
  DNA:MNP	
  ratios.	
  Hence,	
  for	
  

experiments	
  assessing	
  magnetofected	
  NSC	
  and	
  migration	
  into	
  retinal	
  explants,	
  a	
  DNA:MNP	
  ratio	
  

of	
  1:2	
  was	
  used	
  which	
  is	
  the	
  variable	
  with	
  the	
  best	
  myc	
  transfection	
  efficiency	
  achieved.	
  

Other	
   conditions	
   did	
   not	
   have	
   detectable	
   amounts	
   of	
   BDNF	
   by	
   western	
   blot,	
   but	
   did	
   not	
  

necessarily	
  mean	
  an	
  absence	
  of	
  protein	
  as	
  the	
  levels	
  can	
  be	
  very	
  low.	
  A	
  true	
  quantification	
  can	
  

be	
  performed	
  in	
  future	
  experiments	
  either	
  by	
  optimizing	
  the	
  Western	
  Blot	
  for	
  BDNF,	
  or	
  utilising	
  

ELISAs	
  instead.	
  

Following	
  magnetofection	
  of	
   neurospheres	
  with	
  BDNF-­‐myc,	
  migration	
  of	
  NSCs	
   into	
   the	
   retina	
  

was	
  observed	
  in	
  experiments	
  where	
  EF	
  application	
  was	
  present	
  but	
  not	
  in	
  its	
  absence.	
  	
  As	
  BDNF	
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is	
   often	
   reported	
   to	
  have	
  an	
  effect	
  on	
  SC	
  migration	
   (Ohmiya	
  et	
   al.,	
   2002),	
   it	
  was	
  necessary	
   to	
  

isolate	
  if	
  magnetofected	
  NSCs	
  with	
  BDNF	
  would	
  induce	
  migration	
  into	
  the	
  retina.	
  Indeed,	
  NSCs	
  

virally	
  transduced	
  to	
  overexpress	
  BDNF	
  has	
  been	
  shown	
  to	
  migrate	
  and	
  differentiate	
  into	
  neural	
  

cells	
  in	
  rat	
  retina	
  but	
  was	
  delivered	
  by	
  a	
  subretinal	
  route	
  (Zhou	
  et	
  al.,	
  2009a).	
  It	
  differs	
  in	
  that	
  a	
  

subretinal	
   approached	
  seems	
   to	
  be	
  more	
   successful	
   in	
  general	
  when	
  compared	
   to	
   intravitreal	
  

routes	
   whereby	
   migration	
   from	
   inner	
   to	
   outer	
   layer	
   is	
   necessary.	
   Ex-­‐vivo	
   work	
   is	
   also	
  

incomparable	
   to	
   in-­‐vivo	
   work	
   and	
   hence,	
   future	
   in-­‐vivo	
   experiments	
   with	
   this	
   experimental	
  

condition	
  should	
  be	
  repeated	
  i.e.	
  migration	
  of	
  NSC-­‐BDNF	
  intravitreal	
  injection	
  in	
  the	
  absence	
  of	
  

EF.	
  	
  

Based	
  on	
  a	
  rough	
  estimate	
  of	
  the	
  average	
  thickness	
  from	
  ILM	
  to	
  OPL	
  of	
  about	
  30µm,	
  the	
  rate	
  of	
  

migration	
   achieved	
   by	
   the	
   magnetofected	
   BDNF-­‐myc	
   neurospheres	
   in	
   my	
   thesis	
   would	
   be	
  

60µm/hour	
   (1µm	
  per	
  minute),	
  which	
  was	
   comparable	
   to	
   the	
  migration	
   rate	
   in	
   another	
   study	
  

looking	
  at	
  mouse	
  neural	
  precursor	
  cells	
  (7	
  days	
  post-­‐passage	
  neurospheres)	
  exposed	
  to	
  direct	
  

current	
  electric	
  field	
  whereby	
  rates	
  of	
  up	
  to	
  1.22µm	
  per	
  minute	
  were	
  observed	
  [Babano-­‐pilipos	
  

et	
  al.	
  2011].	
  The	
  neurospheres	
  this	
  paper	
  were	
  shown	
  to	
  move	
  as	
  a	
  group	
  towards	
  the	
  cathode	
  

in	
  Matrigel,	
   and	
   it	
   is	
   possible	
   the	
   neurospheres	
   in	
   this	
   thesis	
   are	
  moving	
   as	
   a	
  mass	
   from	
   the	
  

inner	
  layer	
  to	
  the	
  outer	
  layer	
  of	
  the	
  retina	
  [Babano-­‐pipilos	
  et	
  al.2011	
  Supp	
  Movie	
  S6]	
  

Effect	
  of	
  the	
  myc	
  tag	
  itself	
  as	
  a	
  variable	
  needs	
  to	
  be	
  taken	
  into	
  consideration.	
  Myc	
  is	
  well	
  known	
  

for	
   its	
   role	
   in	
   tumorigenesis	
   when	
   overexpressed.	
   In	
   knockout	
   of	
   c-­‐myc	
   or	
   N-­‐myc	
   genes	
   of	
  

mouse	
  NSC,	
   impairment	
  of	
  overall	
  brain	
  growth	
  occurs	
  alongside	
  decreased	
  migration	
  of	
  NSC	
  

(Wey	
  and	
  Knoepfler,	
  2010).	
  Overexpression	
  and	
  c-­‐myc	
  knock	
  out	
  studies	
  for	
  rat	
  neurospheres	
  

show	
  that	
  myc	
  genes	
  play	
  a	
  crucial	
  role	
  in	
  NSC	
  function	
  (Nagao	
  et	
  al.,	
  2008).	
  Therefore,	
   it	
  was	
  

reassuring	
  that	
  no	
  migration	
  of	
  NSC	
  was	
  observed	
  when	
  NSC-­‐BDNF-­‐myc	
  were	
  placed	
  on	
  retina	
  

explants	
   in	
   the	
  absence	
  of	
  EF.	
  Future	
   in-­‐vivo	
  studies	
  could	
  utilise	
  PCR	
  or	
  ELISA	
   techniques	
   to	
  

demonstrate	
  and	
  quantify	
  BDNF	
  levels,	
  removing	
  the	
  need	
  for	
  the	
  use	
  of	
  a	
  myc	
  tag.	
  

There	
   was	
   improved	
   migration	
   of	
   magnetofected	
   NSC-­‐BDNF	
   in	
   comparison	
   to	
   non-­‐

magnetofected	
  NSCs	
  exposed	
  to	
  EF.	
  Galvanotaxis	
  of	
  embryonic	
  and	
  neural	
  progenitor	
  cells	
  has	
  

been	
  shown	
  to	
  be	
  dependent	
  on	
  the	
  PI3k/Akt	
  pathway,	
  of	
  which	
  BDNF-­‐TrkB	
  has	
  a	
  downstream	
  

activation	
  of	
  (Meng	
  et	
  al.,	
  2011).	
  This	
  could	
  explain	
  the	
  enhanced	
  effect	
  on	
  migration	
  observed	
  

when	
   galvanotaxis	
   in	
   the	
   presence	
   of	
   BDNF	
  overexpression	
   occurs	
   in	
   the	
   ex-­‐vivo	
  model.	
   EGF	
  

and	
  FGF-­‐2	
  are	
  growth	
  factors	
  linked	
  with	
  electrotaxis	
  (Zhao	
  et	
  al.,	
  1996,	
  Zhao	
  et	
  al.,	
  1999)	
  but	
  

BDNF’s	
   role	
   in	
   electrotaxis	
   has	
   yet	
   to	
   be	
   described.	
   Interestingly,	
   accelerated	
   and	
   increased	
  

expression	
  of	
  BDNF	
  and	
  TrkB	
  mRNA	
  in	
  electrical	
  stimulation	
  of	
  rat	
  femoral	
  motorneurons	
  has	
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been	
  reported	
  (Al-­‐Majed	
  et	
  al.,	
  2000).	
  Whether	
  asymmetry	
  of	
  BDNF	
  receptors	
   in	
  NSC	
  occur	
   in	
  

response	
  to	
  EFs;	
  inducing	
  migration,	
  like	
  in	
  EGF,	
  is	
  yet	
  to	
  be	
  determined	
  (Zhao	
  et	
  al.,	
  1999).	
  

The	
  process	
  of	
  magnetofection	
  necessitates	
  NSC	
  uptake	
  of	
  magnetic	
  nanoparticles	
  which	
  may	
  

theoretically	
  cause	
  magnetically	
  guided	
  migration	
  into	
  the	
  retina	
  with	
  an	
  EF	
  induced	
  magnetic	
  

field.	
  Zhang	
  et	
  al	
  have	
  reported	
  a	
  magnetic	
   targeting	
  cell	
  delivery	
  system	
  whereby	
  bone	
  MSC;	
  

modified	
   to	
   express	
   neurotrophin-­‐3,	
   were	
   labelled	
   with	
   superparamagnetic	
   iron	
   oxide	
  

nanoparticles	
   and	
   directed	
   with	
   a	
   0.57T	
   magnet(Zhang	
   et	
   al.,	
   2016).	
   Indeed,	
   magnetized	
  

mesenchymal	
   SC	
  with	
  MNP	
   have	
   been	
   used	
   to	
   target	
  migration	
   to	
   retina	
   using	
   a	
   gold	
   plated	
  

neodymium	
   iron	
   boron	
  magnet	
   placed	
  within	
   the	
   orbit	
   (Yanai	
   et	
   al.,	
   2012).	
   	
   Although	
   in	
   this	
  

chapter	
  magnetic	
  field	
  directed	
  migration	
  of	
  magnetofected	
  NSC	
  is	
  unlikely	
  (as	
  the	
  EF	
  induced	
  

magnetic	
   field	
   is	
   probably	
   too	
   small	
   and	
  negligible)	
   future	
   experiments	
   could	
   address	
   this	
   by	
  

assessing	
  the	
  strength	
  of	
  the	
  EF	
  induced	
  magnetic	
  field	
  if	
  present	
  and	
  its	
  effect	
  on	
  SC	
  migration.	
  

Theoretically	
  MNPs	
  should	
  also	
  be	
  oxidised	
  by	
  the	
  cell	
  over	
  time,	
  therefore	
  the	
  duration	
  of	
  MNP	
  

presence	
   in	
   NSCs	
   also	
   needs	
   to	
   be	
   determined.	
   In	
   future,	
   to	
   establish	
   if	
   the	
   magnetofection	
  

process	
  itself	
  is	
  a	
  cause	
  for	
  increasing	
  cell	
  migration	
  and	
  to	
  determine	
  if	
  BDNF	
  truly	
  augments	
  

migration,	
  migration	
  studies	
  to	
  include	
  controls	
  using	
  NSC	
  magnetofected	
  with	
  just	
  –myc	
  or	
  no	
  

plasmid	
  should	
  be	
  included.	
  

Finally,	
   to	
  show	
  neuroprotection	
  of	
  RGCs	
  via	
  BDNF	
  overexpression	
  in	
  retina	
   is	
  plausible,	
  Sholl	
  

analysis	
  of	
  RGCs	
  post	
  BDNF	
  application	
  on	
  retina	
  explants	
  showed	
  a	
  delay	
  in	
  dendritic	
  atrophy	
  

and	
   retention	
   of	
   RGC	
   branching.	
   Although	
   it	
   is	
   already	
   known	
   that	
   BDNF	
   confers	
  

neuroprotection	
   for	
   RGCs	
   this	
   serves	
   as	
   confirmation	
   that	
   BDNF	
   attenuates	
   dendritic	
  

degeneration	
   in	
   the	
   ex-­‐vivo	
  model	
   used.	
   RGC	
   neuroprotection	
   conferred	
   by	
   BDNF	
   have	
   been	
  

described	
  mainly	
  by	
  cell	
  counts,	
  RGC	
  dendritic	
  field	
  area	
  or	
  axon	
  counts	
  (Nakazawa	
  et	
  al.,	
  2002,	
  

Feng	
   et	
   al.,	
   2016)	
   but	
   there	
   are	
   increasing	
   reports	
   of	
   Sholl	
   analysis	
   use	
   for	
   RGC	
  morphology	
  

assessment	
   in	
   neuroprotection	
   therapy	
   (Johnson	
   et	
   al.,	
   2016,	
   Binley	
   et	
   al.,	
   2016).	
   Indeed,	
   the	
  

neuroprotective	
  effects	
  on	
  Sholl	
  seen	
  in	
  this	
  chapter	
  agrees	
  with	
  that	
  in	
  Johnson	
  et	
  al.	
  whereby	
  

BDNF	
  application	
  in	
  addition	
  to	
  CNTF	
  have	
  been	
  reported	
  to	
  significantly	
  reduce	
  dendritic	
  loss	
  

when	
  AUC	
   of	
   Sholl	
  was	
   compared	
   to	
   non-­‐treatment.	
   BDNF	
   delivery	
   via	
   directed	
  migration	
   of	
  

magnetofected	
  NSC	
  is	
  therefore	
  a	
  viable	
  treatment	
  option	
  for	
  diseases	
  with	
  early	
  RGC	
  loss	
  such	
  

as	
  glaucoma.	
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CHAPTER	
  8	
  GENERAL	
  DISCUSSION	
  

In	
  summary,	
  this	
  thesis	
  has	
  shown	
  in	
  an	
  ex-­‐vivo	
  organotypic	
  culture	
  model,	
  NSC	
  can	
  be	
  directed	
  

by	
   galvanotaxis	
   to	
   migrate	
   into	
   the	
   retina	
   from	
   inner	
   layer	
   to	
   outer	
   layer;	
   implying	
   the	
  

possibility	
  of	
  NSC	
  as	
  a	
  vector	
  for	
  neurotrophin	
  delivery	
  to	
  RGC.	
  	
  

As	
  the	
  recipient	
  bed	
  for	
  NSC	
  directed	
  migration	
  was	
  the	
  retina,	
  the	
  organotypic	
  retinal	
  explant	
  

culture	
  system	
  was	
  employed.	
  Variations	
  between	
  labs	
  and	
  reported	
  culture	
  viability	
  instigated	
  

its	
   need	
   for	
   validation	
   prior	
   to	
   transplantation	
   of	
   NSC.	
   I	
   validated	
   the	
   retinal	
   explant	
   culture	
  

model	
  for	
  not	
  only	
  retinal	
  architecture	
  and	
  immunohistochemistry,	
  but	
  also	
  for	
  viability	
  of	
  RGC	
  

cells.	
   I	
   showed	
   that	
   current	
  methods	
   for	
  assessing	
  RGC	
   for	
  neuroprotective	
   therapy	
  using	
  cell	
  

counts	
  and	
  axon	
  counts	
  can	
  overestimate	
  cell	
  viability.	
  However,	
  it	
  is	
  reassuring	
  to	
  see	
  Johnson	
  

et	
  al.	
   ;	
  who	
  used	
  Sholl	
  analysis,	
  agree	
  that	
  RGCs	
  in	
  mouse	
  retinal	
  explants	
  begin	
  to	
  degenerate	
  

after	
   3	
   days	
   in	
   a	
   time-­‐lapse	
   of	
   Thy-­‐1	
   YFP	
  mice(Johnson	
   et	
   al.,	
   2016).	
   Although	
   the	
   results	
   in	
  

Chapter	
   3	
   suggest	
   a	
   3	
   day	
   therapeutics	
  window	
  period	
   for	
   future	
   investigation,	
   degeneration	
  

was	
  witnessed	
   by	
   day	
   1.	
   As	
   the	
   authors	
   point	
   out,	
   this	
  may	
   be	
   due	
   to	
   their	
   use	
   of	
   Thy1-­‐YFP	
  

labelling	
   selecting	
   for	
   healthier	
   RGCs	
   as	
   Thy-­‐1	
   is	
   downregulated	
   in	
   in	
   states	
   of	
   cell	
   stress	
  

(Howell	
  et	
  al.,	
  2011,	
  Guo	
  et	
  al.,	
  2010).	
  

The	
   transplantation	
   of	
  BDNF-­‐overexpressing	
   SCs	
   to	
   provide	
  neuroprotection	
   in	
  RGCs	
   is	
   not	
   a	
  

new	
   concept	
   and	
   is	
   often	
   virally	
  mediated	
   as	
   transfection	
   efficiency	
   is	
   nearly	
   100%	
  with	
   this	
  

method.	
   However,	
   the	
   disadvantages	
   of	
   viral	
   transduction	
   remain.	
   Hence,	
   for	
   a	
   better	
   safety	
  

profile	
  to	
  improve	
  chances	
  of	
  clinical	
  translation,	
  a	
  non-­‐viral	
  method;	
  magnetofection,	
  known	
  to	
  

transfect	
  well	
  in	
  NSC	
  without	
  compromising	
  stemness	
  or	
  viability(Adams	
  et	
  al.,	
  2013)	
  was	
  used.	
  

I	
  also	
  explored	
  the	
  use	
  of	
  magnetofection	
  in	
  a	
  3D	
  tissue	
  form	
  which	
  has	
  not	
  yet	
  been	
  explored.	
  

The	
  successful	
  transfection	
  of	
  the	
  endothelium	
  in	
  the	
  cornea	
  and	
  the	
  RGC	
  layer	
  in	
  the	
  retina	
  will	
  

provide	
  proof	
  of	
   concept	
   for	
   its	
  application	
   in	
  vivo.	
   In	
   chapter	
  4,	
   I	
   showed	
   the	
   transfection	
  of	
  

whole	
   cornea	
   tissue	
   which	
   can	
   be	
   controlled	
   to	
   restrict	
   transfection	
   to	
   select	
   corneal	
   layers	
  

without	
   off-­‐target	
   effects.	
   It	
   highlights	
   the	
   potential	
   for	
   the	
   manipulation	
   of	
   an	
   external	
  

magnetic	
  field	
  in	
  controlling	
  the	
  location	
  and	
  degree	
  of	
  transfection.	
  Levels	
  of	
  transfection	
  were	
  

comparable	
  to	
  those	
  obtained	
  with	
  other	
  non-­‐viral	
  vectors	
  but	
  with	
  the	
  key	
  difference	
  that	
  the	
  

onset	
   and	
   location	
   of	
   the	
   transfection	
   tissue	
  were	
   under	
   the	
   control	
   of	
   an	
   external	
  magnetic	
  

field.	
  	
  While	
  the	
  transfection	
  rates	
  in	
  this	
  study	
  remain	
  relatively	
  low,	
  a	
  range	
  of	
  methods	
  can	
  be	
  

applied	
   to	
   enhance	
   transfection	
   efficiency(McBain	
   et	
   al.,	
   2008).	
   These	
   can	
   be	
   based	
   on	
   the	
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modulation	
  of	
  surface	
  charge	
  and	
  polymer	
  characteristics-­‐	
  or	
  alternatively	
  on	
  the	
  shape	
  of	
  the	
  

nanoparticle.	
  To	
  date,	
  this	
  is	
  the	
  first	
  study	
  to	
  transfect	
  endothelium	
  in	
  whole	
  cornea	
  tissue	
  by	
  

magnetofection.	
  

It	
  is	
  interesting	
  to	
  note	
  an	
  increase	
  in	
  transfection	
  is	
  seen	
  with	
  higher	
  oscillatory	
  frequencies	
  in	
  

NSCs	
  in	
  line	
  with	
  other	
  reports	
  but	
  not	
  in	
  cornea	
  tissue.	
  It	
   is	
  possible	
  that	
  the	
  manipulation	
  of	
  

oscillatory	
   frequency	
   could	
   modify	
   depth	
   of	
   transfection	
   in	
   tissue	
   layers	
   rather	
   than	
   affect	
  

transfection	
   efficiency	
   itself.	
   The	
   use	
   of	
   magnetofection	
   in	
   ocular	
   tissue	
   requires	
   further	
  

exploration.	
  Reassuringly,	
  MNPs	
  are	
  reported	
  as	
  safe	
  and	
  non-­‐toxic	
  (Prow	
  et	
  al.,	
  2008).	
  Future	
  

work	
   for	
   use	
   of	
  magnetofection	
   in	
   ocular	
   tissue	
   is	
   abundant.	
   It	
   could	
   extend	
   to	
   treatment	
   of	
  

corneal	
   dystrophies,	
   optimization	
   of	
   endothelial	
   cells	
   of	
   donor	
   cornea	
   prior	
   to	
   transplant,	
  

magnetofection	
  of	
  localised	
  corneal	
  scar	
  tissue,	
  retinal	
  diseases	
  such	
  as	
  RP,	
  LCA,	
  Stargardt’s	
  and	
  

trabecular	
   meshwork	
   to	
   facilitate	
   aqueous	
   outflow	
   for	
   glaucoma.	
   The	
   cornea	
   can	
   easily	
   be	
  

subjected	
  to	
  external	
  magnetic	
  fields	
  to	
  guide	
  and	
  retain	
  MNPs	
  within	
  a	
  region	
  of	
  interest.	
  The	
  

retina	
  may	
  not	
  be	
  as	
  accessible	
  but	
   is	
  still	
  possible	
  as	
  a	
  day-­‐case	
  procedure.	
  Future	
  work	
   into	
  

designing	
  a	
  more	
  portable	
  hand-­‐held	
  form	
  of	
  magnet	
  with	
  modifiable	
  oscillatory	
  function	
  would	
  

be	
  crucial	
  to	
  its	
  clinical	
  translation.	
  

A	
  number	
  of	
  studies	
  have	
  looked	
  at	
  harnessing	
  galvanotaxis	
  in	
  SCs	
  for	
  therapeutic	
  application	
  in	
  

spinal	
  cord	
  injury	
  and	
  CNS	
  disease.	
  As	
  an	
  extension	
  of	
  the	
  brain	
  it	
  seemed	
  logical	
  to	
  expand	
  EF	
  

directed	
  migration	
  of	
  SC	
  for	
  ocular	
  use.	
  In	
  chapter	
  5,	
  NSC	
  directed	
  migration	
  from	
  RGC	
  layer	
  into	
  

IPL	
   layer	
   occurred	
  with	
  EF	
   application.	
  The	
  modified	
  Boyden	
   chamber	
   experiment	
  was	
  novel	
  

since	
   work	
   surrounding	
   NSC	
   galvanotaxis	
   has	
   mainly	
   been	
   with	
   a	
   2D	
   electrotactic	
   chamber	
  

environment	
  whereby	
  migration	
  is	
  directed	
  along	
  the	
  horizontal	
  axis	
  rather	
  than	
  vertically	
  in	
  a	
  

3D	
   environment	
   as	
   in	
   the	
   retina	
   explant.	
   My	
   work	
   highlights	
   the	
   need	
   to	
   develop	
   better	
   3D	
  

assays	
   as	
   this	
  would	
  be	
  most	
   compatible	
  with	
   an	
   in-­‐vivo	
   environment.	
   In	
   the	
   retina	
   explants,	
  

NSC	
  would	
   have	
   needed	
   to	
  migrate	
   through	
   tissue	
   layers	
   and	
   few	
   papers	
   have	
   addressed	
   EF	
  

directed	
  NSC	
  migration	
  in	
  a	
  3D	
  manner,	
  most	
  of	
  which	
  do	
  not	
  use	
  ex-­‐vivo	
  tissue	
  culture.	
  Zhang	
  

et	
   al	
   used	
   3D	
   Matrigel	
   as	
   a	
   model	
   for	
   studying	
   electrotaxis	
   in	
   hiPS	
   (Zhang	
   et	
   al.,	
   2011a).	
   It	
  

showed	
   that	
   hiPS	
   could	
   migrate	
   in	
   the	
   gel	
   towards	
   the	
   anode;	
   in	
   the	
   horizontal	
   plane,	
   but	
  

migration	
   in	
   the	
  z	
  plane	
  (vertical)	
  also	
  occurred.	
  Z	
  plane	
  movement	
  was	
  not	
  analysed	
  or	
   fully	
  

described.	
   Sun	
   et	
   al.	
   developed	
   a	
   polydimethylsiloxane(PDMS)-­‐based	
   microfluidic	
   device	
   to	
  

generate	
   uniformly	
   sized	
   bubbles	
   in	
   gelatin	
   by	
   injecting	
   a	
   gelatin	
   solution	
   with	
   nitrogen	
   gas	
  

from	
   two	
   different	
   inlets	
   (Sun	
   et	
   al.,	
   2012).	
   These	
   were	
   then	
   collected	
   and	
   cross	
   linked	
   and	
  

degassed	
   to	
   form	
   a	
   3D	
   scaffold.	
   Once	
   again,	
   only	
   horizontal	
   movements	
   were	
   analysed	
   but	
  

movement	
   in	
   z	
   dimensions	
   were	
   not	
   described.	
   Meng	
   et	
   al.	
   used	
   organotypic	
   spinal	
   cord	
  

cultures,	
   but	
   again	
   describe	
   only	
   horizontal	
   migration	
   and	
   not	
   vertical.	
   Although	
   use	
   of	
   GFP	
  



185	
  

	
  

fluorescence	
   only	
   allows	
   for	
   gross	
   detection	
   of	
   NSC	
   vertical	
   migration	
   in	
   ex-­‐vivo	
   tissue	
  

environment,	
   it	
   paves	
   the	
   way	
   for	
   future	
   in-­‐vivo	
   work	
   where	
   EF	
   directed	
   migration	
   can	
   be	
  

better	
  assessed(Meng	
  et	
  al.,	
  2012).	
  	
  

In	
  chapter	
  7,	
   I	
  explored	
  the	
  use	
  of	
  NSC	
  as	
  a	
  vector	
  for	
  BDNF	
  delivery	
  and	
  RGC	
  protection.	
  The	
  

advantages	
  of	
  BDNF	
  were	
  two–fold	
  in	
  that	
  it	
  not	
  only	
  reduced	
  RGC	
  dendritic	
  degeneration	
  but	
  

also	
  and	
  improved	
  EF	
  directed	
  migration	
  into	
  IPL	
  layer.	
  BDNF	
  alone	
  without	
  EF	
  did	
  not	
  induce	
  

migration.	
   Interestingly,	
  Xu	
  et	
  al.	
  also	
  report	
  NSC	
  migration	
   towards	
  CXCL12	
  only	
  occurred	
   in	
  

BDNF	
  pre-­‐treated	
  NSC(Xu	
  and	
  Heilshorn,	
  2013).	
  The	
  exact	
  mechanism	
  of	
  this	
  BDNF	
  facilitated	
  

NSC	
   chemotaxis	
   is	
   unclear.	
   In	
   NSC	
   electrotaxis,	
   several	
   pathways	
   for	
   cathode	
   and	
   anodal	
  

migration	
  have	
  been	
  explored;	
  one	
  of	
  which	
  involves	
  the	
  P13K/Akt	
  pathway,	
  of	
  which	
  BDNF	
  can	
  

activate	
  via	
  Trk	
  receptors.	
  Indeed,	
  several	
  studies	
  have	
  reported	
  that	
  growth	
  factors	
  are	
  usually	
  

necessary	
   for	
  electrotaxis	
   to	
  occur	
  (Meng	
  et	
  al.,	
  2011,	
  Zhao	
  et	
  al.,	
  1996,	
  Wang	
  et	
  al.,	
  2003).	
  Of	
  

note,	
  EF	
   induced	
  migration	
  occurred	
  without	
  BDNF	
   in	
  chapter	
  5,	
  as	
  EGF	
  and	
  FGF-­‐2	
   is	
  already	
  

present	
   in	
  NSC	
  culture	
  media.	
  Meng	
  et	
  al.	
   suggested	
  an	
   important	
   link	
  exists	
  between	
  growth	
  

factors,	
  EFs	
  and	
  PI3K/Akt	
  pathway	
  (Meng	
  et	
  al.,	
  2012).	
  They	
   looked	
  at	
  EGF	
  and	
  FGF-­‐2,	
  which	
  

were	
   required	
   for	
   electrotaxis	
   to	
   take	
   place.	
   Indeed,	
   they	
   showed	
   an	
   EF-­‐induced	
   asymmetric	
  

redistribution	
  of	
  GF	
  receptors	
  in	
  NPCs.	
  	
  It	
  is	
  possible	
  that	
  BDNF	
  presence	
  can	
  enhance	
  the	
  effect	
  

of	
  galvanotaxis	
  in	
  NSC,	
  and	
  future	
  studies	
  will	
  need	
  to	
  dissect	
  the	
  mechanism	
  behind	
  this.	
  	
  

In	
  developing	
  NSC	
  electrotaxis	
  for	
  in-­‐vivo	
  work,	
  several	
  factors	
  need	
  to	
  be	
  considered.	
  The	
  point	
  

of	
   contact	
   for	
  voltage	
   induction	
  will	
   inevitably	
  give	
  off	
  heat	
  and	
  electrode	
  products	
  and	
  affect	
  

the	
  surrounding	
  cell	
  structures.	
  To	
  induce	
  electrotaxis	
  of	
  NSC	
  in	
  the	
  eyeball,	
  the	
  lowest	
  voltage	
  

threshold	
   for	
   the	
   shortest	
   duration	
  would	
   need	
   to	
   be	
   defined.	
   Indeed,	
   the	
   introduction	
   of	
   an	
  

oscillating	
  EF	
  stimulator	
  for	
  spinal	
  cord	
  injury	
  have	
  already	
  reached	
  phase	
  1	
  trial	
  (Shapiro	
  et	
  al.,	
  

2005).	
  	
  Transcorneal	
  electrical	
  stimulation	
  in	
  animals	
  and	
  humans	
  have	
  already	
  been	
  reported,	
  

although	
  these	
  studies	
  investigated	
  the	
  neuroprotective	
  effects	
  of	
  activating	
  endogenous	
  growth	
  

factors	
  and	
  not	
  directed	
  migration	
  of	
  NSC	
  (Ni	
  et	
  al.,	
  2009,	
  Sato	
  et	
  al.,	
  2008,	
  Tao	
  et	
  al.,	
  2016,	
  Ozeki	
  

et	
   al.,	
   2013).	
   Regardless,	
   it	
   interesting	
   to	
   note	
   the	
  method	
  of	
   voltage	
   introduction;	
   by	
   bipolar	
  

contact	
   lens	
   electrode	
   with	
   an	
   inner	
   and	
   outer	
   ring	
   serving	
   as	
   stimulating	
   electrodes	
   or	
   a	
  

microfiber	
   electrode	
   is	
   placed	
   on	
   the	
   cornea	
   after	
   topical	
   anaesthesia	
   followed	
   by	
   electric	
  

pulses.	
   Further	
   work	
   into	
   NSC	
   galvanotaxis	
   can	
   apply	
   these	
   methods	
   of	
   EF	
   delivery	
   with	
  

reassurance	
  that	
  eventual	
  clinical	
  translation	
  is	
  plausible.	
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Summary	
  of	
  Future	
  Work:	
  

With	
   successful	
  magnetofection	
   of	
   the	
   cornea,	
   this	
   can	
   be	
   extended	
   to	
  magnetofection	
   of	
   the	
  

trabecular	
  meshwork	
  in	
  healthy	
  mouse	
  and	
  also	
  glaucoma	
  mouse-­‐models	
  i.e.	
  DBA/2J	
  mouse	
  in-­‐

vivo.	
  Magnetofection	
  of	
   the	
   retina	
   can	
  also	
  be	
   trialled	
  on	
   in-­‐vivo	
  with	
  a	
  BDNF-­‐overexpressing	
  

gene	
  and	
  looking	
  at	
  RGC	
  Sholl	
  plots	
  on	
  retina	
  after	
  inducing	
  raised	
  IOP	
  in	
  the	
  mouse.	
  

In	
  the	
  cornea,	
  the	
  endothelium	
  was	
  magnetofected	
  but	
  to	
  a	
   lesser	
  extent	
  when	
  oscillation	
  was	
  

increased	
   during	
   magnetofection.	
   There	
   was	
   a	
   suggestion	
   that	
   some	
   stromal	
   cells	
   were	
  

magnetofected	
   at	
   higher	
   oscillations,	
   suggesting	
   that	
   perhaps	
   the	
   cells	
   magnetofected	
   were	
  

deeper	
  when	
  oscillation	
  was	
  higher.	
  It	
  would	
  be	
  interesting	
  to	
  assess	
  if	
  depth	
  of	
  magnetofection	
  

in	
  cornea	
  or	
  even	
  retinal	
  tissue	
  can	
  be	
  controlled	
  with	
  a	
  higher	
  oscillation.	
  

Development	
  of	
  a	
  portable	
  magnet	
  with	
  oscillatory	
  function	
  for	
  magnetofection	
  of	
  the	
  anterior	
  

segment	
   and	
   posterior	
   segment	
   could	
   facilitate	
   its	
   clinical	
   translation.	
   Posterior	
   segment	
  

magnetofection	
  will	
  require	
  applanation	
  of	
  the	
  device	
  inferotemporal	
  to	
  the	
  limbus	
  for	
  macular	
  

magnetofection.	
  Hence,	
  a	
  small	
  portable	
  device	
  would	
  better	
  serve	
  this	
  purpose.	
  

The	
   threshold	
  voltage	
   for	
  NSC	
  migration	
  post	
   intravitreal	
   injection	
  of	
  NSC	
   in-­‐vivo	
  needs	
   to	
  be	
  

optimized.	
   EF	
   application	
   in	
   animal	
   models	
   of	
   retinal	
   degeneration	
   of	
   wild	
   type	
   can	
   be	
  

introduced	
   via	
   electroacupuncture	
   (retrobulbar	
   needle	
   with	
   voltage	
   application)	
   or	
  

transcorneal	
  electrical	
  stimulation.	
  Ideally,	
  a	
  new	
  method	
  should	
  be	
  developed	
  to	
  introduce	
  EF	
  

in	
  assessing	
  electric	
  field	
  application	
  in	
  live	
  animals.	
  This	
  is	
  to	
  prevent	
  metal	
  electrodes	
  possibly	
  

ionizing	
  electrolytes	
  in	
  tissue	
  and	
  hence	
  inducing	
  a	
  chemical	
  gradient.	
  

The	
  effect	
  of	
  NSC	
  migration	
  with	
  and	
  without	
  BDNF	
  in	
  the	
  absence	
  of	
  EF	
  application	
  also	
  needs	
  

to	
   be	
   assessed.	
   Whether	
   BDNF	
   plays	
   a	
   part	
   in	
   galvanotaxis	
   can	
   be	
   explored	
   by	
   looking	
   and	
  

recombinant	
  mice	
  with	
  BDNF	
  overexpression	
  and	
  administering	
   intravitreal	
   injections	
  of	
  NSC	
  

with	
  or	
  without	
  EF	
  application.	
  Alternatively,	
  experiments	
  with	
  NSC	
  magnetofected	
  without	
  any	
  

plasmids	
  can	
  be	
  used	
  to	
  determine	
  if	
  magnetofection	
  itself	
  causes	
  increased	
  migration.	
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