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Abstract	
  
	
  
Alzheimer’s	
  disease	
  (AD)	
  is	
  a	
  fatal	
  neurodegenerative	
  disorder	
  characterized	
  by	
  

chronic	
  neuroinflammation.	
  Microglia,	
  the	
  immune	
  cells	
  of	
  the	
  brain,	
  become	
  

activated	
  in	
  response	
  to	
  pathological	
  stimuli	
  and	
  cellular	
  debris.	
  Once	
  activated,	
  

microglia	
  secrete	
  pro-­‐inflammatory	
  mediators,	
  as	
  well	
  as	
  participate	
  in	
  

phagocytosis	
  in	
  aims	
  of	
  eliminating	
  the	
  noxious	
  stimuli.	
  Microglial	
  activation	
  is	
  

normally	
  beneficial,	
  as	
  it	
  helps	
  maintain	
  homeostatic	
  conditions	
  and	
  regulate	
  the	
  

immune	
  status	
  of	
  the	
  brain;	
  however,	
  in	
  AD,	
  microglia	
  become	
  over-­‐activated,	
  which	
  

causes	
  the	
  non-­‐specific	
  release	
  of	
  cytotoxic	
  molecules	
  and	
  results	
  in	
  extensive	
  

neuronal	
  death.	
  Cardiolipin,	
  a	
  mitochondrial	
  phospholipid	
  implicated	
  in	
  regulating	
  

metabolic	
  processes,	
  is	
  significantly	
  reduced	
  in	
  AD	
  brains.	
  Additionally,	
  it	
  has	
  been	
  

shown	
  that	
  cardiolipin	
  can	
  be	
  relocated	
  to	
  the	
  outer	
  mitochondrial	
  membrane,	
  as	
  

well	
  as	
  to	
  the	
  plasma	
  membrane	
  during	
  various	
  cellular	
  processes.	
  Although	
  the	
  

intracellular	
  role	
  of	
  cardiolipin	
  has	
  been	
  well	
  defined,	
  the	
  effects	
  of	
  extracellular	
  

cardiolipin	
  on	
  microglial	
  functions	
  implicated	
  in	
  AD	
  pathogenesis	
  have	
  yet	
  to	
  be	
  

investigated.	
  The	
  central	
  hypothesis	
  of	
  this	
  thesis	
  proposes	
  that	
  extracellular	
  

cardiolipin	
  regulates	
  select	
  microglial	
  functions.	
  I	
  focused	
  on	
  three	
  specific	
  research	
  

objectives:	
  1)	
  to	
  determine	
  whether	
  extracellular	
  cardiolipin	
  induces	
  the	
  phagocytic	
  

activity	
  of	
  microglia,	
  2)	
  to	
  determine	
  whether	
  extracellular	
  cardiolipin	
  affects	
  

microglial	
  functions	
  that	
  impact	
  neuronal	
  viability	
  and	
  3)	
  to	
  determine	
  whether	
  

extracellular	
  cardiolipin	
  alters	
  the	
  secretory	
  profile	
  of	
  microglia.	
  By	
  utilizing	
  in	
  vitro	
  

cell	
  culture	
  techniques	
  and	
  biological	
  assays	
  with	
  immortalized	
  CNS	
  model	
  cells,	
  as	
  

well	
  as	
  primary	
  murine	
  microglia,	
  I	
  demonstrate	
  that	
  extracellular	
  cardiolipin	
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induces	
  the	
  phagocytic	
  activity	
  of	
  microglia,	
  decreases	
  microglia-­‐mediated	
  

cytotoxicity	
  towards	
  neurons,	
  as	
  well	
  as	
  alters	
  the	
  secretory	
  profile	
  of	
  activated	
  

microglia	
  by	
  reducing	
  the	
  secretion	
  of	
  key	
  inflammatory	
  mediators,	
  including	
  

reactive	
  nitrogen	
  and	
  oxygen	
  species,	
  as	
  well	
  as	
  the	
  pro-­‐inflammatory	
  cytokines	
  

tumor	
  necrosis	
  factor-­‐alpha	
  and	
  monocyte	
  chemoattractant	
  protein-­‐1.	
  The	
  findings	
  

of	
  this	
  study	
  demonstrate	
  that	
  extracellular	
  cardiolipin	
  regulates	
  several	
  microglial	
  

functions	
  that	
  potentially	
  impact	
  select	
  aspects	
  of	
  neuroinflammation	
  implicated	
  in	
  

AD.	
  Therefore,	
  extracellular	
  cardiolipin	
  may	
  represent	
  a	
  novel	
  therapeutic	
  agent	
  

that	
  promotes	
  the	
  clearance	
  of	
  pathological	
  structures,	
  inhibits	
  the	
  extensive	
  

neuronal	
  death	
  and	
  alters	
  the	
  secretory	
  profile	
  of	
  over-­‐activated	
  microglia	
  present	
  

in	
  neurodegenerative	
  diseases,	
  such	
  as	
  AD.	
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Preface	
  

Figures	
  1.2,	
  1.4,	
  1.5	
  and	
  1.6	
  are	
  modified	
  versions	
  of	
  figures	
  1,	
  2,	
  3a	
  and	
  3b,	
  

respectively,	
  from	
  Pointer,	
  C.B.,	
  Klegeris,	
  A.	
  (2017)	
  Cardiolipin	
  in	
  Central	
  Nervous	
  

System	
  Physiology	
  and	
  Pathology.	
  Cellular	
  and	
  Molecular	
  Neurobiology.	
  [ePub	
  ahead	
  

of	
  print].	
  As	
  lead	
  contributor	
  to	
  this	
  review	
  article,	
  I	
  participated	
  in	
  extensive	
  review	
  

of	
  available	
  literature,	
  wrote	
  the	
  manuscript	
  and	
  constructed	
  all	
  figures.	
  	
  

	
   I	
  am	
  responsible	
  for	
  all	
  the	
  experimental	
  data	
  presented	
  in	
  this	
  thesis,	
  except	
  

for	
  the	
  primary	
  murine	
  microglia	
  immunofluorescence	
  experiments	
  using	
  the	
  rabbit	
  

anti-­‐mouse	
  IBA-­‐1	
  and	
  GFAP	
  antibodies	
  (Figure	
  3.16),	
  which	
  were	
  conducted	
  by	
  Dr.	
  

Lindsay	
  Spielman.	
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Chapter	
  1:	
  Introduction	
  

	
  

1.1.	
  The	
  Central	
  Nervous	
  System	
  

The	
  central	
  nervous	
  system	
  (CNS)	
  is	
  an	
  intricate	
  and	
  complicated	
  system,	
  

comprised	
  of	
  the	
  brain	
  and	
  spinal	
  cord.	
  This	
  system	
  is	
  composed	
  primarily	
  of	
  two	
  

main	
  types	
  of	
  cells:	
  neurons	
  and	
  non-­‐neuronal	
  glial	
  cells.	
  Neurons	
  are	
  excitable	
  

brain	
  cells	
  that	
  play	
  a	
  critical	
  role	
  in	
  signal	
  transmission	
  and	
  information	
  processing	
  

(Ribrault	
  et	
  al.,	
  2011).	
  Neurons,	
  following	
  sufficient	
  excitation,	
  transmit	
  electrical	
  

signals	
  in	
  the	
  form	
  of	
  action	
  potentials,	
  which	
  travel	
  down	
  the	
  neuronal	
  axon	
  and	
  

cause	
  the	
  release	
  of	
  chemical	
  messengers,	
  called	
  neurotransmitters,	
  at	
  the	
  axon	
  

terminals.	
  These	
  neurotransmitters	
  are	
  responsible	
  for	
  signal	
  and	
  information	
  

transmission	
  from	
  one	
  neuron	
  to	
  the	
  next	
  (Breedlove	
  and	
  Watson,	
  2013;	
  Ribrault	
  et	
  

al.,	
  2011;	
  Sincich	
  et	
  al.,	
  2009).	
  Efficient	
  transport	
  and	
  propagation	
  of	
  these	
  electrical	
  

and	
  chemical	
  signals	
  is	
  crucial	
  for	
  proper	
  brain	
  function,	
  as	
  these	
  processes	
  control	
  

all	
  voluntary	
  and	
  involuntary	
  movements,	
  as	
  well	
  as	
  the	
  formation	
  of	
  all	
  thoughts,	
  

emotions	
  and	
  memories	
  produced	
  and	
  stored	
  by	
  the	
  brain	
  (Etkin	
  et	
  al.,	
  2015;	
  Keller	
  

and	
  Heckhausen,	
  1990;	
  Murphy	
  et	
  al.,	
  2003).	
  

Glial	
  cells,	
  including	
  oligodendrocytes,	
  astrocytes	
  and	
  microglia,	
  are	
  involved	
  

in	
  the	
  regulation	
  of	
  brain	
  homeostasis,	
  as	
  well	
  as	
  in	
  providing	
  nutritional,	
  structural	
  

and	
  chemical	
  support	
  to	
  neurons	
  (Jessen,	
  2004).	
  Oligodendrocytes	
  are	
  involved	
  in	
  

the	
  formation	
  of	
  the	
  myelin	
  sheath,	
  a	
  lipid-­‐rich	
  structure	
  that	
  surrounds	
  neuronal	
  

axons	
  and	
  acts	
  as	
  an	
  insulating	
  layer	
  that	
  significantly	
  increases	
  the	
  rate	
  of	
  electrical	
  

transmission	
  in	
  neurons	
  (Edgar	
  and	
  Nave,	
  2009;	
  Keirstead	
  and	
  Blakemore,	
  1999).	
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Oligodendrocytes	
  also	
  contribute	
  to	
  neuronal	
  support	
  through	
  the	
  expression	
  of	
  

various	
  neurotrophic	
  factors	
  including	
  brain-­‐derived	
  neurotrophic	
  factor	
  (BDNF),	
  

nerve	
  growth	
  factor	
  (NGF)	
  and	
  neurotrophin	
  (NT)-­‐3,	
  which	
  promote	
  the	
  growth	
  and	
  

survival	
  of	
  multiple	
  CNS	
  cell	
  types	
  (Dai	
  et	
  al.,	
  2003;	
  Elkabes	
  et	
  al.,	
  1996;	
  Huang	
  and	
  

Reichardt,	
  2001).	
  	
  

Astrocytes	
  are	
  star-­‐shaped	
  glial	
  cells,	
  which	
  possess	
  long	
  extensions	
  that	
  

protrude	
  from	
  the	
  cell	
  body.	
  These	
  cells	
  assist	
  with	
  maintenance	
  of	
  the	
  extracellular	
  

environment	
  within	
  the	
  CNS	
  (Jessen,	
  2004;	
  Parpura	
  et	
  al.,	
  2012).	
  Astrocytes	
  

promote	
  homeostatic	
  conditions	
  in	
  the	
  brain	
  by	
  assisting	
  with	
  the	
  maintenance	
  of	
  

blood-­‐brain	
  barrier	
  (BBB)	
  integrity,	
  by	
  regulating	
  extracellular	
  potassium	
  levels	
  and	
  

by	
  scavenging	
  reactive	
  oxygen	
  species	
  (ROS)	
  in	
  the	
  CNS	
  (Kettenmann	
  and	
  

Verkhratsky,	
  2008;	
  Osborn	
  et	
  al.,	
  2016).	
  Furthermore,	
  astrocytes	
  participate	
  in	
  

neuronal	
  support	
  by	
  regulating	
  synapse	
  formation,	
  synaptic	
  transmission	
  and	
  

neuronal	
  repair,	
  as	
  well	
  as	
  by	
  supplying	
  neurons	
  with	
  essential	
  energy	
  substrates	
  

(Kettenmann	
  and	
  Verkhratsky,	
  2008;	
  Meyer	
  and	
  Kaspar,	
  2016;	
  Nedergaard	
  et	
  al.,	
  

2003;	
  Sherwood	
  et	
  al.,	
  2006).	
  	
  

Microglia,	
  the	
  resident	
  macrophages	
  of	
  the	
  CNS,	
  play	
  a	
  critical	
  role	
  in	
  

promoting	
  neuronal	
  growth	
  and	
  functioning,	
  as	
  well	
  as	
  in	
  regulating	
  the	
  CNS	
  

immune	
  status	
  during	
  various	
  states	
  of	
  health	
  and	
  disease.	
  Microglia	
  express	
  and	
  

secrete	
  various	
  neurotrophic	
  factors,	
  including	
  BDNF,	
  NGF,	
  glial	
  cell	
  line-­‐derived	
  

neurotrophic	
  factor	
  (GDNF),	
  NT-­‐3	
  and	
  insulin-­‐like	
  growth	
  factor	
  (IGF)-­‐1,	
  which	
  are	
  

detected	
  and	
  recognized	
  by	
  surrounding	
  neurons.	
  These	
  growth	
  and	
  trophic	
  factors	
  

contribute	
  to	
  neuronal	
  survival,	
  as	
  well	
  as	
  to	
  synaptic	
  development	
  and	
  plasticity	
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(Elkabes	
  et	
  al.,	
  1996;	
  Huang	
  and	
  Reichardt,	
  2001;	
  Nakajima	
  and	
  Kohsaka,	
  2001).	
  It	
  

has	
  been	
  demonstrated	
  that	
  these	
  factors	
  not	
  only	
  affect	
  neuronal	
  growth	
  and	
  

development,	
  but	
  also	
  regulate	
  the	
  proliferation	
  and	
  maturation	
  of	
  other	
  

surrounding	
  microglia	
  (Elkabes	
  et	
  al.,	
  1996;	
  Heese	
  et	
  al.,	
  1998).	
  	
  

Microglia,	
  however,	
  are	
  best	
  known	
  for	
  their	
  role	
  in	
  regulating	
  the	
  

neuroimmune	
  status	
  of	
  the	
  CNS.	
  Under	
  normal	
  physiological	
  conditions,	
  microglia	
  

are	
  believed	
  to	
  be	
  in	
  a	
  resting	
  and	
  ramified	
  state.	
  In	
  this	
  state,	
  microglia	
  possess	
  

long	
  processes	
  that	
  are	
  constantly	
  surveying	
  their	
  surrounding	
  environment	
  for	
  

indicators	
  of	
  damage	
  or	
  danger	
  (Kraft	
  and	
  Harry,	
  2011;	
  Lull	
  and	
  Block,	
  2010;	
  

Nimmerjahn	
  et	
  al.,	
  2005;	
  Saijo	
  and	
  Glass,	
  2011).	
  Microglia	
  are	
  able	
  to	
  recognize	
  a	
  

variety	
  of	
  noxious	
  stimuli,	
  including	
  pathogens,	
  pro-­‐inflammatory	
  mediators	
  and	
  

harmful	
  cellular	
  debris.	
  Following	
  interaction	
  with	
  these	
  stimuli,	
  microglia	
  shift	
  to	
  

an	
  activated	
  state,	
  which	
  is	
  characterized	
  by	
  alterations	
  in	
  their	
  physiology	
  and	
  

secretory	
  profile	
  (Cherry	
  et	
  al.,	
  2014;	
  Kraft	
  and	
  Harry,	
  2011;	
  Nimmerjahn	
  et	
  al.,	
  

2005;	
  Streit	
  et	
  al.,	
  1999).	
  Activated	
  microglia,	
  which	
  assume	
  an	
  amoeboid-­‐like	
  shape	
  

devoid	
  of	
  long	
  processes,	
  migrate	
  to	
  the	
  area	
  of	
  insult	
  and	
  propagate	
  the	
  

inflammatory	
  response.	
  Microglial	
  activation	
  induces	
  the	
  release	
  of	
  cytokines,	
  such	
  

as	
  tumor	
  necrosis	
  factor	
  (TNF)-­‐α	
  and	
  monocyte	
  chemoattractant	
  protein	
  (MCP)-­‐1,	
  

which	
  functions	
  to	
  recruit	
  other	
  immune	
  cells	
  to	
  the	
  affected	
  area,	
  as	
  well	
  as	
  other	
  

pro-­‐inflammatory	
  mediators	
  and	
  cytotoxic	
  molecules,	
  including	
  reactive	
  nitrogen	
  

species	
  (RNS)	
  and	
  ROS	
  (Akiyama	
  et	
  al.,	
  2000;	
  Colton	
  and	
  Gilbert,	
  1987;	
  Jessen,	
  2004;	
  

Lull	
  and	
  Block,	
  2010;	
  Parpura	
  et	
  al.,	
  2012;	
  Saijo	
  and	
  Glass,	
  2011;	
  Yang	
  et	
  al.,	
  2010).	
  

Additionally,	
  activated	
  microglia	
  upregulate	
  their	
  expression	
  of	
  major	
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histocompatibility	
  complex	
  (MHC)	
  proteins,	
  which	
  present	
  antigen	
  peptides	
  to	
  other	
  

microglia,	
  as	
  well	
  as	
  perform	
  phagocytosis	
  in	
  attempts	
  to	
  rid	
  the	
  brain	
  of	
  the	
  

noxious	
  stimuli	
  (Brown	
  and	
  Vilalta,	
  2015;	
  Lull	
  and	
  Block,	
  2010;	
  Saijo	
  and	
  Glass,	
  

2011;	
  von	
  Bernhardi	
  et	
  al.,	
  2015;	
  Yang	
  et	
  al.,	
  2010).	
  	
  

Microglial	
  activation	
  is	
  an	
  extremely	
  beneficial	
  response,	
  as	
  it	
  aids	
  in	
  

eliminating	
  noxious	
  molecules,	
  contributes	
  to	
  the	
  maintenance	
  of	
  homeostatic	
  

conditions	
  and	
  regulates	
  immune	
  status	
  of	
  the	
  CNS.	
  However,	
  in	
  many	
  CNS	
  diseases,	
  

the	
  pathological	
  formations	
  present	
  in	
  the	
  brain	
  cannot	
  be	
  removed	
  by	
  the	
  efforts	
  of	
  

the	
  microglia,	
  which	
  leads	
  to	
  their	
  over-­‐activation	
  (Kraft	
  and	
  Harry,	
  2011;	
  Streit	
  et	
  

al.,	
  1999).	
  This	
  over-­‐activation	
  causes	
  dysregulation	
  of	
  microglial	
  functioning	
  and	
  

results	
  in	
  the	
  persistent	
  release	
  of	
  cytotoxic	
  molecules,	
  as	
  well	
  as	
  a	
  decrease	
  in	
  

expression	
  of	
  trophic	
  factors	
  BDNF	
  and	
  IGF-­‐1,	
  which	
  can	
  ultimately	
  result	
  in	
  damage	
  

or	
  death	
  to	
  surrounding	
  brain	
  cells,	
  including	
  other	
  glia	
  and	
  neurons	
  (Banati	
  et	
  al.,	
  

1993;	
  Brown	
  and	
  Vilalta,	
  2015;	
  Budni	
  et	
  al.,	
  2015;	
  Lull	
  and	
  Block,	
  2010).	
  Following	
  

injury,	
  neurons	
  release	
  a	
  variety	
  of	
  damage-­‐associated	
  molecular	
  pattern	
  (DAMP)	
  

molecules,	
  as	
  well	
  as	
  additional	
  ROS	
  and	
  RNS,	
  which	
  are	
  recognized	
  by	
  neighboring	
  

microglia	
  and	
  induce	
  further	
  activation	
  of	
  these	
  cells	
  (Cherry	
  et	
  al.,	
  2014).	
  This	
  self-­‐

perpetuating	
  cycle	
  of	
  microglia-­‐mediated	
  cytotoxicity	
  facilitates	
  extensive	
  

neurodegeneration	
  and	
  ultimately	
  induces	
  a	
  chronic	
  neuroinflammatory	
  state,	
  

which	
  has	
  been	
  implicated	
  in	
  the	
  pathogenesis	
  of	
  various	
  brain	
  diseases,	
  including	
  

Alzheimer’s	
  disease	
  (AD)	
  (Figure	
  1.1)	
  (Akiyama	
  et	
  al.,	
  2000;	
  Cherry	
  et	
  al.,	
  2014;	
  

Mandrekar-­‐Colucci	
  and	
  Landreth,	
  2010;	
  Solito	
  and	
  Sastre,	
  2012).	
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Figure	
  1.1.	
  Microglial	
  responses	
  in	
  healthy	
  and	
  diseased	
  brains.	
  DAMP	
  =	
  
damage-­‐associated	
  molecular	
  pattern,	
  RNS	
  =	
  reactive	
  nitrogen	
  species,	
  ROS	
  =	
  
reactive	
  oxygen	
  species.	
  
	
  

1.2.	
  Alzheimer’s	
  Disease	
  and	
  Neuroinflammation	
  

AD	
  is	
  a	
  chronic	
  and	
  progressive	
  neurodegenerative	
  disorder	
  that	
  currently	
  

affects	
  over	
  35	
  million	
  people	
  worldwide	
  (Wortmann,	
  2012).	
  AD	
  is	
  characterized	
  by	
  

a	
  decline	
  in	
  cognitive	
  ability,	
  which	
  commonly	
  manifests	
  as	
  significant	
  memory	
  

impairment,	
  as	
  well	
  as	
  alterations	
  in	
  behaviour	
  and	
  personality	
  (Breedlove	
  and	
  

Watson,	
  2013;	
  Fernandez	
  et	
  al.,	
  2010;	
  Prince	
  et	
  al.,	
  2015).	
  Although	
  the	
  underlying	
  

causes	
  of	
  the	
  disease	
  are	
  still	
  debated,	
  the	
  two	
  molecular	
  hallmarks	
  hypothesized	
  to	
  

contribute	
  to	
  AD	
  pathogenesis	
  include	
  the	
  deposition	
  of	
  extracellular	
  beta-­‐amyloid	
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(Aβ)	
  plaques,	
  as	
  well	
  as	
  the	
  formation	
  of	
  insoluble	
  intracellular	
  fibrillar	
  inclusions	
  

called	
  neurofibrillary	
  tangles	
  (NFTs)	
  (Blasko	
  et	
  al.,	
  2004;	
  Wang	
  and	
  Mandelkow,	
  

2016).	
  The	
  Aβ	
  plaques,	
  also	
  known	
  as	
  senile	
  plaques,	
  are	
  formed	
  due	
  to	
  

dysregulated	
  processing	
  of	
  beta	
  amyloid	
  precursor	
  protein	
  (βAPP),	
  which	
  leads	
  to	
  

the	
  overproduction	
  and	
  reduced	
  clearance	
  of	
  Aβ	
  protein,	
  and	
  thereby	
  promotes	
  Aβ	
  

aggregation	
  (Bamberger	
  and	
  Landreth,	
  2002;	
  Blasko	
  et	
  al.,	
  2004;	
  Monteiro-­‐Cardoso	
  

et	
  al.,	
  2015).	
  The	
  formation	
  of	
  NFTs	
  occurs	
  due	
  to	
  the	
  hyperphosphorylation	
  of	
  tau,	
  

a	
  protein	
  normally	
  involved	
  in	
  the	
  assembly	
  and	
  stabilization	
  of	
  cytoskeletal	
  

microtubules	
  (Mandelkow	
  and	
  Mandelkow,	
  2012;	
  Sergeant	
  et	
  al.,	
  2008;	
  Terwel	
  et	
  

al.,	
  2002).	
  The	
  Aβ	
  plaques	
  and	
  NFTs	
  are	
  implicated	
  in	
  the	
  pathophysiology	
  of	
  AD,	
  as	
  

they	
  have	
  been	
  shown	
  to	
  induce	
  microglial	
  activation,	
  as	
  well	
  as	
  produce	
  toxic	
  

effects	
  towards	
  surrounding	
  brain	
  cells,	
  thereby	
  propagating	
  the	
  extensive	
  neuron	
  

death	
  and	
  chronic	
  neuroinflammation	
  observed	
  in	
  AD	
  brains	
  (Gotz	
  et	
  al.,	
  2010;	
  

Monteiro-­‐Cardoso	
  et	
  al.,	
  2015;	
  Wang	
  and	
  Mandelkow,	
  2016).	
  

Despite	
  over	
  one	
  hundred	
  years	
  of	
  research,	
  there	
  is	
  still	
  limited	
  

understanding	
  of	
  the	
  underlying	
  mechanisms	
  that	
  contribute	
  to	
  the	
  onset	
  and	
  

progression	
  of	
  AD.	
  This	
  lack	
  of	
  understanding	
  has	
  resulted	
  in	
  a	
  shortage	
  of	
  viable	
  

therapeutic	
  strategies	
  available	
  for	
  the	
  treatment	
  of	
  AD	
  (Huang	
  and	
  Mucke,	
  2012).	
  

In	
  attempts	
  to	
  better	
  understand	
  this	
  disease,	
  many	
  hypotheses	
  have	
  been	
  

developed	
  with	
  the	
  aim	
  of	
  explaining	
  the	
  pathophysiology	
  of	
  AD.	
  For	
  over	
  two	
  

decades,	
  the	
  most	
  widely	
  accepted	
  theory	
  was	
  the	
  Amyloid	
  Cascade	
  Hypothesis	
  of	
  

AD,	
  which	
  emphasizes	
  the	
  deposition	
  of	
  Aβ	
  plaques	
  as	
  the	
  initiator	
  of	
  disease	
  

pathogenesis.	
  However,	
  this	
  hypothesis	
  fails	
  to	
  thoroughly	
  explain	
  the	
  extensive	
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neuronal	
  death	
  observed	
  in	
  AD	
  brains,	
  as	
  it	
  has	
  been	
  documented	
  that	
  the	
  extent	
  of	
  

Aβ	
  plaque	
  aggregation	
  is	
  not	
  correlated	
  with	
  neuronal	
  loss	
  (Gomez-­‐Isla	
  et	
  al.,	
  1997;	
  

Karran	
  et	
  al.,	
  2011;	
  Reitz,	
  2012).	
  Recently,	
  there	
  has	
  been	
  increasing	
  support	
  for	
  the	
  

Inflammation	
  Hypothesis	
  of	
  AD,	
  which	
  proposes	
  neuroinflammation	
  as	
  an	
  integral	
  

feature	
  in	
  the	
  progression	
  of	
  the	
  disease,	
  as	
  well	
  as	
  in	
  the	
  development	
  of	
  disease	
  

symptoms	
  (Akiyama	
  et	
  al.,	
  2000;	
  Halliday	
  et	
  al.,	
  2000;	
  Wyss-­‐Coray	
  and	
  Rogers,	
  

2012;	
  Zotova	
  et	
  al.,	
  2010).	
  This	
  theory	
  emphasizes	
  the	
  role	
  of	
  microglia,	
  which	
  are	
  

able	
  to	
  recognize	
  and	
  respond	
  to	
  the	
  irregular	
  Aβ	
  plaques	
  and	
  NFTs	
  present	
  in	
  AD	
  

brains.	
  Following	
  interaction	
  with	
  these	
  stimuli,	
  microglia	
  become	
  activated	
  and	
  

participate	
  in	
  the	
  non-­‐specific	
  release	
  of	
  various	
  molecules,	
  including	
  pro-­‐

inflammatory	
  cytokines,	
  RNS	
  and	
  ROS,	
  in	
  attempts	
  to	
  rid	
  the	
  brain	
  of	
  the	
  irregular	
  

structures	
  (Dheen	
  et	
  al.,	
  2007;	
  Mandrekar-­‐Colucci	
  and	
  Landreth,	
  2010;	
  McCaulley	
  

and	
  Grush,	
  2015;	
  Rogers	
  and	
  Lue,	
  2001;	
  Wyss-­‐Coray	
  and	
  Rogers,	
  2012;	
  Zotova	
  et	
  al.,	
  

2010).	
  Despite	
  their	
  efforts,	
  the	
  microglia	
  are	
  unable	
  to	
  clear	
  the	
  brain	
  of	
  the	
  foreign	
  

Aβ	
  plaques	
  and	
  NFTs,	
  which	
  results	
  in	
  the	
  over-­‐activation	
  of	
  microglia	
  (Paresce	
  et	
  

al.,	
  1997;	
  Rogers	
  and	
  Lue,	
  2001).	
  As	
  described	
  in	
  section	
  1.1,	
  the	
  over-­‐activation	
  of	
  

microglia	
  leads	
  to	
  the	
  persistent	
  release	
  of	
  cytotoxic	
  molecules	
  and	
  induces	
  a	
  state	
  

of	
  chronic	
  neuroinflammation,	
  which	
  can	
  have	
  damaging	
  effects	
  on	
  surrounding	
  

cells	
  and	
  result	
  in	
  extensive	
  neuron	
  death	
  (Giulian,	
  1999;	
  Lull	
  and	
  Block,	
  2010;	
  

Morales	
  et	
  al.,	
  2014;	
  Wyss-­‐Coray	
  and	
  Rogers,	
  2012).	
  One	
  critical	
  finding,	
  which	
  

supports	
  the	
  Inflammation	
  Hypothesis	
  of	
  AD,	
  is	
  the	
  discovery	
  that	
  the	
  over-­‐

activation	
  of	
  microglia	
  may	
  precede	
  the	
  formation	
  of	
  the	
  neuritic	
  tangles,	
  and	
  that	
  

these	
  cells	
  actually	
  contribute	
  to	
  the	
  hyperphosphorylation	
  of	
  tau,	
  thereby	
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increasing	
  NFT	
  formation	
  (Gorlovoy	
  et	
  al.,	
  2009).	
  These	
  neurodegenerative	
  changes	
  

that	
  occur	
  in	
  response	
  to	
  the	
  over-­‐activation	
  of	
  microglia	
  result	
  in	
  chronic	
  

neuroinflammation,	
  which	
  many	
  experts	
  believe	
  contributes	
  to	
  the	
  advancement	
  of	
  

AD	
  pathogenesis	
  and	
  resulting	
  cognitive	
  decline	
  (Morales	
  et	
  al.,	
  2014;	
  Venigalla	
  et	
  

al.,	
  2015;	
  von	
  Bernhardi	
  et	
  al.,	
  2015).	
  

	
  

1.3.	
  Cardiolipin	
  

	
   1.3.1.	
  Biosynthesis	
  and	
  Structure	
  

Cardiolipin	
  is	
  an	
  anionic	
  phospholipid	
  with	
  a	
  distinctive	
  structure	
  consisting	
  

of	
  a	
  double	
  glycerophosphate	
  backbone	
  and	
  four	
  fatty	
  acid	
  side	
  chains	
  (Figure	
  1.2),	
  

which	
  differs	
  from	
  the	
  single	
  glycerophosphate	
  backbone	
  and	
  two	
  fatty	
  acid	
  side	
  

chains	
  found	
  in	
  most	
  phospholipids	
  (Cheng	
  et	
  al.,	
  2008;	
  Li	
  et	
  al.,	
  2015;	
  Pope	
  et	
  al.,	
  

2008).	
  Although	
  most	
  mitochondrial	
  phospholipids	
  are	
  synthesized	
  in	
  the	
  

endoplasmic	
  reticulum	
  and	
  subsequently	
  transferred	
  to	
  the	
  mitochondria	
  for	
  

utilization,	
  cardiolipin	
  is	
  unique	
  in	
  that	
  it	
  is	
  synthesized	
  exclusively	
  in	
  the	
  

mitochondria	
  (Hatch,	
  2004;	
  Ye	
  et	
  al.,	
  2016).	
  The	
  mature	
  form	
  of	
  cardiolipin	
  resides	
  

primarily	
  in	
  the	
  inner	
  mitochondrial	
  membrane,	
  where	
  it	
  constitutes	
  approximately	
  

25%	
  of	
  the	
  total	
  membrane	
  lipids	
  (Chicco	
  and	
  Sparagna,	
  2007;	
  Mejia	
  et	
  al.,	
  2014;	
  

Paradies	
  et	
  al.,	
  2009).	
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Figure	
  1.2.	
  Structure	
  of	
  cardiolipin.	
  R	
  =	
  fatty	
  acid	
  side	
  chains.	
  

	
  

Mature	
  cardiolipin	
  is	
  synthesized	
  during	
  a	
  two-­‐phase	
  process:	
  de	
  novo	
  

synthesis	
  and	
  subsequent	
  remodeling	
  (Figure	
  1.3	
  and	
  1.4,	
  respectively).	
  The	
  de	
  novo	
  

synthesis	
  of	
  immature	
  cardiolipin	
  occurs	
  in	
  the	
  inner	
  mitochondrial	
  membrane,	
  and	
  

commences	
  following	
  the	
  formation	
  of	
  cytidine	
  diphosphate-­‐diacylglycerol	
  (CDP-­‐

DAG).	
  CDP-­‐DAG	
  is	
  generated	
  after	
  a	
  condensation	
  reaction	
  between	
  phosphatidic	
  

acid	
  (PA)	
  and	
  cytidine	
  triphosphate	
  (CTP),	
  which	
  is	
  catalyzed	
  by	
  the	
  activity	
  of	
  CDP-­‐

DAG	
  synthetase	
  (CDS).	
  Subsequently,	
  phosphatidylglycerol	
  phosphate	
  (PGP)	
  

synthase	
  transfers	
  an	
  activated	
  phosphatidyl	
  group	
  from	
  CDP-­‐DAG	
  to	
  the	
  sn-­‐1	
  

position	
  of	
  the	
  sn-­‐glycerol-­‐3-­‐phosphate	
  backbone	
  to	
  form	
  PGP.	
  Following	
  its	
  

formation,	
  a	
  PGP	
  phosphatase	
  hydrolyzes	
  PGP	
  to	
  form	
  phosphatidylglycerol	
  (PG).	
  

The	
  final	
  step	
  of	
  the	
  de	
  novo	
  synthesis	
  is	
  catalyzed	
  by	
  cardiolipin	
  synthase	
  (CLS),	
  

which	
  transfers	
  a	
  phosphatidyl	
  group	
  from	
  a	
  CDP-­‐DAG	
  molecule	
  to	
  PG,	
  yielding	
  

immature	
  cardiolipin	
  (Mejia	
  et	
  al.,	
  2014;	
  Pope	
  et	
  al.,	
  2008;	
  Schlame	
  et	
  al.,	
  2000).	
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Figure	
  1.3.	
  The	
  de	
  novo	
  synthesis	
  of	
  cardiolipin.	
  CDS	
  =	
  CDP-­‐DAG	
  synthetase,	
  
CDP-­‐DAG	
  =	
  cytidine	
  diphosphate-­‐diacylglycerol,	
  CL	
  =	
  cardiolipin,	
  CLS	
  =	
  cardiolipin	
  
synthase,	
  CMP	
  =	
  cytidine	
  monophosphate,	
  CTP	
  =	
  cytidine	
  triphosphate,	
  PA	
  =	
  
phosphatidic	
  acid,	
  PG	
  =	
  phosphatidylglycerol,	
  PGP	
  =	
  phosphatidylglycerol	
  
phosphate,	
  Pi	
  =	
  inorganic	
  phosphate,	
  PPi	
  =	
  pyrophosphate.	
  
	
  

The	
  remodeling	
  phase,	
  which	
  occurs	
  shortly	
  after	
  the	
  completion	
  of	
  de	
  novo	
  

synthesis	
  of	
  immature	
  cardiolipin,	
  is	
  responsible	
  for	
  transforming	
  cardiolipin	
  into	
  

its	
  mature	
  form	
  (Schlame,	
  2013;	
  Ye	
  et	
  al.,	
  2016).	
  During	
  remodeling,	
  the	
  immature	
  

form	
  of	
  cardiolipin	
  is	
  deacylated,	
  resulting	
  in	
  the	
  formation	
  of	
  monolysocardiolipin.	
  

Monolysocardiolipin	
  is	
  reacylated	
  by	
  the	
  activity	
  of	
  the	
  tafazzin	
  enzyme,	
  which	
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utilizes	
  fatty	
  acid	
  chains	
  donated	
  from	
  surrounding	
  phospholipids,	
  including	
  

phosphatidylcholine	
  and	
  phosphatidylethanolamine,	
  to	
  produce	
  mature	
  cardiolipin	
  

(Schlame,	
  2013;	
  Xu	
  et	
  al.,	
  2003;	
  Ye	
  et	
  al.,	
  2016).	
  	
  

	
  

	
  
Figure	
  1.4.	
  The	
  remodeling	
  phase	
  of	
  cardiolipin	
  synthesis.	
  1)	
  The	
  immature	
  
form	
  of	
  cardiolipin	
  (CL)	
  is	
  produced	
  following	
  the	
  final	
  step	
  of	
  de	
  novo	
  synthesis,	
  
which	
  is	
  catalyzed	
  by	
  the	
  activity	
  of	
  cardiolipin	
  synthase	
  (CLS).	
  2)	
  
Monolysocardiolipin	
  (MLCL)	
  is	
  formed	
  following	
  the	
  deacytelation	
  of	
  immature	
  
cardiolipin.	
  3)	
  Mature	
  cardiolipin	
  is	
  formed	
  following	
  the	
  reacytelation	
  of	
  
monolysocardiolipin	
  by	
  the	
  tafazzin	
  (TAZ)	
  enzyme,	
  which	
  utilizes	
  fatty	
  acid	
  chains	
  
donated	
  from	
  surrounding	
  phospholipids.	
  IMS	
  =	
  intermembrane	
  space,	
  IMM	
  =	
  inner	
  
mitochondrial	
  membrane,	
  OMM	
  =	
  outer	
  mitochondrial	
  membrane.	
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Once	
  synthesized,	
  mature	
  cardiolipin	
  possesses	
  a	
  distinct	
  structure	
  that	
  

enables	
  it	
  to	
  acquire	
  a	
  conical	
  shape	
  within	
  the	
  phospholipid	
  bilayer.	
  This	
  

configuration	
  contributes	
  to	
  cardiolipin’s	
  ability	
  to	
  maintain	
  mitochondrial	
  

membrane	
  fluidity,	
  as	
  well	
  as	
  interact	
  with	
  various	
  proteins	
  located	
  in	
  both	
  the	
  

mitochondria	
  and	
  cytosol	
  of	
  the	
  cell	
  (Sathappa	
  and	
  Alder,	
  2016;	
  Schlame	
  et	
  al.,	
  

2000).	
  However,	
  the	
  unique	
  structure	
  of	
  cardiolipin,	
  which	
  contains	
  four	
  fatty	
  acid	
  

side	
  chains	
  with	
  higher	
  level	
  of	
  unsaturation	
  when	
  compared	
  to	
  other	
  phospholipids	
  

that	
  only	
  possess	
  two	
  fatty	
  acid	
  side	
  chains,	
  also	
  increases	
  its	
  susceptibility	
  to	
  

peroxidative	
  damage	
  (Chicco	
  and	
  Sparagna,	
  2007;	
  Paradies	
  et	
  al.,	
  2009;	
  Pope	
  et	
  al.,	
  

2008).	
  Due	
  to	
  its	
  location	
  in	
  the	
  mitochondria,	
  cardiolipin	
  is	
  exposed	
  to	
  high	
  levels	
  

of	
  ROS,	
  which	
  are	
  primarily	
  formed	
  during	
  the	
  excessive	
  metabolism	
  of	
  oxygen	
  via	
  

oxidative	
  phosphorylation	
  (Chong	
  et	
  al.,	
  2005;	
  Ott	
  et	
  al.,	
  2007;	
  Paradies	
  et	
  al.,	
  2011).	
  

The	
  extent	
  of	
  cardiolipin	
  peroxidation,	
  which	
  depends	
  on	
  the	
  degree	
  of	
  fatty	
  acid	
  

unsaturation,	
  affects	
  the	
  structure	
  of	
  cardiolipin.	
  Structural	
  changes	
  in	
  cardiolipin	
  

can	
  interfere	
  with	
  various	
  lipid-­‐protein	
  interactions	
  required	
  for	
  proper	
  

mitochondrial	
  functioning	
  and/or	
  result	
  in	
  lipid	
  degradation,	
  thereby,	
  hindering	
  the	
  

ability	
  of	
  cardiolipin	
  to	
  regulate	
  various	
  metabolic	
  processes	
  (Bielski	
  et	
  al.,	
  1983;	
  Ott	
  

et	
  al.,	
  2007;	
  Paradies	
  et	
  al.,	
  2011).	
  Although	
  the	
  exact	
  mechanisms	
  by	
  which	
  

peroxidized	
  cardiolipin	
  affects	
  the	
  activity	
  of	
  various	
  mitochondrial	
  enzymes	
  are	
  

poorly	
  understood,	
  it	
  has	
  been	
  shown	
  that	
  the	
  altered	
  structure	
  of	
  cardiolipin	
  leads	
  

to	
  mitochondrial	
  dysfunction,	
  further	
  ROS	
  production,	
  and	
  ultimately,	
  cell	
  death	
  

(Paradies	
  et	
  al.,	
  2009;	
  Pope	
  et	
  al.,	
  2008).	
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1.3.2.	
  Role	
  of	
  Cardiolipin	
  in	
  the	
  Central	
  Nervous	
  System	
  

	
  Cardiolipin	
  was	
  initially	
  discovered	
  and	
  isolated	
  from	
  the	
  mammalian	
  heart,	
  

where	
  the	
  most	
  predominant	
  form	
  is	
  tetralinoleoyl	
  cardiolipin	
  (Chicco	
  and	
  

Sparagna,	
  2007;	
  Pangborn,	
  1942).	
  In	
  this	
  form,	
  cardiolipin	
  contains	
  four	
  fatty	
  acid	
  

side	
  chains	
  with	
  18	
  carbon	
  molecules	
  and	
  two	
  double	
  bonds	
  (18:2)	
  each	
  (Chicco	
  and	
  

Sparagna,	
  2007;	
  Schlame	
  et	
  al.,	
  2000).	
  Following	
  the	
  heart,	
  the	
  second	
  most	
  

prevalent	
  location	
  of	
  cardiolipin	
  is	
  the	
  brain,	
  where	
  there	
  are	
  over	
  one	
  hundred	
  

different	
  molecular	
  species	
  of	
  cardiolipin,	
  each	
  containing	
  fatty	
  acid	
  side	
  chains	
  that	
  

have	
  a	
  different	
  degree	
  of	
  saturation	
  and/or	
  length	
  (Cheng	
  et	
  al.,	
  2008;	
  Kiebish	
  et	
  al.,	
  

2009).	
  The	
  most	
  abundant	
  forms	
  of	
  cardiolipin	
  within	
  the	
  CNS	
  contain	
  palmitic	
  

(16:0),	
  stearic	
  (18:0),	
  oleic	
  (18:1)	
  and	
  arachidonic	
  (20:4)	
  fatty	
  acid	
  chains	
  (Mancuso	
  

et	
  al.,	
  2009;	
  Yabuuchi	
  and	
  O'Brien,	
  1968).	
  Within	
  the	
  CNS,	
  cardiolipin	
  has	
  been	
  

shown	
  to	
  support	
  mitochondrial	
  functioning,	
  facilitate	
  metabolic	
  processes	
  and	
  

regulate	
  the	
  viability	
  of	
  neurons	
  and	
  glial	
  cells,	
  including	
  oligodendrocytes,	
  

astrocytes	
  and	
  microglia	
  (Cheng	
  et	
  al.,	
  2008;	
  Chu	
  et	
  al.,	
  2013;	
  Fressinaud	
  et	
  al.,	
  1990;	
  

Jacobson	
  et	
  al.,	
  2002;	
  Zhang	
  et	
  al.,	
  2011).	
  However,	
  it	
  has	
  been	
  demonstrated	
  that	
  

the	
  amount	
  of	
  cardiolipin	
  is	
  approximately	
  two-­‐fold	
  higher	
  in	
  glial	
  cells	
  when	
  

compared	
  to	
  neurons	
  (Kolomiytseva	
  et	
  al.,	
  2010).	
  

Cardiolipin	
  is	
  implicated	
  in	
  the	
  regulation	
  of	
  various	
  cellular	
  functions,	
  

including	
  intracellular	
  and	
  mitochondrial	
  signaling,	
  mitochondrial	
  electron	
  

transport	
  chain	
  (ETC)	
  efficiency,	
  mitochondrial	
  membrane	
  fusion	
  and	
  fission,	
  as	
  

well	
  as	
  the	
  programmed	
  death	
  of	
  cells	
  by	
  apoptosis	
  (Chicco	
  and	
  Sparagna,	
  2007;	
  

Mancuso	
  et	
  al.,	
  2009;	
  Petrosillo	
  et	
  al.,	
  2008).	
  In	
  healthy	
  neurons	
  and	
  glial	
  cells,	
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cardiolipin	
  plays	
  a	
  pivotal	
  role	
  in	
  regulating	
  cellular	
  metabolic	
  processes	
  through	
  

the	
  binding	
  and	
  stabilization	
  of	
  various	
  respiratory	
  supercomplexes.	
  These	
  

supercomplexes	
  are	
  formed	
  following	
  the	
  aggregation	
  of	
  complex	
  I,	
  complex	
  III	
  and	
  

complex	
  IV	
  of	
  the	
  ETC	
  (Figure	
  1.5)	
  (Acin-­‐Perez	
  et	
  al.,	
  2008;	
  Lapuente-­‐Brun	
  et	
  al.,	
  

2013;	
  Pfeiffer	
  et	
  al.,	
  2003).	
  By	
  facilitating	
  their	
  formation,	
  cardiolipin	
  induces	
  a	
  

conformational	
  change	
  that	
  increases	
  the	
  enzymatic	
  activity	
  of	
  the	
  supercomplexes,	
  

which	
  promotes	
  the	
  efficient	
  transport	
  of	
  electrons	
  between	
  complexes,	
  while	
  

simultaneously	
  minimizing	
  the	
  production	
  of	
  excess	
  ROS	
  (Paradies	
  et	
  al.,	
  2011;	
  Pope	
  

et	
  al.,	
  2008).	
  Additionally,	
  its	
  presence	
  in	
  the	
  inner	
  mitochondrial	
  membrane	
  

enables	
  cardiolipin	
  to	
  promote	
  the	
  transport	
  of	
  protons	
  across	
  the	
  inner	
  

mitochondrial	
  membrane,	
  thereby	
  generating	
  a	
  stable	
  electrochemical	
  gradient	
  (Cui	
  

et	
  al.,	
  2014;	
  Pfeiffer	
  et	
  al.,	
  2003;	
  Sen	
  et	
  al.,	
  2006).	
  Cardiolipin	
  also	
  regulates	
  the	
  

synthesis	
  of	
  ATP	
  by	
  binding	
  to,	
  and	
  stabilizing,	
  complex	
  V	
  (ATP	
  synthase)	
  of	
  the	
  ETC	
  

(Acehan	
  et	
  al.,	
  2011;	
  Jonckheere	
  et	
  al.,	
  2012).	
  In	
  this	
  role,	
  cardiolipin	
  utilizes	
  its	
  

anionic	
  phosphate	
  head-­‐containing	
  structure	
  to	
  trap	
  protons	
  and	
  directly	
  supply	
  

them	
  to	
  complex	
  V,	
  a	
  process	
  that	
  contributes	
  to	
  the	
  maintenance	
  of	
  mitochondrial	
  

membrane	
  potentials,	
  as	
  well	
  as	
  to	
  the	
  efficiency	
  of	
  ATP	
  synthesis	
  (Haines	
  and	
  

Dencher,	
  2002;	
  Sen	
  et	
  al.,	
  2006).	
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Figure	
  1.5.	
  Cardiolipin	
  binds	
  to	
  and	
  stabilizes	
  the	
  electron	
  transport	
  chain	
  
(ETC)	
  complexes.	
  Cardiolipin	
  (CL)	
  plays	
  a	
  critical	
  role	
  in	
  maintaining	
  ETC	
  efficiency	
  
by	
  stabilizing	
  the	
  respiratory	
  supercomplexes	
  formed	
  by	
  the	
  aggregation	
  of	
  
complexes	
  I,	
  III	
  and	
  IV	
  of	
  the	
  ETC.	
  Complex	
  V	
  (ATP	
  synthase)	
  is	
  also	
  bound	
  to	
  and	
  
stabilized	
  by	
  cardiolipin,	
  where	
  it	
  acts	
  as	
  a	
  proton	
  (H+)	
  trap	
  and	
  contributes	
  to	
  the	
  
maintenance	
  of	
  mitochondrial	
  potentials,	
  which	
  are	
  required	
  for	
  the	
  synthesis	
  of	
  
adenosine	
  triphosphate	
  (ATP).	
  ADP	
  =	
  adenosine	
  diphosphate,	
  IMM	
  =	
  inner	
  
mitochondrial	
  membrane,	
  IMS	
  =	
  intermembrane	
  space.	
  

	
  

In	
  damaged	
  or	
  dying	
  neurons	
  and	
  glial	
  cells,	
  cardiolipin	
  participates	
  in	
  the	
  

regulation	
  of	
  mitophagy,	
  the	
  selective	
  degradation	
  of	
  malfunctioning	
  mitochondria,	
  

and	
  apoptotic	
  cell	
  death	
  (Chu	
  et	
  al.,	
  2013;	
  Li	
  et	
  al.,	
  2015;	
  McMillin	
  and	
  Dowhan,	
  

2002;	
  Petrosillo	
  et	
  al.,	
  2008).	
  During	
  mitophagy,	
  dysfunctional	
  mitochondria,	
  which	
  

can	
  produce	
  excessive	
  and	
  harmful	
  levels	
  of	
  ROS,	
  are	
  sequestered	
  and	
  degraded.	
  

This	
  process,	
  which	
  is	
  required	
  to	
  prevent	
  oxidative	
  damage	
  to	
  surrounding	
  

organelles	
  and	
  membranes,	
  is	
  mediated	
  in	
  part	
  by	
  cardiolipin	
  following	
  its	
  

redistribution	
  from	
  the	
  inner	
  mitochondrial	
  membrane	
  to	
  the	
  outer	
  mitochondrial	
  

membrane	
  (Garcia	
  Fernandez	
  et	
  al.,	
  2002).	
  The	
  translocation	
  of	
  cardiolipin	
  between	
  

mitochondrial	
  membranes	
  is	
  facilitated	
  by	
  the	
  activity	
  of	
  the	
  mitochondrial	
  isoform	
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of	
  creatine	
  kinase	
  (MtCK),	
  which	
  binds	
  to	
  cardiolipin	
  on	
  the	
  outer	
  face	
  of	
  the	
  inner	
  

mitochondrial	
  membrane	
  and	
  facilitates	
  the	
  formation	
  of	
  contact	
  sites	
  between	
  the	
  

inner	
  and	
  outer	
  mitochondrial	
  membranes	
  (Maniti	
  et	
  al.,	
  2009;	
  Schlattner	
  et	
  al.,	
  

2009;	
  Speer	
  et	
  al.,	
  2005).	
  At	
  the	
  mitochondrial	
  contact	
  sites,	
  MtCK	
  induces	
  the	
  

clustering	
  of	
  cardiolipin,	
  and	
  promotes	
  the	
  sequestration	
  and	
  transfer	
  of	
  cardiolipin	
  

from	
  the	
  inner	
  to	
  the	
  outer	
  mitochondrial	
  membrane	
  (Epand	
  et	
  al.,	
  2007;	
  Schlattner	
  

et	
  al.,	
  2009).	
  Following	
  its	
  redistribution	
  to	
  the	
  outer	
  mitochondrial	
  membrane,	
  

cardiolipin	
  acts	
  as	
  an	
  elimination	
  signal	
  and	
  is	
  recognized	
  by	
  various	
  proteins	
  

involved	
  in	
  the	
  initiation	
  and	
  propagation	
  of	
  mitophagic	
  processes	
  (Chu	
  et	
  al.,	
  2014;	
  

Chu	
  et	
  al.,	
  2013;	
  Li	
  et	
  al.,	
  2015;	
  Paradies	
  et	
  al.,	
  2009).	
  

	
  Cardiolipin	
  also	
  plays	
  a	
  critical	
  role	
  in	
  cellular	
  apoptosis	
  (Figure	
  1.6).	
  During	
  

this	
  process,	
  cardiolipin	
  is	
  redistributed	
  from	
  the	
  inner	
  mitochondrial	
  membrane	
  to	
  

the	
  outer	
  mitochondrial	
  membrane	
  (Li	
  et	
  al.,	
  2015;	
  McMillin	
  and	
  Dowhan,	
  2002;	
  

Raemy	
  et	
  al.,	
  2016).	
  Following	
  translocation	
  to	
  the	
  outer	
  mitochondrial	
  membrane,	
  

cardiolipin	
  not	
  only	
  functions	
  as	
  a	
  cytosolic	
  signaling	
  molecule,	
  but	
  also	
  interacts	
  

with	
  cytochrome	
  c,	
  a	
  protein	
  involved	
  in	
  the	
  ETC,	
  within	
  the	
  intermembrane	
  space	
  

of	
  the	
  mitochondria	
  (Anthonymuthu	
  et	
  al.,	
  2016;	
  Hong	
  et	
  al.,	
  2012;	
  Pope	
  et	
  al.,	
  2008;	
  

Schlattner	
  et	
  al.,	
  2009).	
  The	
  interaction	
  of	
  cationic	
  cytochrome	
  c	
  with	
  mitochondrial	
  

membrane	
  constituents,	
  such	
  as	
  cardiolipin,	
  promotes	
  the	
  initiation	
  of	
  multiple	
  

types	
  of	
  apoptosis,	
  including	
  the	
  perforin/granzyme	
  and	
  the	
  intrinsic	
  pathways	
  

(Cheng	
  et	
  al.,	
  2008;	
  Elmore,	
  2007;	
  Kulikov	
  et	
  al.,	
  2012;	
  Schlattner	
  et	
  al.,	
  2009).	
  This	
  

interaction	
  leads	
  to	
  the	
  formation	
  of	
  a	
  cardiolipin/cytochrome	
  c	
  complex,	
  which	
  

functions	
  to	
  selectively	
  oxidize	
  cardiolipin.	
  Once	
  cardiolipin	
  is	
  oxidized,	
  the	
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cardiolipin/cytochrome	
  c	
  complex	
  dissociates,	
  which	
  increases	
  the	
  permeability	
  of	
  

the	
  outer	
  mitochondrial	
  membrane	
  (Hong	
  et	
  al.,	
  2012;	
  Kagan	
  et	
  al.,	
  2005;	
  Tyurin	
  et	
  

al.,	
  2008;	
  Vladimirov	
  et	
  al.,	
  2013).	
  This	
  increase	
  in	
  membrane	
  permeability	
  permits	
  

the	
  release	
  of	
  various	
  molecules	
  from	
  the	
  mitochondrial	
  intermembrane	
  space	
  into	
  

the	
  cytoplasm,	
  including	
  the	
  pro-­‐apoptotic	
  factors	
  cytochrome	
  c	
  and	
  the	
  second	
  

mitochondria-­‐derived	
  activator	
  of	
  caspase/direct	
  inhibitor	
  of	
  apoptosis-­‐binding	
  

protein	
  with	
  low	
  pI	
  (Smac/DIABLO)	
  (Kagan	
  et	
  al.,	
  2005;	
  Petrosillo	
  et	
  al.,	
  2008;	
  

Raemy	
  et	
  al.,	
  2016).	
  	
  

Following	
  its	
  release	
  into	
  the	
  cytoplasm,	
  cytochrome	
  c	
  interacts	
  with	
  several	
  

caspases,	
  which	
  are	
  known	
  to	
  positively	
  regulate	
  cell	
  death	
  by	
  engaging	
  other	
  pro-­‐

apoptotic	
  molecules,	
  including	
  BH3	
  interacting-­‐domain	
  death	
  agonist	
  (Bid)	
  (Cheng	
  

et	
  al.,	
  2008;	
  van	
  Gurp	
  et	
  al.,	
  2003).	
  Bid	
  normally	
  resides	
  in	
  the	
  cytosol,	
  where	
  it	
  can	
  

be	
  cleaved	
  by	
  caspase-­‐2	
  or	
  caspase-­‐8	
  to	
  induce	
  its	
  activation	
  (Bonzon	
  et	
  al.,	
  2006;	
  

Huang	
  and	
  Strasser,	
  2000).	
  Following	
  its	
  cleavage,	
  the	
  active	
  portion	
  of	
  Bid,	
  known	
  

as	
  truncated	
  Bid	
  (tBid),	
  relocates	
  from	
  the	
  cytosol	
  to	
  the	
  mitochondria.	
  tBid	
  

increases	
  mitochondrial	
  membrane	
  permeability	
  through	
  the	
  oligomerization	
  of	
  

Bcl-­‐2-­‐associated	
  X	
  (Bax)	
  and	
  Bcl-­‐2	
  homologous	
  antagonist	
  killer	
  (Bak)	
  proteins,	
  

which	
  induce	
  the	
  release	
  of	
  cytochrome	
  c	
  from	
  the	
  mitochondria	
  (Huang	
  and	
  

Strasser,	
  2000;	
  Kim	
  et	
  al.,	
  2004;	
  Kulikov	
  et	
  al.,	
  2012).	
  The	
  migration	
  and	
  binding	
  of	
  

tBid	
  may	
  be	
  facilitated	
  by	
  cardiolipin,	
  as	
  it	
  has	
  been	
  shown	
  that	
  tBid	
  binding	
  is	
  

restricted	
  to	
  the	
  cardiolipin-­‐enriched	
  mitochondrial	
  contact	
  sites	
  (Esposti	
  et	
  al.,	
  

2003;	
  Kim	
  et	
  al.,	
  2004).	
  Additionally,	
  it	
  has	
  been	
  demonstrated	
  that	
  mitochondrial	
  

membranes	
  deficient	
  of	
  cardiolipin	
  result	
  in	
  impaired	
  tBid	
  binding,	
  and	
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subsequently,	
  reduced	
  release	
  of	
  cytochrome	
  c	
  into	
  the	
  cytoplasm	
  (Lutter	
  et	
  al.,	
  

2000;	
  Lutter	
  et	
  al.,	
  2001),	
  which	
  is	
  an	
  essential	
  step	
  in	
  the	
  apoptotic	
  process	
  of	
  both	
  

neurons	
  and	
  glial	
  cells	
  (Camilleri	
  et	
  al.,	
  2013;	
  Jazvinscak	
  Jembrek	
  et	
  al.,	
  2015;	
  Simon	
  

et	
  al.,	
  2000;	
  Sparvero	
  et	
  al.,	
  2010;	
  Tyurin	
  et	
  al.,	
  2008).	
  Combined,	
  these	
  findings	
  

demonstrate	
  that	
  cardiolipin	
  plays	
  a	
  critical	
  role	
  in	
  apoptotic	
  processes	
  within	
  the	
  

cells	
  of	
  the	
  CNS.	
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Figure	
  1.6.	
  Cardiolipin	
  plays	
  a	
  role	
  in	
  regulating	
  cellular	
  apoptosis.	
  Following	
  
the	
  initiation	
  of	
  apoptotic	
  processes,	
  1)	
  cardiolipin	
  (CL)	
  is	
  redistributed	
  from	
  the	
  
inner	
  mitochondrial	
  membrane	
  (IMM)	
  to	
  the	
  outer	
  mitochondrial	
  membrane	
  
(OMM).	
  Following	
  its	
  relocation,	
  2)	
  cardiolipin	
  interacts	
  with	
  cytochrome	
  c	
  (Cyt.	
  c),	
  
which	
  facilitates	
  the	
  formation	
  of	
  the	
  cardiolipin/cytochrome	
  c	
  complex.	
  3)	
  The	
  
formation	
  of	
  this	
  complex	
  results	
  in	
  the	
  oxidation	
  of	
  cardiolipin	
  (CLox),	
  which	
  
subsequently	
  causes	
  the	
  cardiolipin/cytochrome	
  c	
  complex	
  to	
  dissociate.	
  This	
  
dissociation	
  increases	
  mitochondrial	
  membrane	
  permeability	
  and	
  4)	
  allows	
  for	
  
cytochrome	
  c	
  to	
  be	
  released	
  from	
  the	
  intermembrane	
  space	
  (IMS)	
  into	
  the	
  
cytoplasm.	
  5)	
  Following	
  its	
  release	
  from	
  the	
  mitochondria,	
  cytochrome	
  c	
  interacts	
  
with	
  various	
  caspases,	
  which	
  positively	
  regulate	
  the	
  apoptotic	
  process	
  by	
  6)	
  
promoting	
  the	
  migration	
  and	
  binding	
  of	
  truncated	
  BH3	
  interacting-­‐domain	
  death	
  
agonist	
  (tBid)	
  to	
  the	
  outer	
  mitochondrial	
  membrane.	
  Once	
  bound	
  to	
  the	
  
mitochondria,	
  7)	
  tBid	
  further	
  increases	
  mitochondrial	
  membrane	
  permeability	
  
through	
  the	
  oligomerization	
  of	
  Bcl-­‐2	
  homologous	
  antagonist	
  killer	
  (Bak)	
  and	
  Bcl-­‐2-­‐
associated	
  X	
  (Bax)	
  proteins,	
  which	
  induces	
  further	
  cytochrome	
  c	
  release	
  from	
  the	
  
mitochondria.	
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   1.3.3.	
  Cardiolipin	
  in	
  Alzheimer’s	
  Disease	
  

As	
  a	
  consequence	
  of	
  its	
  high	
  metabolic	
  rate	
  and	
  significant	
  proportion	
  of	
  

unsaturated	
  phospholipids,	
  the	
  brain	
  is	
  an	
  organ	
  that	
  is	
  particularly	
  susceptible	
  to	
  

oxidative	
  stress	
  and	
  damage	
  (Chong	
  et	
  al.,	
  2005).	
  It	
  has	
  been	
  demonstrated	
  that	
  

aging	
  brains,	
  particularly	
  those	
  affected	
  by	
  AD,	
  are	
  associated	
  with	
  an	
  increase	
  in	
  

the	
  production	
  of	
  ROS	
  (Mariani	
  et	
  al.,	
  2005).	
  This	
  age-­‐related	
  increase	
  in	
  oxidative	
  

stress	
  can	
  result	
  in	
  extensive	
  peroxidative	
  damage	
  to	
  mitochondrial	
  membrane	
  

constituents,	
  including	
  cardiolipin	
  (Fang	
  et	
  al.,	
  2016;	
  Petrosillo	
  et	
  al.,	
  2008;	
  Zhou	
  et	
  

al.,	
  2008).	
  Due	
  to	
  the	
  pivotal	
  role	
  of	
  cardiolipin	
  in	
  regulating	
  various	
  functions	
  in	
  

both	
  neurons	
  and	
  glial	
  cells,	
  modification	
  to	
  the	
  structure	
  of	
  cardiolipin,	
  or	
  

cardiolipin-­‐associated	
  molecules,	
  can	
  result	
  in	
  altered	
  mitochondrial	
  structure	
  and	
  

functioning.	
  Such	
  changes	
  can	
  include	
  enlarged,	
  weakened	
  or	
  dysregulated	
  

mitochondria,	
  which	
  can	
  have	
  a	
  detrimental	
  effect	
  on	
  brain	
  cell	
  viability	
  (Cheng	
  et	
  

al.,	
  2008;	
  Fry	
  and	
  Green,	
  1981;	
  Monteiro-­‐Cardoso	
  et	
  al.,	
  2015;	
  Sathappa	
  and	
  Alder,	
  

2016).	
  For	
  these	
  reasons,	
  adverse	
  changes	
  in	
  the	
  structure	
  of	
  cardiolipin,	
  as	
  well	
  as	
  

decreased	
  levels	
  of	
  functional	
  cardiolipin,	
  have	
  been	
  implicated	
  in	
  the	
  pathogenesis	
  

of	
  neurodegenerative	
  disorders,	
  including	
  AD	
  (Chicco	
  and	
  Sparagna,	
  2007;	
  Honda	
  et	
  

al.,	
  2004;	
  Mancuso	
  et	
  al.,	
  2009).	
  For	
  example,	
  it	
  has	
  been	
  demonstrated	
  that	
  the	
  

brain	
  mitochondria	
  from	
  aged	
  rats	
  contain	
  26%	
  less	
  cardiolipin	
  when	
  compared	
  to	
  

the	
  mitochondria	
  from	
  brains	
  of	
  young	
  rats	
  (Ruggiero	
  et	
  al.,	
  1992).	
  These	
  findings	
  

were	
  further	
  confirmed	
  by	
  Petrosillo	
  et	
  al.	
  (2008),	
  who	
  showed	
  that,	
  when	
  

compared	
  to	
  the	
  brains	
  of	
  young	
  rats,	
  aged	
  rats	
  had	
  a	
  significant	
  reduction	
  in	
  brain	
  

cardiolipin	
  levels,	
  which	
  was	
  accompanied	
  by	
  increased	
  percentage	
  of	
  peroxidized	
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cardiolipin	
  and	
  a	
  corresponding	
  reduction	
  in	
  activity	
  of	
  complex	
  I	
  of	
  the	
  ETC.	
  

Furthermore,	
  they	
  demonstrated	
  that	
  the	
  activity	
  of	
  mitochondrial	
  complex	
  could	
  

be	
  completely	
  restored	
  to	
  the	
  control	
  level	
  following	
  the	
  application	
  of	
  exogenous	
  

cardiolipin,	
  which	
  was	
  purified	
  from	
  the	
  mitochondria	
  of	
  young	
  rat	
  brains	
  

(Petrosillo	
  et	
  al.,	
  2008).	
  Additionally,	
  Monteiro-­‐Cardoso	
  et	
  al.	
  (2015)	
  utilized	
  a	
  triple	
  

transgenic	
  mouse	
  model	
  of	
  AD	
  (3x	
  Tg-­‐AD)	
  to	
  demonstrate	
  that	
  within	
  AD	
  brains,	
  

levels	
  of	
  mitochondrial	
  cardiolipin	
  were	
  reduced	
  by	
  approximately	
  1.5-­‐fold,	
  which	
  

was	
  accompanied	
  by	
  a	
  decrease	
  in	
  complex	
  I	
  activity.	
  Furthermore,	
  this	
  cardiolipin-­‐

related	
  mitochondrial	
  dysfunction	
  was	
  found	
  to	
  precede	
  the	
  deposition	
  of	
  Aβ	
  

plaques	
  and	
  formation	
  of	
  NFTs	
  in	
  3x	
  Tg-­‐AD	
  mice	
  (Monteiro-­‐Cardoso	
  et	
  al.,	
  2015).	
  

Therefore,	
  it	
  is	
  evident	
  that	
  maintaining	
  the	
  concentration	
  of	
  functional	
  cardiolipin	
  

in	
  the	
  brain	
  is	
  critical	
  for	
  regulating	
  essential	
  mitochondrial	
  processes,	
  particularly	
  

within	
  aging	
  brains	
  and	
  those	
  afflicted	
  by	
  neurodegenerative	
  diseases,	
  such	
  as	
  AD.	
  

Due	
  to	
  its	
  importance	
  in	
  regulating	
  metabolic	
  processes	
  in	
  the	
  brain,	
  the	
  

therapeutic	
  potential	
  of	
  cardiolipin	
  for	
  the	
  treatment	
  of	
  various	
  neurodegenerative	
  

diseases	
  has	
  become	
  an	
  active	
  area	
  of	
  study.	
  For	
  example,	
  it	
  has	
  been	
  demonstrated	
  

that	
  liposomes	
  with	
  embedded	
  cardiolipin,	
  which	
  can	
  readily	
  cross	
  the	
  BBB,	
  have	
  an	
  

affinity	
  for	
  Aβ	
  peptides	
  in	
  the	
  AD	
  brain	
  without	
  producing	
  toxic	
  effects	
  to	
  the	
  

endothelial	
  or	
  phagocytic	
  cells	
  present	
  in	
  the	
  CNS	
  (Gobbi	
  et	
  al.,	
  2010;	
  Ordonez-­‐

Gutierrez	
  et	
  al.,	
  2015;	
  Orlando	
  et	
  al.,	
  2013;	
  Vieira	
  and	
  Gamarra,	
  2016).	
  Additionally,	
  

it	
  has	
  been	
  shown	
  that	
  the	
  intraperitoneal	
  injection	
  of	
  cardiolipin-­‐embedded	
  

liposomes	
  into	
  double	
  transgenic	
  APP/PS1	
  AD	
  model	
  mice	
  significantly	
  reduced	
  the	
  

presence	
  of	
  Aβ	
  peptides	
  in	
  their	
  plasma	
  (Ordonez-­‐Gutierrez	
  et	
  al.,	
  2015).	
  Although	
  it	
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is	
  promising	
  that	
  these	
  liposomes	
  have	
  exhibited	
  high	
  affinity	
  toward	
  one	
  of	
  the	
  

cellular	
  hallmarks	
  of	
  AD,	
  further	
  investigation	
  is	
  required	
  to	
  determine	
  whether	
  the	
  

association	
  between	
  these	
  liposomes	
  and	
  Aβ	
  peptides	
  could	
  lead	
  to	
  the	
  clearance	
  of	
  

the	
  toxic	
  aggregates	
  from	
  the	
  AD	
  brain	
  (Gobbi	
  et	
  al.,	
  2010).	
  Furthermore,	
  it	
  has	
  been	
  

shown	
  that	
  cardiolipin-­‐containing	
  liposomes	
  are	
  capable	
  of	
  delivering	
  NGF	
  across	
  

the	
  BBB,	
  which	
  subsequently	
  increased	
  the	
  survival	
  of	
  neurons	
  that	
  were	
  previously	
  

damaged	
  by	
  neurotoxic	
  Aβ	
  peptides	
  (Kuo	
  and	
  Liu,	
  2014).	
  These	
  findings	
  indicate	
  

that	
  cardiolipin-­‐containing	
  liposomes	
  could	
  be	
  utilized	
  as	
  a	
  therapeutic	
  tool	
  for	
  the	
  

effective	
  delivery	
  of	
  various	
  drugs	
  into	
  the	
  brains	
  of	
  AD	
  patients	
  (Orlando	
  et	
  al.,	
  

2013).	
  However,	
  additional	
  studies	
  are	
  required	
  to	
  determine	
  whether	
  these	
  

liposomes	
  will	
  effectively	
  reduce	
  Aβ	
  peptide	
  aggregation,	
  or	
  enhance	
  the	
  clearance	
  

of	
  the	
  senile	
  plaques,	
  ultimately	
  diminishing	
  the	
  extensive	
  neurodegeneration	
  and	
  

associated	
  clinical	
  symptoms	
  observed	
  in	
  AD	
  patients	
  (Pointer	
  and	
  Klegeris,	
  2016).	
  	
  

	
  

1.4.	
  Modeling	
  Microglial	
  Activation	
  and	
  Neuroinflammation	
  

Microglial	
  activation	
  is	
  a	
  crucial	
  immune	
  response	
  required	
  for	
  maintaining	
  

and	
  regaining	
  homeostatic	
  conditions	
  in	
  the	
  CNS.	
  However,	
  the	
  over-­‐activation	
  of	
  

microglia	
  has	
  been	
  implicated	
  in	
  chronic	
  neuroinflammation,	
  as	
  well	
  as	
  in	
  the	
  

development	
  and	
  progression	
  of	
  many	
  neurodegenerative	
  disorders,	
  including	
  AD	
  

(Akiyama	
  et	
  al.,	
  2000;	
  Cherry	
  et	
  al.,	
  2014).	
  For	
  these	
  reasons,	
  many	
  researchers	
  have	
  

chosen	
  to	
  study	
  microglia,	
  in	
  aims	
  of	
  better	
  understanding	
  the	
  mechanisms	
  involved	
  

in	
  neuroinflammatory	
  processes	
  (Carson	
  et	
  al.,	
  2008;	
  Gresa-­‐Arribas	
  et	
  al.,	
  2012;	
  

Stansley	
  et	
  al.,	
  2012).	
  Since	
  primary	
  microglia,	
  and	
  especially	
  those	
  of	
  human	
  origin,	
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are	
  difficult	
  to	
  obtain,	
  microglia-­‐like	
  immortalized	
  cell	
  lines	
  are	
  often	
  used.	
  

Immortalized	
  cells	
  are	
  generally	
  created	
  following	
  transfection	
  with	
  viral	
  genes,	
  

which	
  allow	
  the	
  cells	
  to	
  proliferate	
  for	
  prolonged	
  periods	
  of	
  time,	
  or	
  following	
  the	
  

extraction	
  of	
  immortal	
  cancerous	
  cells	
  that	
  can	
  be	
  cultured	
  into	
  cell	
  lines	
  (Masters,	
  

2000;	
  Mitra	
  et	
  al.,	
  2013).	
  Cell	
  lines	
  are	
  an	
  invaluable	
  tool	
  for	
  laboratory	
  research	
  as	
  

they	
  are	
  readily	
  available,	
  inexpensive,	
  easy	
  to	
  maintain,	
  and	
  can	
  be	
  used	
  for	
  high	
  

throughput	
  assays	
  (Kaur	
  and	
  Dufour,	
  2012;	
  Pan	
  et	
  al.,	
  2009).	
  However,	
  despite	
  their	
  

availability	
  and	
  convenience	
  of	
  use,	
  immortalized	
  cell	
  lines	
  are	
  prone	
  to	
  genetic	
  

drifting,	
  which	
  may	
  contribute	
  to	
  variation	
  in	
  their	
  genotype,	
  causing	
  cell	
  phenotype	
  

that	
  is	
  divergent	
  from	
  the	
  original	
  (Horvath	
  et	
  al.,	
  2008;	
  Pan	
  et	
  al.,	
  2009).	
  

Additionally,	
  immortalized	
  cell	
  lines	
  are	
  often	
  used	
  in	
  mono-­‐culture,	
  meaning	
  that	
  

they	
  are	
  cultured	
  in	
  isolation,	
  and	
  do	
  not	
  directly	
  interact	
  with	
  other	
  cell	
  types;	
  

therefore,	
  the	
  cell	
  lines	
  utilized	
  in	
  this	
  study	
  may	
  behave	
  and	
  respond	
  differently	
  

from	
  the	
  corresponding	
  primary	
  cell	
  type	
  in	
  the	
  CNS,	
  where	
  cells	
  are	
  continually	
  

communicating	
  with	
  one	
  another	
  (Miki	
  et	
  al.,	
  2012;	
  Regier	
  et	
  al.,	
  2016).	
  The	
  use	
  of	
  

primary	
  cells,	
  which	
  are	
  extracted	
  directly	
  from	
  human	
  or	
  animal	
  tissue,	
  have	
  

limitations	
  as	
  well,	
  including	
  the	
  difficulty	
  of	
  obtaining	
  cells,	
  the	
  slow	
  or	
  absent	
  rate	
  

of	
  proliferation,	
  as	
  well	
  as	
  a	
  limited	
  life	
  span.	
  	
  

The	
  experiments	
  described	
  in	
  this	
  thesis	
  were	
  conducted	
  using	
  several	
  types	
  

of	
  immortalized	
  cell	
  lines	
  to	
  model	
  the	
  primary	
  cells	
  and	
  cellular	
  interactions	
  of	
  the	
  

CNS.	
  Due	
  to	
  the	
  limitations	
  and	
  limited	
  availability	
  of	
  primary	
  cells,	
  only	
  the	
  key	
  

findings	
  of	
  this	
  thesis	
  were	
  confirmed	
  utilizing	
  primary	
  microglia,	
  to	
  ensure	
  that	
  the	
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results	
  obtained	
  were	
  not	
  due	
  to	
  the	
  aforementioned	
  differences	
  between	
  

immortalized	
  and	
  primary	
  cells.	
  	
  

In	
  this	
  study,	
  microglial	
  activation	
  and	
  neuroinflammation	
  were	
  modeled	
  in	
  

vitro	
  by	
  using	
  interferon	
  (IFN)-­‐γ and/or	
  lipopolysaccharide	
  (LPS)	
  as	
  the	
  stimulating	
  

agents.	
  These	
  stimuli	
  were	
  chosen	
  as	
  they	
  have	
  been	
  shown	
  to	
  induce	
  an	
  activation	
  

state	
  similar	
  to	
  that	
  seen	
  in	
  microglia	
  in	
  pathological	
  conditions	
  (Chao	
  et	
  al.,	
  1992;	
  

Culbert	
  et	
  al.,	
  2006;	
  Klegeris	
  and	
  McGeer,	
  2000;	
  Sheng	
  et	
  al.,	
  2011;	
  Wang	
  et	
  al.,	
  

2015).	
  For	
  example,	
  it	
  has	
  been	
  demonstrated	
  that	
  stimulation	
  of	
  cultured	
  microglia	
  

with	
  IFN-­‐γ and/or	
  LPS	
  not	
  only	
  promotes	
  the	
  secretion	
  of	
  TNF-­‐α,	
  MCP-­‐1	
  and	
  nitric	
  

oxide	
  (NO),	
  but	
  also	
  induces	
  neurotoxicity,	
  which	
  is	
  a	
  characteristic	
  feature	
  of	
  the	
  

neuroinflammatory	
  processes	
  observed	
  in	
  several	
  neurodegenerative	
  diseases	
  

(Chao	
  et	
  al.,	
  1992;	
  Chow	
  et	
  al.,	
  2012;	
  Gresa-­‐Arribas	
  et	
  al.,	
  2012;	
  Klegeris	
  and	
  McGeer,	
  

2000,	
  2003;	
  Leonard	
  et	
  al.,	
  1993).	
  	
  

	
  

1.4.1.	
  Model	
  Cell	
  Lines	
  

In	
  this	
  study,	
  human	
  THP-­‐1	
  monocytic	
  cells,	
  human	
  HL-­‐60	
  promyelocytic	
  

cells	
  and	
  murine	
  BV-­‐2	
  cells	
  were	
  used	
  as	
  microglia	
  models,	
  whereas	
  human	
  SH-­‐

SY5Y	
  neuroblastoma	
  cells	
  were	
  used	
  as	
  a	
  neuron	
  model.	
  THP-­‐1	
  cells,	
  which	
  were	
  

originally	
  isolated	
  from	
  the	
  blood	
  of	
  a	
  one-­‐year	
  old	
  male	
  with	
  acute	
  monocytic	
  

leukemia,	
  are	
  widely-­‐recognized	
  as	
  a	
  microglia	
  model	
  due	
  to	
  their	
  ability	
  to	
  perform	
  

various	
  processes	
  associated	
  with	
  microglial	
  functioning,	
  including	
  phagocytosis	
  

and	
  the	
  secretion	
  of	
  inflammatory	
  mediators	
  (Diaz-­‐Silvestre	
  et	
  al.,	
  2005;	
  Klegeris	
  

and	
  McGeer,	
  2003;	
  Tsuchiya	
  et	
  al.,	
  1980).	
  In	
  this	
  study,	
  the	
  THP-­‐1	
  cells	
  were	
  utilized	
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in	
  the	
  microglia-­‐mediated	
  cytotoxicity	
  experiments,	
  as	
  well	
  as	
  for	
  the	
  enzyme-­‐linked	
  

immunosorbent	
  assays	
  (ELISAs),	
  as	
  previous	
  studies	
  have	
  identified	
  that	
  these	
  cells	
  

secrete	
  cytokines	
  and	
  cytotoxic	
  substances	
  when	
  stimulated	
  with	
  various	
  pro-­‐

inflammatory	
  molecules	
  (Klegeris	
  et	
  al.,	
  2005;	
  Klegeris	
  and	
  McGeer,	
  2003).	
  

	
  HL-­‐60	
  cells,	
  which	
  were	
  originally	
  derived	
  from	
  the	
  blood	
  of	
  a	
  female	
  with	
  

acute	
  promyelocytic	
  leukemia,	
  are	
  routinely	
  differentiated	
  into	
  macrophage-­‐like	
  

cells	
  that	
  exhibit	
  properties	
  similar	
  to	
  those	
  of	
  primary	
  microglia,	
  such	
  as	
  the	
  

secretion	
  of	
  ROS	
  (Birnie,	
  1988;	
  Collins,	
  1987;	
  Levy	
  et	
  al.,	
  1990).	
  Unlike	
  THP-­‐1	
  cells,	
  

differentiated	
  HL-­‐60	
  cells	
  possess	
  the	
  subunits	
  of	
  the	
  nicotinamide	
  adenine	
  

dinucleotide	
  phosphate	
  (NADPH)-­‐dependent	
  oxidase,	
  which	
  is	
  required	
  for	
  the	
  

generation	
  of	
  the	
  respiratory	
  burst,	
  an	
  immune	
  response	
  that	
  involves	
  the	
  

production	
  of	
  high	
  amounts	
  of	
  ROS	
  (Dahlgren	
  and	
  Karlsson,	
  1999;	
  Forman	
  and	
  

Torres,	
  2002;	
  Levy	
  et	
  al.,	
  1990).	
  For	
  this	
  reason,	
  the	
  HL-­‐60	
  cells,	
  rather	
  than	
  the	
  

THP-­‐1	
  cells,	
  were	
  utilized	
  for	
  the	
  respiratory	
  burst	
  assay.	
  

	
  The	
  BV-­‐2	
  microglia	
  cell	
  line,	
  which	
  was	
  generated	
  following	
  the	
  transfection	
  

of	
  murine	
  microglial	
  cells	
  with	
  a	
  v-­‐raf/v-­‐myc	
  recombinant	
  retrovirus,	
  is	
  widely	
  used	
  

as	
  an	
  in	
  vitro	
  model	
  of	
  primary	
  murine	
  microglia	
  (Bocchini	
  et	
  al.,	
  1992;	
  Gresa-­‐

Arribas	
  et	
  al.,	
  2012).	
  Although	
  not	
  a	
  perfect	
  representation	
  of	
  microglia,	
  BV-­‐2	
  cells	
  

have	
  been	
  shown	
  to	
  secrete	
  NO,	
  as	
  well	
  as	
  participate	
  in	
  phagocytosis,	
  in	
  a	
  manner	
  

similar	
  to	
  that	
  of	
  primary	
  murine	
  microglia	
  (He	
  et	
  al.,	
  2002;	
  Horvath	
  et	
  al.,	
  2008;	
  Pan	
  

et	
  al.,	
  2011;	
  Watters	
  et	
  al.,	
  2002).	
  Therefore,	
  the	
  BV-­‐2	
  cells	
  were	
  employed	
  in	
  the	
  

Griess	
  assay,	
  which	
  is	
  used	
  to	
  quantify	
  NO	
  secretion,	
  as	
  well	
  as	
  for	
  the	
  phagocytosis	
  

assay.	
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SH-­‐SY5Y	
  cells,	
  which	
  were	
  originally	
  isolated	
  from	
  the	
  bone	
  marrow	
  of	
  a	
  

female	
  with	
  neuroblastoma,	
  are	
  widely	
  accepted	
  as	
  a	
  model	
  of	
  neuronal	
  cells	
  

(Biedler	
  et	
  al.,	
  1973;	
  Klegeris	
  and	
  McGeer,	
  2003;	
  Kovalevich	
  and	
  Langford,	
  2013;	
  

Pahlman	
  et	
  al.,	
  1990;	
  Xie	
  et	
  al.,	
  2010).	
  SH-­‐SY5Y	
  cells	
  have	
  been	
  shown	
  to	
  synthesize	
  

dopamine	
  and	
  noradrenaline,	
  as	
  well	
  as	
  possess	
  various	
  neuronal	
  cell	
  markers,	
  

including	
  dopamine	
  transporter	
  (DAT),	
  norepinephrine	
  transporter	
  (NET)	
  and	
  

nicotinic	
  acetylcholine	
  receptors	
  (nAChR);	
  therefore,	
  exhibiting	
  similarities	
  to	
  

primary	
  human	
  neurons	
  (Kovalevich	
  and	
  Langford,	
  2013;	
  Xicoy	
  et	
  al.,	
  2017).	
  In	
  this	
  

study,	
  SH-­‐SY5Y	
  cells	
  were	
  utilized	
  in	
  the	
  microglia-­‐mediated	
  cytotoxicity	
  

experiments,	
  as	
  previous	
  experiments	
  have	
  demonstrated	
  that	
  SH-­‐SY5Y	
  cells	
  are	
  

susceptible	
  to	
  glial	
  cell-­‐mediated	
  neurotoxicity	
  (Klegeris	
  et	
  al.,	
  2005;	
  Klegeris	
  and	
  

McGeer,	
  2003;	
  Spielman	
  et	
  al.,	
  2015).	
  

	
  

1.5.	
  Research	
  Overview	
  and	
  Hypothesis	
  

	
  Since	
  over-­‐activated	
  microglia	
  are	
  implicated	
  in	
  the	
  propagation	
  of	
  the	
  

chronic	
  neuroinflammation	
  and	
  extensive	
  neurodegeneration	
  observed	
  in	
  AD	
  

brains,	
  identifying	
  novel	
  means	
  of	
  attenuating	
  this	
  detrimental	
  microglial	
  response	
  

may	
  help	
  to	
  delay	
  the	
  onset	
  and	
  slow	
  the	
  progression	
  of	
  the	
  disease.	
  Previous	
  

studies	
  have	
  revealed	
  that	
  various	
  phospholipids	
  expressed	
  on	
  cell	
  surfaces,	
  

including	
  phosphatidylserine	
  and	
  phosphatidylcholine,	
  regulate	
  immune	
  cell	
  

functioning	
  and	
  can	
  reduce	
  inflammatory	
  responses	
  within	
  peripheral	
  tissues,	
  as	
  

well	
  as	
  in	
  the	
  CNS	
  (Aabdallah	
  and	
  Eid,	
  2004;	
  Hartmann	
  et	
  al.,	
  2009;	
  Jung	
  et	
  al.,	
  2013;	
  

Segawa	
  and	
  Nagata,	
  2015;	
  Tokes	
  et	
  al.,	
  2011;	
  Treede	
  et	
  al.,	
  2007;	
  Wu	
  et	
  al.,	
  2006).	
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Therefore,	
  externalized	
  phospholipids,	
  and	
  their	
  corresponding	
  receptors,	
  may	
  

represent	
  a	
  possible	
  therapeutic	
  target	
  for	
  the	
  treatment	
  of	
  neurodegenerative	
  

diseases,	
  such	
  as	
  AD,	
  that	
  are	
  characterized	
  by	
  dysregulated	
  microglial	
  activation	
  

and	
  extensive	
  death	
  of	
  neurons.	
  

Cardiolipin	
  is	
  primarily	
  found	
  within	
  the	
  inner	
  mitochondrial	
  membrane;	
  

however,	
  studies	
  have	
  demonstrated	
  that	
  this	
  phospholipid	
  is	
  not	
  only	
  relocated	
  to	
  

the	
  outer	
  mitochondrial	
  membrane	
  and	
  plasma	
  membrane	
  of	
  the	
  cell,	
  but	
  can	
  also	
  

be	
  released	
  extracellularly	
  during	
  various	
  cellular	
  processes	
  (Balasubramanian	
  et	
  

al.,	
  2015;	
  Nakajima	
  et	
  al.,	
  2008;	
  Sorice	
  et	
  al.,	
  2004;	
  Sorice	
  et	
  al.,	
  2000).	
  Additionally,	
  

it	
  has	
  been	
  shown	
  that	
  cardiolipin-­‐containing	
  liposomes	
  are	
  capable	
  of	
  modifying	
  

the	
  function	
  of	
  peripheral	
  macrophages	
  (Balasubramanian	
  et	
  al.,	
  2015).	
  Although	
  

the	
  critical	
  role	
  of	
  cardiolipin	
  in	
  regulating	
  mitochondrial	
  metabolic	
  processes	
  

within	
  both	
  the	
  periphery	
  and	
  CNS	
  is	
  well	
  defined,	
  limited	
  research	
  is	
  available	
  

regarding	
  the	
  effects	
  of	
  externalized	
  cardiolipin	
  on	
  CNS	
  cell	
  functions.	
  Therefore,	
  we	
  

aimed	
  to	
  determine	
  whether	
  extracellular	
  cardiolipin	
  can	
  alter	
  CNS	
  immune	
  cell	
  

functioning	
  and	
  potentially	
  impact	
  the	
  chronic	
  neuroinflammation	
  observed	
  in	
  AD	
  

brains.	
  

	
  

The	
  central	
  hypothesis	
  of	
  this	
  thesis	
  proposes	
  that	
  extracellular	
  cardiolipin	
  

regulates	
  select	
  microglial	
  functions.	
  To	
  study	
  the	
  effects	
  of	
  extracellular	
  cardiolipin	
  

on	
  microglia	
  in	
  vitro,	
  several	
  cell	
  culture	
  techniques	
  and	
  biological	
  assays	
  were	
  

conducted	
  using	
  immortalized	
  cell	
  lines,	
  as	
  well	
  as	
  primary	
  murine	
  microglia.	
  

	
  



	
  28	
  

The	
  three	
  main	
  research	
  objectives	
  addressed	
  in	
  this	
  thesis	
  are:	
  

1. To	
  determine	
  whether	
  extracellular	
  cardiolipin	
  induces	
  the	
  phagocytic	
  

activity	
  of	
  microglia.	
  	
  

2. To	
  determine	
  whether	
  extracellular	
  cardiolipin	
  affects	
  microglial	
  

functions	
  that	
  impact	
  neuronal	
  viability.	
  

i. Investigate	
  the	
  effect	
  of	
  cardiolipin	
  on	
  microglia-­‐mediated	
  

cytotoxicity.	
  

ii. Investigate	
  the	
  effect	
  of	
  cardiolipin	
  on	
  neurotrophic	
  factor	
  

expression	
  by	
  microglia.	
  

3. To	
  determine	
  whether	
  extracellular	
  cardiolipin	
  alters	
  the	
  secretory	
  

profile	
  of	
  microglia.	
  

i. Investigate	
  the	
  effect	
  of	
  cardiolipin	
  on	
  RNS	
  secretion	
  by	
  microglia.	
  

ii. Investigate	
  the	
  effect	
  of	
  cardiolipin	
  on	
  ROS	
  secretion	
  by	
  microglia.	
  

iii. Investigate	
  the	
  effect	
  of	
  cardiolipin	
  on	
  the	
  secretion	
  of	
  pro-­‐

inflammatory	
  cytokines	
  by	
  microglia.	
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Chapter	
  2:	
  Materials	
  and	
  Methods	
  

	
  

2.1.	
  Chemicals	
  and	
  Reagents	
  

	
  The	
  following	
  reagents	
  were	
  obtained	
  from	
  Sigma	
  Aldrich	
  (Oakville,	
  ON,	
  

Canada):	
  3-­‐(4,5-­‐dimethylthiazol-­‐2-­‐yl)-­‐2,5-­‐diphenyltetrazolium	
  bromide	
  (MTT)	
  

beta-­‐nicotinamide	
  adenine	
  dinucleotide	
  (β-­‐NAD),	
  cytochalasin	
  B,	
  diaphorase	
  (DPH,	
  

from	
  Clostridium	
  kluyveri),	
  dimethyl	
  sulfoxide	
  (DMSO),	
  DNase	
  I,	
  extravidin-­‐alkaline	
  

phosphatase,	
  fluoroshield	
  with	
  4’,6-­‐diamidino-­‐2-­‐phenylindole	
  (DAPI),	
  N-­‐

formylmethionine-­‐leucyl-­‐phenylalanine	
  (fMLP),	
  D-­‐(+)-­‐glucose,	
  iodonitrotetrazolium	
  

chloride	
  (INT),	
  LPS	
  (from	
  Escherichia	
  coli	
  055:B5),	
  luminol	
  sodium	
  salt,	
  N-­‐(1-­‐

napthyl)ethylenediamine	
  dihydrochloride,	
  paraformaldehyde,	
  phosphoric	
  acid,	
  

sodium	
  L-­‐lactate,	
  sulfanilamide,	
  D-­‐(+)-­‐trehalose	
  dihydrate	
  and	
  Triton	
  X-­‐100.	
  

	
  The	
  following	
  reagents	
  were	
  obtained	
  from	
  ThermoFisher	
  Scientific	
  (Ottawa,	
  

ON,	
  Canada):	
  bovine	
  serum	
  albumin	
  (BSA),	
  calf	
  bovine	
  serum	
  (CBS),	
  dibasic	
  sodium	
  

phosphate,	
  diethanolamine,	
  N,N-­‐dimethylformamide	
  (DMF),	
  Dulbecco’s	
  modified	
  

Eagle	
  medium:	
  nutrient	
  mixture	
  F12	
  Ham	
  (DMEM/F12),	
  ethanol	
  (EtOH),	
  goat	
  

serum,	
  Hanks’	
  balanced	
  salt	
  solution	
  without	
  calcium/magnesium	
  (HBSS),	
  hydrogen	
  

chloride	
  (HCl),	
  monobasic	
  sodium	
  phosphate,	
  papain,	
  percoll,	
  

penicillin/streptomycin/amphotericin	
  B	
  solution,	
  phenol-­‐free	
  DMEM/F12,	
  

phosphatase	
  substrate	
  tablets,	
  sodium	
  bicarbonate,	
  sodium	
  carbonate,	
  sodium	
  

chloride,	
  sodium	
  dodecyl	
  sulphate	
  (SDS),	
  sodium	
  nitrite	
  and	
  0.05%	
  and	
  0.25%	
  

trypsin/ethylenediaminetetraacetic	
  acid	
  (EDTA)	
  solutions.	
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Human	
  recombinant	
  IFN-­‐γ,	
  as	
  well	
  as	
  TNF-­‐α	
  and	
  MCP-­‐1	
  ELISA	
  kits	
  were	
  

purchased	
  from	
  Peprotech	
  (Rocky	
  Hill,	
  NJ,	
  USA).	
  Phosphate-­‐buffered	
  saline	
  (PBS)	
  

tablets,	
  Tween	
  20	
  and	
  methanol	
  were	
  purchased	
  from	
  VWR	
  International	
  

(Mississauga,	
  ON,	
  Canada).	
  The	
  rabbit	
  anti-­‐mouse	
  BDNF	
  antibody	
  (Catalogue	
  #SC-­‐

546),	
  the	
  rabbit	
  anti-­‐mouse	
  GDNF	
  antibody	
  (Catalogue	
  #SC-­‐328),	
  as	
  well	
  as	
  the	
  

fluorescein	
  isothiocyanate	
  (FITC)-­‐conjugated	
  goat	
  anti-­‐rabbit	
  antibody	
  (Catalogue	
  

#SC-­‐2012)	
  were	
  obtained	
  from	
  SantaCruz	
  Biotechnology	
  (San	
  Jose,	
  CA,	
  USA).	
  The	
  

rabbit	
  anti-­‐mouse	
  ionized	
  calcium-­‐binding	
  adaptor	
  molecule	
  (IBA)-­‐1	
  antibody	
  was	
  

purchased	
  from	
  WAKO	
  (Catalogue	
  #016-­‐20001,	
  Irving,	
  CA,	
  USA).	
  Dako	
  rabbit	
  anti-­‐

mouse	
  glial	
  fibrillary	
  acidic	
  protein	
  (GFAP)	
  antibodies	
  were	
  purchased	
  from	
  

Cedarlane	
  Laboratories	
  (Catalogue	
  #Z033429-­‐2,	
  Burlington,	
  ON,	
  Canada).	
  

	
  The	
  bovine	
  heart	
  cardiolipin	
  utilized	
  in	
  this	
  study	
  was	
  purchased	
  from	
  Sigma	
  

Aldrich	
  (Catalogue	
  #C1649).	
  The	
  cardiolipin	
  solution	
  contained	
  a	
  variety	
  of	
  

molecular	
  species	
  of	
  this	
  phospholipid;	
  however,	
  80%	
  or	
  greater	
  of	
  the	
  cardiolipin	
  

molecules	
  contained	
  polyunsaturated	
  fatty	
  acid	
  side	
  chains.	
  	
  

	
  

2.2.	
  Equipment	
  and	
  Supplies	
  

	
  All	
  cell	
  culture	
  experiments	
  were	
  performed	
  in	
  a	
  class	
  2,	
  type	
  IIA	
  biological	
  

safety	
  cabinet.	
  Cell	
  culture	
  experiments	
  were	
  conducted	
  using	
  sterile	
  12-­‐,	
  24-­‐	
  or	
  96-­‐

well	
  plastic	
  cell	
  culture	
  plates	
  (Corning,	
  Corning,	
  NY,	
  USA).	
  The	
  12-­‐well	
  plates	
  were	
  

utilized	
  for	
  the	
  phagocytosis	
  assay,	
  the	
  24-­‐well	
  plates	
  were	
  utilized	
  for	
  seeding	
  THP-­‐

1	
  and	
  SH-­‐SY5Y	
  cells,	
  and	
  the	
  96-­‐well	
  plates	
  were	
  utilized	
  when	
  conducting	
  ELISAs,	
  

the	
  MTT	
  and	
  LDH	
  assays,	
  as	
  well	
  as	
  for	
  seeding	
  HL-­‐60	
  cells	
  for	
  use	
  in	
  the	
  respiratory	
  



	
  31	
  

burst	
  assay.	
  Sterile	
  eight-­‐well	
  chamber	
  slides	
  (ThermoFisher	
  Scientific)	
  were	
  used	
  

for	
  the	
  immunofluorescence	
  and	
  phagocytosis	
  assays.	
  Sterile	
  petri	
  dishes	
  (10	
  cm,	
  

ThermoFisher	
  Scientific)	
  were	
  used	
  for	
  the	
  differentiation	
  of	
  HL-­‐60	
  cells.	
  Sterile	
  

tissue	
  culture	
  dishes	
  (10	
  cm,	
  Corning)	
  were	
  used	
  for	
  culturing	
  primary	
  murine	
  

microglia	
  following	
  extraction.	
  Cell	
  cultures	
  were	
  grown	
  in	
  T-­‐75	
  flasks	
  (Sarstedt,	
  

Montreal,	
  QC,	
  Canada)	
  and	
  incubated	
  in	
  a	
  Steri-­‐Cycle	
  High-­‐Efficiency	
  Particulate	
  Air	
  

(HEPA)	
  Class	
  100	
  CO2	
  incubator	
  (Model	
  #370,	
  ThermoFisher	
  Scientific).	
  Cells	
  were	
  

manually	
  counted	
  using	
  a	
  hemocytometer	
  (ChangBioscience,	
  Castro	
  Valley,	
  CA,	
  

USA).	
  The	
  Sorvall	
  RT1	
  centrifuge	
  (ThermoFisher	
  Scientific)	
  was	
  used	
  for	
  primary	
  

murine	
  microglia	
  cell	
  extraction,	
  and	
  prior	
  to	
  seeding	
  cells	
  for	
  use	
  in	
  various	
  

protocols.	
  The	
  FLUOstar	
  Omega	
  microplate	
  reader	
  (BMG	
  Labtech,	
  Nepean,	
  ON,	
  

Canada)	
  was	
  used	
  for	
  spectrophotometric	
  and	
  chemiluminescent	
  measurements.	
  

	
  

2.3.	
  Cell	
  Lines	
  

	
  The	
  human	
  THP-­‐1	
  monocytic,	
  the	
  human	
  HL-­‐60	
  promyelocytic	
  and	
  the	
  

murine	
  BV-­‐2	
  microglia	
  cell	
  lines	
  were	
  used	
  as	
  microglia	
  models.	
  The	
  human	
  SH-­‐

SY5Y	
  neuroblastoma	
  cells	
  were	
  used	
  to	
  model	
  neurons.	
  The	
  THP-­‐1	
  cells	
  and	
  the	
  HL-­‐

60	
  cells	
  were	
  obtained	
  from	
  the	
  American	
  Type	
  Culture	
  Collection	
  (ATCC,	
  Manassas,	
  

VA,	
  USA),	
  the	
  BV-­‐2	
  cells	
  were	
  generously	
  donated	
  by	
  Dr.	
  G.	
  Garden	
  (Center	
  on	
  

Human	
  Development	
  and	
  Disability,	
  University	
  of	
  Washington,	
  Seattle,	
  WA,	
  USA)	
  

and	
  the	
  SH-­‐SY5Y	
  cells	
  were	
  generously	
  donated	
  by	
  Dr.	
  Robert	
  Ross	
  (Department	
  of	
  

Biological	
  Sciences,	
  Fordham	
  University,	
  Bronx,	
  NY,	
  USA).	
  The	
  cell	
  lines	
  were	
  stored	
  

in	
  liquid	
  nitrogen	
  in	
  1.2	
  ml	
  cryovials	
  (ThermoFisher	
  Scientific)	
  containing	
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DMEM/F12	
  media	
  supplemented	
  with	
  20%	
  CBS	
  and	
  10%	
  DMSO,	
  which	
  acts	
  as	
  a	
  

cryoprotectant,	
  as	
  well	
  as	
  penicillin	
  (100	
  U/ml),	
  streptomycin	
  (100	
  μg/ml)	
  and	
  

amphotericin	
  B	
  (250	
  ng/ml).	
  All	
  cell	
  lines	
  were	
  grown	
  in	
  T-­‐75	
  flasks	
  containing	
  

DMEM/F12	
  supplemented	
  with	
  10%	
  CBS,	
  as	
  well	
  as	
  penicillin	
  (100	
  U/ml),	
  

streptomycin	
  (100	
  μg/ml)	
  and	
  amphotericin	
  B	
  (250	
  ng/ml)	
  (F10	
  medium).	
  All	
  flasks	
  

were	
  incubated	
  at	
  37OC	
  in	
  humidified	
  5%	
  CO2	
  and	
  95%	
  air	
  atmosphere.	
  

	
  

2.4.	
  Primary	
  Murine	
  Microglia	
  Extraction	
  

Primary	
  murine	
  microglia	
  were	
  extracted	
  from	
  adult	
  C57BL/6	
  mouse	
  brains	
  

supplied	
  by	
  our	
  collaborators	
  Dr.	
  D.	
  Gibson	
  and	
  Dr.	
  S.	
  Ghosh	
  from	
  the	
  UBC	
  Okanagan	
  

Department	
  of	
  Biology,	
  as	
  previously	
  described	
  (Lee	
  and	
  Tansey,	
  2013).	
  The	
  

composition	
  of	
  all	
  reagents	
  and	
  solutions	
  utilized	
  during	
  the	
  extraction	
  are	
  listed	
  in	
  

Appendix	
  A.	
  The	
  mouse	
  brain	
  was	
  placed	
  into	
  a	
  sterile	
  petri	
  dish	
  (10	
  cm,	
  Corning)	
  

with	
  3	
  ml	
  of	
  DMEM/F12	
  supplemented	
  with	
  penicillin	
  (100	
  U/ml),	
  streptomycin	
  

(100	
  μg/ml)	
  and	
  amphotericin	
  B	
  (250	
  ng/ml)	
  (F0	
  medium).	
  The	
  brain	
  tissue	
  was	
  

minced	
  finely	
  and	
  transferred	
  to	
  a	
  50	
  ml	
  conical	
  tube	
  containing	
  3	
  ml	
  of	
  dissociation	
  

medium.	
  The	
  conical	
  tube	
  was	
  placed	
  into	
  a	
  water	
  bath	
  at	
  37OC	
  for	
  20	
  min,	
  following	
  

which	
  5	
  ml	
  of	
  F10	
  medium	
  with	
  glucose	
  was	
  added	
  to	
  neutralize	
  the	
  proteolytic	
  

enzymes	
  present	
  in	
  the	
  dissociation	
  medium.	
  The	
  tube	
  was	
  then	
  centrifuged	
  for	
  5	
  

min	
  at	
  250	
  g,	
  after	
  which	
  the	
  supernatant	
  was	
  decanted.	
  The	
  pellet	
  was	
  re-­‐

suspended	
  using	
  F0	
  medium	
  with	
  glucose,	
  and	
  centrifuged	
  again	
  for	
  5	
  min	
  at	
  250	
  g.	
  

The	
  supernatant	
  was	
  decanted	
  and	
  3	
  ml	
  of	
  F10	
  medium	
  with	
  glucose	
  was	
  added	
  to	
  

the	
  tube.	
  The	
  pellet	
  was	
  re-­‐suspended,	
  and	
  repetitive	
  suction	
  and	
  expulsion	
  by	
  a	
  10	
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ml	
  pipette	
  was	
  utilized	
  to	
  break	
  up	
  the	
  remaining	
  pieces	
  of	
  brain	
  tissue.	
  Once	
  the	
  

brain	
  tissue	
  easily	
  passed	
  through	
  the	
  pipette	
  tip,	
  an	
  additional	
  5	
  ml	
  of	
  F10	
  medium	
  

with	
  glucose	
  was	
  added	
  to	
  the	
  tube	
  containing	
  the	
  brain	
  tissue.	
  A	
  1	
  ml	
  pipette	
  tip	
  

and	
  a	
  200	
  μl	
  pipette	
  tip	
  were	
  then	
  used	
  to	
  further	
  break	
  up	
  the	
  tissue	
  into	
  a	
  cell	
  

suspension.	
  A	
  40	
  μm	
  cell	
  strainer	
  (ThermoFisher	
  Scientific),	
  which	
  was	
  placed	
  on	
  

the	
  top	
  of	
  a	
  new	
  50	
  ml	
  tube,	
  was	
  wetted	
  using	
  2	
  ml	
  of	
  F10	
  medium	
  with	
  glucose	
  

before	
  the	
  cell	
  suspension	
  was	
  filtered	
  through.	
  The	
  tube	
  containing	
  the	
  filtered	
  cell	
  

suspension	
  was	
  then	
  centrifuged	
  for	
  4	
  min	
  at	
  250	
  g.	
  After	
  the	
  supernatant	
  was	
  

removed,	
  the	
  pellet	
  was	
  re-­‐suspended	
  in	
  5	
  ml	
  of	
  F10	
  medium	
  with	
  glucose,	
  and	
  the	
  

tube	
  was	
  centrifuged	
  for	
  an	
  additional	
  4	
  min	
  at	
  250	
  g.	
  The	
  pellet	
  was	
  re-­‐suspended	
  

with	
  4	
  ml	
  of	
  37%	
  stock	
  isotonic	
  percoll	
  (SIP)	
  solution	
  and	
  transferred	
  to	
  a	
  new	
  15	
  

ml	
  conical	
  tube.	
  4	
  ml	
  of	
  70%	
  SIP	
  solution	
  was	
  used	
  to	
  slowly	
  underlay	
  the	
  37%	
  SIP	
  

layer.	
  Subsequently,	
  4	
  ml	
  of	
  30%	
  SIP	
  solution	
  was	
  slowly	
  added	
  on	
  top	
  of	
  the	
  37%	
  

SIP	
  layer,	
  followed	
  by	
  the	
  addition	
  of	
  2	
  ml	
  of	
  1x	
  HBSS	
  on	
  top	
  of	
  the	
  30%	
  SIP	
  layer	
  

(Figure	
  2.1).	
  The	
  tube	
  was	
  then	
  centrifuged	
  for	
  40	
  min	
  at	
  300	
  g	
  (18OC)	
  without	
  

applying	
  brakes	
  to	
  stop	
  the	
  spinning.	
  Following	
  centrifugation,	
  a	
  pipette	
  was	
  used	
  to	
  

collect	
  3	
  ml	
  of	
  the	
  37-­‐70%	
  SIP	
  interphase,	
  which	
  contained	
  the	
  extracted	
  brain	
  cells.	
  

This	
  solution	
  was	
  transferred	
  to	
  a	
  clean	
  15	
  ml	
  tube,	
  and	
  3	
  ml	
  of	
  1x	
  HBSS	
  was	
  added	
  

for	
  every	
  1	
  ml	
  of	
  interphase	
  collected	
  (9	
  ml	
  HBSS	
  total).	
  The	
  tube	
  was	
  then	
  

centrifuged	
  for	
  7	
  min	
  at	
  500	
  g	
  (4OC)	
  and	
  the	
  supernatant	
  was	
  removed.	
  The	
  pellet	
  

was	
  re-­‐suspended	
  in	
  3	
  ml	
  of	
  1x	
  HBSS,	
  and	
  centrifuged	
  for	
  an	
  additional	
  5	
  min	
  at	
  800	
  

g	
  (4OC).	
  This	
  step	
  was	
  repeated	
  two	
  additional	
  times	
  to	
  ensure	
  the	
  cells	
  were	
  

thoroughly	
  washed.	
  Finally,	
  the	
  cells	
  were	
  re-­‐suspended	
  in	
  10	
  ml	
  of	
  F10	
  media,	
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seeded	
  in	
  a	
  sterile	
  tissue	
  culture	
  dish	
  (10	
  cm,	
  Corning)	
  and	
  placed	
  into	
  the	
  CO2	
  

incubator	
  at	
  37OC	
  to	
  allow	
  for	
  cell	
  recovery	
  and	
  adherence	
  to	
  the	
  plate	
  surface.	
  Two	
  

days	
  following	
  the	
  extraction	
  procedure,	
  the	
  medium	
  above	
  the	
  adherent	
  microglia	
  

was	
  gently	
  removed	
  and	
  10	
  ml	
  of	
  fresh	
  F10	
  media	
  were	
  added	
  to	
  the	
  cells.	
  

	
  
Figure	
  2.1.	
  Stock	
  isotonic	
  percoll	
  (SIP)	
  solution	
  gradient	
  utilized	
  in	
  primary	
  
murine	
  microglia	
  extraction.	
  HBSS	
  =	
  Hanks’	
  balanced	
  salt	
  solution.	
  
	
  

2.5.	
  Phagocytic	
  Activity	
  of	
  Microglia	
  	
   	
  

2.5.1.	
  Phagocytosis	
  Assay	
  using	
  Murine	
  BV-­‐2	
  Cells	
  

	
  Murine	
  BV-­‐2	
  microglia	
  were	
  used	
  to	
  study	
  the	
  effect	
  of	
  cardiolipin	
  on	
  

phagocytosis.	
  BV-­‐2	
  cells,	
  which	
  are	
  adherent,	
  were	
  detached	
  from	
  the	
  T-­‐75	
  flasks	
  by	
  

removing	
  the	
  media,	
  adding	
  1.5	
  ml	
  of	
  0.25%	
  trypsin/EDTA	
  and	
  incubating	
  for	
  3	
  min	
  

at	
  37OC.	
  Subsequently,	
  the	
  flasks	
  were	
  gently	
  tapped	
  to	
  dislodge	
  the	
  cells	
  from	
  the	
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plastic.	
  Once	
  the	
  majority	
  of	
  cells	
  were	
  detached	
  from	
  the	
  flask,	
  10	
  ml	
  of	
  F10	
  media	
  

were	
  added	
  to	
  neutralize	
  the	
  trypsin	
  solution,	
  and	
  the	
  cells	
  were	
  counted	
  using	
  a	
  

hemocytometer.	
  The	
  cells	
  were	
  placed	
  in	
  a	
  50	
  ml	
  tube,	
  centrifuged	
  at	
  450	
  g	
  for	
  7	
  

min	
  and	
  subsequently	
  re-­‐suspended	
  in	
  DMEM/F12	
  supplemented	
  with	
  5%	
  CBS,	
  

penicillin	
  (100	
  U/ml),	
  streptomycin	
  (100	
  μg/ml)	
  and	
  amphotericin	
  B	
  (250	
  ng/ml)	
  

(F5	
  medium)	
  to	
  a	
  final	
  concentration	
  of	
  1	
  x	
  105	
  cells/ml.	
  The	
  cells	
  were	
  seeded	
  at	
  

500	
  µl/well	
  into	
  a	
  sterile	
  12-­‐well	
  plate	
  with	
  sterile	
  18	
  mm	
  glass	
  cover	
  slips	
  

(ThermoFisher	
  Scientific)	
  placed	
  into	
  each	
  well.	
  The	
  plates	
  were	
  then	
  placed	
  in	
  the	
  

CO2	
  incubator	
  for	
  24	
  h	
  to	
  allow	
  for	
  cell	
  recovery	
  and	
  adherence	
  to	
  the	
  glass	
  cover	
  

slips.	
  Following	
  incubation,	
  the	
  media	
  in	
  each	
  well	
  was	
  replaced	
  with	
  fresh	
  F5	
  

medium,	
  and	
  the	
  cells	
  were	
  incubated	
  for	
  a	
  30	
  min	
  period.	
  The	
  cells	
  were	
  then	
  

treated	
  with	
  cardiolipin	
  (5	
  or	
  20	
  μg/ml)	
  or	
  its	
  vehicle	
  solution	
  (1%	
  v/v	
  EtOH)	
  and	
  

placed	
  in	
  the	
  CO2	
  incubator.	
  Following	
  15	
  min	
  incubation,	
  the	
  cells	
  were	
  stimulated	
  

with	
  LPS	
  (0.5	
  μg/ml),	
  which	
  was	
  chosen	
  as	
  the	
  inflammatory	
  stimulus,	
  as	
  it	
  has	
  been	
  

shown	
  to	
  effectively	
  induce	
  the	
  phagocytic	
  activity	
  of	
  BV-­‐2	
  cells	
  (He	
  et	
  al.,	
  2002;	
  

Majerova	
  et	
  al.,	
  2014;	
  Pan	
  et	
  al.,	
  2011).	
  Following	
  stimulation,	
  the	
  BV-­‐2	
  cells	
  were	
  

placed	
  in	
  the	
  CO2	
  incubator	
  for	
  24	
  h.	
  Based	
  on	
  a	
  study	
  of	
  similar	
  nature	
  (He	
  et	
  al.,	
  

2002),	
  0.8	
  μm	
  latex	
  beads	
  in	
  suspension	
  (Sigma	
  Aldrich)	
  were	
  added	
  to	
  each	
  well	
  at	
  

a	
  concentration	
  of	
  1	
  μl/ml.	
  The	
  BV-­‐2	
  cells	
  were	
  incubated	
  with	
  the	
  beads	
  for	
  2.5	
  h,	
  

following	
  which	
  the	
  cells	
  were	
  washed	
  1x	
  with	
  PBS	
  and	
  fixed	
  for	
  20	
  min	
  with	
  4%	
  

paraformaldehyde	
  solution	
  in	
  PBS	
  (pH	
  =	
  6.9).	
  Following	
  fixation,	
  the	
  cover	
  slips	
  

were	
  removed	
  from	
  each	
  well	
  and	
  placed	
  cell	
  side-­‐down	
  onto	
  glass	
  slides	
  

(ThermoFisher	
  Scientific)	
  for	
  imaging	
  using	
  light	
  microscopy.	
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The	
  cells	
  were	
  visualized	
  using	
  a	
  Zeiss	
  AxioObserver.Z1	
  widefield	
  microscope	
  

(Carl	
  Zeiss,	
  Toronto,	
  ON,	
  Canada)	
  and	
  imaged	
  using	
  Zen	
  image	
  acquisition	
  software	
  

(version	
  2.0,	
  Carl	
  Zeiss).	
  For	
  each	
  treatment	
  condition,	
  a	
  minimum	
  of	
  50	
  cells	
  were	
  

examined.	
  Cells	
  containing	
  greater	
  than	
  10	
  beads	
  were	
  considered	
  phagocytic	
  (He	
  et	
  

al.,	
  2002),	
  and	
  the	
  percentage	
  of	
  phagocytic	
  cells	
  was	
  calculated	
  using	
  the	
  following	
  

equation:	
  

	
   	
   	
  
	
   1)	
  %	
  Phagocytic	
  Cells	
  =	
  #	
  of	
  Phagocytic	
  Cells	
  	
  	
  x	
  	
  100%	
  
	
   	
   	
   	
   	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Total	
  #	
  of	
  Cells	
  	
  

	
  

Phagocytosis	
  was	
  confirmed	
  using	
  cytochalasin	
  B,	
  a	
  cell-­‐permeable	
  fungal	
  

toxin	
  that	
  has	
  been	
  shown	
  to	
  reversibly	
  inhibit	
  the	
  phagocytic	
  activity	
  of	
  various	
  cell	
  

types,	
  including	
  BV-­‐2	
  cells	
  (Axline	
  and	
  Reaven,	
  1974;	
  Malawista	
  et	
  al.,	
  1971;	
  Park	
  et	
  

al.,	
  2009;	
  Zurier	
  et	
  al.,	
  1973).	
  Cytochalasin	
  B	
  exerts	
  its	
  effects	
  by	
  inhibiting	
  the	
  

polymerization	
  of	
  actin,	
  which	
  interferes	
  with	
  the	
  microfilament	
  organization	
  

responsible	
  for	
  the	
  formation	
  of	
  phagocytic	
  vacuoles,	
  or	
  phagosomes	
  (Axline	
  and	
  

Reaven,	
  1974;	
  Davis	
  et	
  al.,	
  1971).	
  BV-­‐2	
  cells	
  were	
  seeded	
  as	
  described	
  in	
  section	
  

2.5.1,	
  and	
  the	
  plates	
  were	
  placed	
  in	
  the	
  CO2	
  incubator	
  for	
  24	
  h	
  to	
  allow	
  for	
  cell	
  

recovery	
  and	
  adherence	
  to	
  the	
  glass	
  cover	
  slips.	
  Following	
  incubation,	
  the	
  media	
  in	
  

each	
  well	
  was	
  replaced	
  with	
  fresh	
  F5	
  medium,	
  and	
  the	
  cells	
  were	
  incubated	
  for	
  a	
  30	
  

min	
  period.	
  The	
  cells	
  were	
  then	
  treated	
  with	
  cytochalasin	
  B	
  (20	
  μM)	
  and	
  incubated	
  

for	
  1	
  h,	
  following	
  which	
  either	
  cardiolipin	
  (5	
  or	
  20	
  μg/ml)	
  or	
  its	
  vehicle	
  solution	
  

(1%	
  v/v	
  EtOH)	
  was	
  added	
  to	
  the	
  cells,	
  and	
  the	
  plates	
  were	
  placed	
  in	
  the	
  CO2	
  

incubator.	
  Following	
  15	
  min	
  incubation,	
  the	
  cells	
  were	
  stimulated	
  with	
  LPS	
  (0.5	
  

μg/ml),	
  and	
  placed	
  in	
  the	
  CO2	
  incubator	
  for	
  24	
  h.	
  Following	
  incubation,	
  the	
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phagocytosis	
  assay,	
  as	
  well	
  as	
  cell	
  visualization	
  and	
  analysis,	
  were	
  conducted	
  exactly	
  

as	
  described	
  above.	
  

	
  

2.5.2.	
  Phagocytosis	
  Assay	
  using	
  Primary	
  Murine	
  Microglia	
  

	
  Primary	
  murine	
  microglia	
  were	
  used	
  to	
  confirm	
  the	
  effects	
  of	
  cardiolipin	
  on	
  

BV-­‐2	
  cell	
  phagocytosis.	
  Primary	
  murine	
  microglia	
  were	
  extracted	
  as	
  described	
  in	
  

section	
  2.4,	
  and	
  kept	
  in	
  the	
  CO2	
  incubator	
  for	
  5-­‐7	
  days	
  prior	
  to	
  use	
  in	
  the	
  

phagocytosis	
  assay.	
  Primary	
  murine	
  microglia,	
  which	
  are	
  adherent,	
  were	
  detached	
  

from	
  the	
  10	
  cm	
  tissue	
  culture	
  dishes	
  by	
  removing	
  the	
  media,	
  adding	
  1.5	
  ml	
  of	
  0.25%	
  

trypsin/EDTA	
  solution	
  for	
  5	
  min	
  at	
  37OC,	
  and	
  gently	
  tapping	
  the	
  sides	
  of	
  the	
  dish	
  to	
  

aid	
  in	
  detachment	
  of	
  cells.	
  The	
  trypsin	
  solution	
  was	
  neutralized	
  by	
  adding	
  10	
  ml	
  of	
  

F10	
  medium,	
  and	
  the	
  cells	
  were	
  counted	
  using	
  a	
  hemocytometer.	
  The	
  cells	
  were	
  

centrifuged	
  at	
  450	
  g	
  for	
  7	
  min	
  and	
  re-­‐suspended	
  in	
  F5	
  medium	
  to	
  a	
  final	
  

concentration	
  of	
  5	
  x	
  104	
  cells/ml.	
  The	
  cells	
  were	
  seeded	
  at	
  250	
  µl/well	
  onto	
  a	
  sterile	
  

eight-­‐well	
  chamber	
  slide,	
  and	
  the	
  plates	
  were	
  placed	
  in	
  the	
  CO2	
  incubator	
  for	
  24	
  h	
  to	
  

allow	
  for	
  cell	
  recovery	
  and	
  adherence	
  to	
  the	
  well	
  surface.	
  Following	
  incubation,	
  the	
  

cells	
  were	
  treated	
  with	
  cardiolipin	
  (5	
  or	
  20	
  μg/ml)	
  or	
  its	
  vehicle	
  solution	
  (1%	
  v/v	
  

EtOH)	
  and	
  incubated	
  for	
  an	
  additional	
  24	
  h.	
  Based	
  on	
  previous	
  studies	
  of	
  a	
  similar	
  

nature	
  (Heo	
  et	
  al.,	
  2015;	
  Mayo	
  et	
  al.,	
  2011),	
  1	
  μm	
  Fluoresbrite®	
  YG	
  microspheres	
  in	
  

suspension	
  (Polysciences	
  Inc.,	
  Warrington,	
  PA,	
  USA)	
  were	
  added	
  to	
  each	
  well	
  at	
  a	
  

final	
  concentration	
  of	
  0.0025%	
  v/v.	
  Preliminary	
  experiments	
  using	
  primary	
  murine	
  

microglia	
  revealed	
  that	
  untreated	
  control	
  cells	
  were	
  detectably	
  phagocytic.	
  When	
  

the	
  primary	
  murine	
  microglia	
  were	
  incubated	
  with	
  latex	
  beads,	
  it	
  was	
  difficult	
  to	
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accurately	
  visualize	
  and	
  count	
  the	
  beads	
  when	
  analyzing	
  the	
  images	
  due	
  to	
  the	
  large	
  

number	
  of	
  beads	
  internalized	
  by	
  the	
  primary	
  cells.	
  For	
  this	
  reason,	
  the	
  fluorescent	
  

microspheres	
  were	
  used,	
  rather	
  than	
  the	
  latex	
  beads,	
  as	
  a	
  way	
  to	
  quantify	
  the	
  

phagocytic	
  activity	
  of	
  the	
  primary	
  murine	
  microglia.	
  The	
  primary	
  cells	
  were	
  

incubated	
  with	
  the	
  fluorescent	
  microspheres	
  for	
  1	
  h,	
  following	
  which	
  the	
  cells	
  were	
  

washed	
  1x	
  with	
  PBS	
  and	
  fixed	
  in	
  the	
  dark	
  for	
  20	
  min	
  in	
  4%	
  paraformaldehyde	
  

solution.	
  Following	
  fixation,	
  the	
  cells	
  were	
  washed	
  2x	
  with	
  PBS,	
  and	
  100	
  μl	
  of	
  

fluoroshield	
  with	
  DAPI	
  was	
  added	
  to	
  each	
  well	
  prior	
  to	
  imaging	
  with	
  fluorescent	
  

microscopy.	
  

The	
  cells	
  were	
  visualized	
  using	
  a	
  Zeiss	
  AxioObserver.Z1	
  widefield	
  

epifluorescence	
  microscope	
  and	
  imaged	
  using	
  Zen	
  image	
  acquisition	
  software	
  at	
  an	
  

excitation/emission	
  of	
  350/470	
  nm	
  for	
  DAPI	
  (nuclei	
  stain)	
  and	
  470/520	
  nm	
  for	
  the	
  

fluorescent	
  beads.	
  For	
  each	
  treatment	
  well,	
  a	
  minimum	
  of	
  50	
  cells	
  were	
  examined.	
  

The	
  mean	
  fluorescence	
  intensity	
  (MFI)	
  for	
  each	
  cell	
  was	
  measured	
  using	
  ImageJ	
  

software	
  (version	
  2.0,	
  National	
  Institutes	
  of	
  Health,	
  Bethesda,	
  MD,	
  USA),	
  as	
  

previously	
  described	
  (McCloy	
  et	
  al.,	
  2014).	
  The	
  corrected	
  total	
  cell	
  fluorescence	
  

(CTCF)	
  was	
  calculated	
  using	
  the	
  following	
  formula:	
  

	
  
1)	
  CTCF	
  =	
  Integrated	
  Density	
  -­‐	
  (Area	
  of	
  the	
  Cell	
  x	
  Background	
  Fluorescence)	
  	
  

	
  
The	
  integrated	
  density	
  is	
  representative	
  of	
  each	
  cell’s	
  fluorescence	
  intensity,	
  

and	
  was	
  determined	
  by	
  multiplying	
  area	
  of	
  the	
  selected	
  cell	
  by	
  the	
  mean	
  grey	
  

fluorescence	
  intensity	
  of	
  the	
  selected	
  cell	
  area.	
  The	
  background	
  fluorescence	
  is	
  the	
  

average	
  of	
  three	
  background	
  fluorescence	
  readings.	
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  Additionally,	
  to	
  ensure	
  the	
  fluorescent	
  beads	
  were	
  engulfed,	
  rather	
  than	
  just	
  

adherent	
  to	
  the	
  cell	
  surface,	
  the	
  primary	
  murine	
  microglia	
  were	
  visualized	
  using	
  an	
  

Olympus	
  FluoView	
  confocal	
  microscope	
  (Model	
  #FV1000,	
  Olympus	
  Inc.,	
  Richmond	
  

Hill,	
  ON,	
  Canada)	
  and	
  imaged	
  using	
  FV10-­‐ASW	
  software	
  (version	
  3.1.2,	
  Olympus	
  

Inc.).	
  	
  

	
  

2.6.	
  Microglia-­‐Mediated	
  Cytotoxicity	
   	
  

2.6.1.	
  Seeding	
  and	
  Stimulating	
  Human	
  THP-­‐1	
  Cells	
  

	
   Human	
  THP-­‐1	
  and	
  SH-­‐SY5Y	
  cells	
  were	
  used	
  to	
  study	
  the	
  effect	
  of	
  cardiolipin	
  

on	
  microglia-­‐mediated	
  cytotoxicity.	
  THP-­‐1	
  cells,	
  which	
  are	
  non-­‐adherent,	
  were	
  

harvested	
  from	
  T-­‐75	
  flasks	
  and	
  counted	
  using	
  a	
  hemocytometer.	
  The	
  cells	
  were	
  

centrifuged	
  at	
  450	
  g	
  for	
  7	
  min	
  and	
  subsequently	
  re-­‐suspended	
  in	
  F5	
  medium	
  to	
  a	
  

final	
  concentration	
  of	
  5	
  x	
  105	
  cells/ml.	
  The	
  cells	
  were	
  seeded	
  at	
  1	
  ml/well	
  into	
  a	
  

sterile	
  24-­‐well	
  plate	
  and	
  placed	
  in	
  the	
  CO2	
  incubator	
  for	
  30	
  min	
  to	
  allow	
  for	
  cell	
  

recovery.	
  The	
  cells	
  were	
  then	
  treated	
  with	
  varying	
  concentrations	
  of	
  cardiolipin	
  (2,	
  

10,	
  20	
  or	
  25	
  μg/ml)	
  or	
  its	
  vehicle	
  solution	
  (0.5%	
  v/v	
  DMSO)	
  and	
  placed	
  in	
  the	
  CO2	
  

incubator.	
  Following	
  brief	
  15	
  min	
  incubation,	
  the	
  cells	
  were	
  stimulated	
  with	
  IFN-­‐γ	
  

(150	
  U/ml)	
  plus	
  LPS	
  (0.2	
  ng/ml)	
  and	
  incubated	
  for	
  48	
  h.	
  These	
  inflammatory	
  stimuli	
  

were	
  chosen	
  due	
  to	
  their	
  previously	
  reported	
  efficacy	
  at	
  inducing	
  the	
  secretion	
  of	
  

pro-­‐inflammatory	
  mediators	
  and	
  cytotoxic	
  compounds	
  by	
  THP-­‐1	
  cells	
  (Genin	
  et	
  al.,	
  

2015;	
  Klegeris	
  and	
  McGeer,	
  2003).	
  Following	
  the	
  48	
  h	
  incubation,	
  supernatants	
  

were	
  collected	
  and	
  THP-­‐1	
  cell	
  viability	
  was	
  assessed	
  by	
  the	
  MTT	
  and	
  the	
  lactate	
  

dehydrogenase	
  (LDH)	
  assays.	
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   2.6.2.	
  Seeding	
  and	
  Treating	
  Human	
  SH-­‐SY5Y	
  Cells	
  	
  

	
  Human	
  SH-­‐SY5Y	
  cells,	
  which	
  are	
  a	
  heterogeneous	
  population	
  of	
  adherent	
  and	
  

non-­‐adherent	
  cells,	
  were	
  detached	
  from	
  the	
  T-­‐75	
  flasks	
  in	
  the	
  same	
  manner	
  as	
  the	
  

BV-­‐2	
  cells	
  (see	
  section	
  2.5.1),	
  except	
  that	
  the	
  0.05%	
  trypsin/EDTA	
  solution	
  was	
  

used	
  instead	
  of	
  the	
  0.25%	
  solution.	
  The	
  cells	
  were	
  counted	
  using	
  a	
  hemocytometer,	
  

placed	
  into	
  a	
  50	
  ml	
  tube	
  and	
  centrifuged	
  at	
  450	
  g	
  for	
  7	
  min.	
  The	
  SH-­‐SY5Y	
  cells	
  were	
  

then	
  re-­‐suspended	
  in	
  F5	
  medium	
  to	
  a	
  final	
  concentration	
  of	
  4	
  x	
  105	
  cells/ml	
  and	
  

incubated	
  for	
  24	
  h	
  to	
  allow	
  for	
  cell	
  recovery	
  and	
  adherence	
  to	
  the	
  plate	
  surface.	
  

Following	
  incubation,	
  the	
  media	
  above	
  the	
  SH-­‐SY5Y	
  cells	
  was	
  removed	
  from	
  each	
  

well	
  and	
  400	
  μl	
  of	
  THP-­‐1	
  cell	
  supernatants	
  were	
  transferred	
  onto	
  the	
  SH-­‐SY5Y	
  cells.	
  

The	
  SH-­‐SY5Y	
  cells	
  were	
  incubated	
  with	
  the	
  THP-­‐1	
  supernatants	
  for	
  an	
  additional	
  72	
  

h,	
  following	
  which	
  SH-­‐SY5Y	
  cell	
  viability	
  was	
  assessed	
  by	
  the	
  MTT	
  and	
  LDH	
  assays.	
  

	
  

2.7.	
  Cell	
  Viability	
  Assay:	
  3-­‐(4,5-­‐Dimethylthiazol-­‐2-­‐yl)-­‐2,5-­‐Diphenyltetrazolium	
  
Bromide	
  (MTT)	
  
	
  

	
  The	
  viability	
  of	
  human	
  THP-­‐1	
  and	
  SH-­‐SY5Y	
  cells	
  was	
  assessed	
  using	
  the	
  MTT	
  

assay.	
  This	
  assay	
  evaluates	
  the	
  metabolic	
  activity	
  of	
  mitochondrial	
  enzymes,	
  

including	
  succinate	
  dehydrogenase,	
  and	
  is	
  used	
  as	
  an	
  indirect	
  measure	
  of	
  cell	
  

viability	
  (Ferrari	
  et	
  al.,	
  1990;	
  Gerlier	
  and	
  Thomasset,	
  1986;	
  Liu	
  et	
  al.,	
  1997).	
  In	
  the	
  

MTT	
  assay,	
  the	
  mitochondrial	
  enzymes	
  reduce	
  yellow	
  MTT	
  tetrazolium	
  salt	
  to	
  form	
  

insoluble	
  purple	
  formazan	
  crystals	
  (Fotakis	
  and	
  Timbrell,	
  2006;	
  Liu	
  et	
  al.,	
  1997).	
  

Viable	
  cells	
  are	
  generally	
  more	
  metabolically	
  active	
  than	
  dying	
  or	
  dead	
  cells,	
  and	
  

will	
  therefore	
  reduce	
  MTT	
  tetrazolium	
  salt	
  more	
  rapidly,	
  which	
  results	
  in	
  a	
  higher	
  



	
  41	
  

rate	
  of	
  production	
  of	
  purple	
  formazan	
  crystals	
  that	
  can	
  be	
  spectrophotometrically	
  

measured.	
  

	
  To	
  measure	
  cell	
  viability,	
  MTT	
  was	
  added	
  to	
  each	
  well	
  at	
  a	
  final	
  concentration	
  

of	
  500	
  µg/ml,	
  and	
  cells	
  were	
  incubated	
  at	
  37OC	
  for	
  1	
  h.	
  SDS/DMF	
  solution	
  (20%	
  SDS,	
  

50%	
  DMF	
  in	
  H2O,	
  pH	
  =	
  4.7)	
  was	
  then	
  added	
  to	
  each	
  well	
  at	
  a	
  1:1	
  ratio,	
  following	
  

which	
  the	
  plates	
  were	
  placed	
  in	
  a	
  wetbox	
  (a	
  sealed	
  plastic	
  container	
  containing	
  

moistened	
  paper	
  towel)	
  and	
  incubated	
  at	
  37OC	
  for	
  an	
  additional	
  3	
  h.	
  Following	
  

incubation,	
  100	
  μl	
  were	
  transferred	
  from	
  each	
  well	
  into	
  a	
  96-­‐well	
  plate	
  and	
  an	
  

optical	
  density	
  (OD)	
  measurement	
  was	
  taken	
  at	
  570	
  nm	
  using	
  the	
  FLUOstar	
  Omega	
  

microplate	
  reader.	
  The	
  percentage	
  of	
  cell	
  viability	
  was	
  calculated	
  using	
  the	
  

following	
  formulae:	
  

	
  
1)	
  Corrected	
  OD	
  (cOD)	
  of	
  Each	
  Well	
  =	
  ODsample	
  -­‐	
  ODlysis	
  

	
  
	
   2)	
  %	
  Cell	
  Viability	
  =	
  cODsample	
  	
  x	
  	
  100%	
  
	
   	
   	
   	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  cODcontrol	
  
	
  

	
  Where	
  ODsample	
  represents	
  the	
  OD	
  reading	
  of	
  each	
  well,	
  ODlysis	
  represents	
  the	
  

OD	
  reading	
  of	
  the	
  wells	
  treated	
  with	
  1%	
  Triton	
  X-­‐100	
  (100%	
  cell	
  death	
  control),	
  

cODsample	
  represents	
  the	
  corrected	
  OD	
  of	
  each	
  sample	
  well	
  and	
  cODcontrol	
  represents	
  

the	
  corrected	
  OD	
  of	
  the	
  wells	
  containing	
  untreated	
  cells	
  (100%	
  cell	
  viability	
  

control).	
  

	
  

2.8.	
  Cell	
  Death	
  Assay:	
  Lactate	
  Dehydrogenase	
  (LDH)	
  

	
  The	
  percentage	
  of	
  dead	
  or	
  dying	
  human	
  THP-­‐1	
  and	
  SH-­‐SY5Y	
  cells	
  was	
  

assessed	
  using	
  the	
  LDH	
  assay.	
  This	
  assay	
  measures	
  the	
  activity	
  of	
  the	
  LDH	
  enzyme,	
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which	
  is	
  critical	
  for	
  the	
  conversion	
  of	
  lactate	
  to	
  pyruvate	
  (Buhl	
  et	
  al.,	
  1978;	
  Fotakis	
  

and	
  Timbrell,	
  2006).	
  LDH	
  is	
  typically	
  found	
  within	
  the	
  cytoplasm	
  of	
  a	
  cell;	
  however,	
  

following	
  irreversible	
  cellular	
  damage	
  or	
  lysis,	
  LDH	
  is	
  released	
  into	
  the	
  extracellular	
  

space	
  (Fotakis	
  and	
  Timbrell,	
  2006;	
  Mitchell,	
  1980).	
  In	
  this	
  assay,	
  the	
  enzymatically	
  

active	
  LDH	
  present	
  in	
  cell	
  supernatant	
  reacts	
  with	
  INT	
  tetrazolium	
  salt	
  to	
  form	
  red	
  

formazan	
  crystals.	
  Higher	
  concentration	
  of	
  LDH	
  enzyme	
  present	
  in	
  supernatant	
  

results	
  in	
  a	
  more	
  intense	
  red	
  color,	
  which	
  can	
  be	
  measured	
  spectrophotometrically.	
  

This	
  assay	
  quantifies	
  the	
  relative	
  amount	
  of	
  LDH	
  released	
  by	
  damaged	
  or	
  dead	
  cells,	
  

and	
  is,	
  therefore,	
  representative	
  of	
  the	
  percentage	
  of	
  dead	
  and	
  dying	
  cells	
  (Fotakis	
  

and	
  Timbrell,	
  2006).	
  	
  

	
  To	
  conduct	
  the	
  LDH	
  assay,	
  100	
  μl	
  of	
  THP-­‐1	
  or	
  SH-­‐SY5Y	
  supernatants	
  were	
  

collected	
  into	
  a	
  96-­‐well	
  plate.	
  INT	
  was	
  added	
  to	
  each	
  well	
  at	
  a	
  final	
  concentration	
  of	
  

0.4	
  mg/ml,	
  and	
  the	
  initial	
  OD	
  measurement	
  was	
  immediately	
  taken	
  at	
  492	
  nm	
  using	
  

the	
  FLUOstar	
  Omega	
  microplate	
  reader.	
  Subsequently,	
  sodium	
  L-­‐lactate	
  (0.9	
  

mg/ml),	
  β-­‐NAD	
  (0.75	
  mg/ml)	
  and	
  DPH	
  (0.37	
  mg/ml)	
  were	
  added	
  to	
  each	
  well,	
  and	
  

the	
  plate	
  was	
  placed	
  in	
  the	
  dry	
  incubator	
  at	
  37OC	
  for	
  30	
  min.	
  Following	
  incubation,	
  

the	
  final	
  OD	
  measurement	
  was	
  taken	
  at	
  492	
  nm.	
  The	
  percentage	
  of	
  cell	
  death	
  was	
  

calculated	
  using	
  the	
  following	
  formulae:	
  

	
  
	
   1)	
  Corrected	
  OD	
  (cOD)	
  of	
  Each	
  Well	
  =	
  ODfinal	
  -­‐	
  ODinitial	
  
	
  
	
   2)	
  %	
  Cell	
  Death	
  =	
  cODsample	
  -­‐	
  cODmedia	
  	
  x	
  	
  100%	
  
	
   	
   	
   	
  	
  	
  	
  	
  	
  	
  	
  	
  cODlysis	
  -­‐	
  cODmedia	
  
	
  

	
  Where	
  ODfinal	
  represents	
  the	
  OD	
  reading	
  of	
  each	
  well	
  following	
  30	
  min	
  

incubation,	
  ODinitial	
  represents	
  the	
  initial	
  OD	
  reading	
  of	
  each	
  well,	
  cODmedia	
  



	
  43	
  

represents	
  the	
  corrected	
  OD	
  of	
  the	
  wells	
  containing	
  only	
  F5	
  media,	
  and	
  cODlysis	
  

represents	
  the	
  corrected	
  OD	
  of	
  the	
  wells	
  treated	
  with	
  1%	
  Triton	
  X-­‐100	
  (100%	
  cell	
  

death	
  control).	
  

	
  

2.9.	
  Expression	
  of	
  Neurotrophic	
  Factors	
  by	
  Microglia	
  

2.9.1.	
  Immunofluorescence	
  Assay	
  using	
  Murine	
  BV-­‐2	
  Cells	
  

	
  Murine	
  BV-­‐2	
  microglia	
  were	
  used	
  to	
  investigate	
  the	
  effect	
  of	
  cardiolipin	
  on	
  

microglial	
  expression	
  of	
  BDNF	
  and	
  GDNF.	
  BV-­‐2	
  cells	
  were	
  detached	
  from	
  the	
  T-­‐75	
  

flasks	
  as	
  described	
  in	
  section	
  2.5.1,	
  and	
  the	
  cells	
  were	
  counted	
  using	
  a	
  

hemocytometer.	
  The	
  cells	
  were	
  centrifuged	
  at	
  450	
  g	
  for	
  7	
  min	
  and	
  subsequently	
  re-­‐

suspended	
  in	
  F5	
  medium	
  to	
  a	
  final	
  concentration	
  of	
  2	
  x	
  105	
  cells/ml.	
  The	
  cells	
  were	
  

seeded	
  at	
  200	
  μl/well	
  onto	
  a	
  sterile	
  eight-­‐well	
  chamber	
  slide	
  and	
  incubated	
  for	
  24	
  h	
  

to	
  allow	
  for	
  cell	
  recovery	
  and	
  adherence	
  to	
  well	
  surface.	
  Following	
  incubation,	
  the	
  

media	
  in	
  each	
  well	
  was	
  replaced	
  with	
  fresh	
  F5	
  medium	
  and	
  the	
  plates	
  were	
  placed	
  

into	
  the	
  CO2	
  incubator	
  for	
  a	
  30	
  min	
  recovery	
  period.	
  The	
  cells	
  were	
  then	
  treated	
  

with	
  varying	
  concentrations	
  of	
  cardiolipin	
  (5,	
  10	
  or	
  20	
  μg/ml)	
  or	
  its	
  vehicle	
  solution	
  

(1%	
  v/v	
  EtOH)	
  and	
  incubated	
  for	
  an	
  additional	
  24	
  h	
  prior	
  to	
  conducting	
  the	
  

immunofluorescence	
  assay.	
  

The	
  cells	
  were	
  washed	
  1x	
  with	
  PBS,	
  fixed	
  for	
  5	
  min	
  with	
  ice-­‐cold	
  methanol	
  

and	
  then	
  allowed	
  to	
  air	
  dry.	
  The	
  cells	
  were	
  subsequently	
  washed	
  3x	
  with	
  PBS,	
  and	
  

100	
  μl	
  of	
  blocking	
  solution	
  (10%	
  goat	
  serum	
  in	
  PBS)	
  was	
  added	
  to	
  each	
  well	
  for	
  20	
  

min	
  to	
  ensure	
  that	
  non-­‐specific	
  binding	
  of	
  IgG	
  to	
  cells	
  was	
  suppressed.	
  The	
  cells	
  

were	
  then	
  washed	
  1x	
  with	
  PBS	
  and	
  incubated	
  for	
  1	
  h	
  with	
  rabbit	
  anti-­‐mouse	
  BDNF	
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or	
  GDNF	
  antibodies,	
  which	
  were	
  diluted	
  50x	
  in	
  1.5%	
  goat	
  serum	
  (in	
  PBS).	
  Following	
  

incubation	
  with	
  the	
  primary	
  antibody,	
  the	
  cells	
  were	
  washed	
  3x	
  for	
  5	
  min	
  with	
  PBS.	
  

The	
  cells	
  were	
  then	
  incubated	
  for	
  45	
  min	
  with	
  FITC-­‐conjugated	
  goat	
  anti-­‐rabbit	
  IgG	
  

antibody,	
  which	
  was	
  diluted	
  100x	
  in	
  1.5%	
  goat	
  serum.	
  Following	
  incubation	
  with	
  

the	
  secondary	
  antibody,	
  the	
  cells	
  were	
  washed	
  3x	
  with	
  PBS,	
  and	
  100	
  μl	
  of	
  

fluoroshield	
  with	
  DAPI	
  was	
  added	
  to	
  each	
  well	
  prior	
  to	
  imaging	
  using	
  a	
  fluorescent	
  

microscope.	
  	
  

Immunofluorescence	
  was	
  detected	
  using	
  an	
  Olympus	
  fluorescence	
  

microscope	
  (Model	
  #BX51,	
  Olympus	
  Inc.)	
  and	
  cells	
  were	
  imaged	
  using	
  MetaMorph	
  

software	
  (version	
  7.7.8,	
  MetaMorph	
  Inc.,	
  Nashville,	
  TN,	
  USA)	
  at	
  an	
  

excitation/emission	
  of	
  350/470	
  nm	
  for	
  DAPI	
  (nuclei	
  stain,	
  blue)	
  and	
  490/520	
  nm	
  

for	
  FITC	
  (BDNF	
  and	
  GDNF,	
  green).	
  Three	
  images	
  of	
  the	
  DAPI-­‐stained	
  nuclei,	
  three	
  

images	
  of	
  the	
  FITC-­‐labeled	
  anti-­‐neurotrophic	
  factor	
  antibodies	
  (either	
  BDNF	
  or	
  

GDNF)	
  and	
  three	
  overlay	
  images	
  were	
  captured	
  for	
  each	
  treatment	
  condition.	
  The	
  

cell	
  count	
  and	
  MFI	
  for	
  each	
  image	
  were	
  analyzed	
  using	
  ImageJ	
  software	
  (version	
  2.0,	
  

National	
  Institutes	
  of	
  Health),	
  as	
  previously	
  described	
  (McCloy	
  et	
  al.,	
  2014).	
  The	
  

CTCF	
  and	
  the	
  MFI	
  per	
  cell	
  were	
  calculated	
  using	
  the	
  following	
  formulae:	
  

	
  
1)	
  CTCF	
  =	
  Integrated	
  Density	
  -­‐	
  (Selected	
  Area	
  x	
  Background	
  Fluorescence)	
  	
  
	
  
2)	
  MFI/Cell	
  =	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  CTCF	
  	
  	
  	
  	
  	
  	
  	
  s	
  
	
   	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Total	
  #	
  of	
  Cells	
  
	
  
The	
  integrated	
  density	
  is	
  representative	
  of	
  the	
  fluorescence	
  intensity	
  of	
  the	
  

total	
  selected	
  area,	
  and	
  was	
  determined	
  by	
  multiplying	
  the	
  total	
  selected	
  area	
  by	
  the	
  

mean	
  grey	
  fluorescence	
  intensity	
  of	
  the	
  selected	
  area.	
  The	
  background	
  fluorescence	
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is	
  the	
  average	
  of	
  three	
  background	
  fluorescence	
  readings.	
  To	
  determine	
  the	
  MFI	
  per	
  

cell,	
  the	
  CTCF	
  for	
  the	
  selected	
  region	
  was	
  divided	
  by	
  the	
  total	
  number	
  of	
  cells	
  

present	
  in	
  that	
  area.	
  

	
  

2.9.2.	
  Immunofluorescence	
  Assay	
  using	
  Primary	
  Murine	
  Microglia	
  

	
  Primary	
  murine	
  microglia	
  were	
  used	
  to	
  confirm	
  the	
  effect	
  of	
  cardiolipin	
  on	
  

BV-­‐2	
  cell	
  expression	
  of	
  BDNF	
  and	
  GDNF.	
  Primary	
  murine	
  microglia	
  were	
  extracted	
  

as	
  described	
  in	
  section	
  2.4,	
  and	
  kept	
  in	
  the	
  CO2	
  incubator	
  for	
  5-­‐7	
  days	
  prior	
  to	
  use	
  in	
  

the	
  immunofluorescence	
  assay.	
  Primary	
  murine	
  microglia	
  were	
  detached	
  from	
  the	
  

10	
  cm	
  tissue	
  culture	
  dishes	
  as	
  described	
  in	
  section	
  2.5.2,	
  and	
  the	
  cells	
  were	
  counted	
  

using	
  a	
  hemocytometer.	
  The	
  cells	
  were	
  centrifuged	
  at	
  450	
  g	
  for	
  7	
  min	
  and	
  

subsequently	
  re-­‐suspended	
  in	
  F5	
  medium	
  to	
  a	
  final	
  concentration	
  of	
  1	
  x	
  105	
  

cells/ml.	
  The	
  cells	
  were	
  seeded	
  at	
  200	
  μl/well	
  onto	
  a	
  sterile	
  eight-­‐well	
  chamber	
  

slide	
  and	
  incubated	
  for	
  24	
  h	
  to	
  allow	
  for	
  cell	
  recovery	
  and	
  adherence	
  to	
  the	
  well	
  

surface.	
  The	
  cells	
  were	
  then	
  treated	
  with	
  varying	
  concentrations	
  of	
  cardiolipin	
  (5,	
  

10	
  or	
  20	
  μg/ml)	
  or	
  its	
  vehicle	
  solution	
  (1%	
  v/v	
  EtOH),	
  and	
  the	
  chamber	
  slides	
  were	
  

placed	
  in	
  the	
  CO2	
  incubator	
  for	
  an	
  additional	
  24	
  h	
  prior	
  to	
  conducting	
  the	
  

immunofluorescence	
  assay.	
  

The	
  immunofluorescence	
  assay	
  using	
  primary	
  murine	
  microglia	
  was	
  

conducted	
  as	
  described	
  for	
  BV-­‐2	
  cells	
  in	
  section	
  2.9.1.	
  In	
  conjunction	
  with	
  these	
  

experiments,	
  rabbit	
  anti-­‐mouse	
  IBA-­‐1	
  antibody	
  (microglia	
  marker,	
  diluted	
  1000x	
  in	
  

1.5%	
  goat	
  serum)	
  and	
  rabbit	
  anti-­‐mouse	
  GFAP	
  antibody	
  (astrocyte	
  marker,	
  diluted	
  

20,000x	
  in	
  1.5%	
  goat	
  serum)	
  were	
  used	
  as	
  primary	
  antibodies	
  in	
  the	
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immunofluorescence	
  assay	
  to	
  confirm	
  that	
  the	
  cells	
  being	
  studied	
  were	
  microglia	
  

and	
  not	
  astrocytes.	
  The	
  cells	
  were	
  visualized,	
  and	
  images	
  were	
  acquired	
  and	
  

analyzed	
  exactly	
  as	
  described	
  in	
  section	
  2.9.1.	
  	
  

	
  

2.10.	
  Nitrite	
  Secretion	
  by	
  Microglia	
  

	
   2.10.1.	
  Seeding	
  and	
  Stimulating	
  Murine	
  BV-­‐2	
  Cells	
  

Murine	
  BV-­‐2	
  cells	
  were	
  used	
  to	
  investigate	
  the	
  effect	
  of	
  cardiolipin	
  on	
  the	
  

secretion	
  of	
  nitrite	
  by	
  microglia.	
  BV-­‐2	
  cells	
  were	
  detached	
  from	
  the	
  T-­‐75	
  flasks	
  as	
  

described	
  in	
  section	
  2.5.1,	
  and	
  the	
  cells	
  were	
  counted	
  using	
  a	
  hemocytometer.	
  The	
  

cells	
  were	
  centrifuged	
  at	
  450	
  g	
  for	
  7	
  min	
  and	
  subsequently	
  re-­‐suspended	
  in	
  F5	
  

medium	
  to	
  a	
  final	
  concentration	
  of	
  2	
  x	
  105	
  cells/ml.	
  The	
  cells	
  were	
  seeded	
  at	
  500	
  

μl/well	
  into	
  a	
  sterile	
  24-­‐well	
  plate	
  and	
  incubated	
  for	
  24	
  h	
  to	
  allow	
  for	
  cell	
  recovery	
  

and	
  adherence	
  to	
  the	
  well	
  surface.	
  Following	
  incubation,	
  the	
  media	
  in	
  each	
  well	
  was	
  

replaced	
  with	
  fresh	
  F5	
  medium	
  and	
  the	
  plates	
  were	
  placed	
  in	
  the	
  CO2	
  incubator	
  for	
  

an	
  additional	
  30	
  min	
  recovery	
  period.	
  The	
  cells	
  were	
  then	
  treated	
  with	
  varying	
  

concentrations	
  of	
  cardiolipin	
  (2,	
  10	
  or	
  20	
  μg/ml)	
  or	
  its	
  vehicle	
  solution	
  (1%	
  v/v	
  

EtOH)	
  and	
  placed	
  in	
  the	
  CO2	
  incubator.	
  Following	
  15	
  min	
  incubation,	
  the	
  cells	
  were	
  

stimulated	
  with	
  LPS	
  (0.5	
  μg/ml)	
  and	
  placed	
  in	
  the	
  CO2	
  incubator	
  for	
  an	
  additional	
  24	
  

h	
  prior	
  to	
  conducting	
  the	
  Griess	
  assay.	
  

	
  

2.10.2.	
  Griess	
  Assay	
  

	
  The	
  Griess	
  assay	
  is	
  used	
  to	
  quantify	
  the	
  secretion	
  of	
  nitrite,	
  a	
  stable	
  

metabolite	
  of	
  NO	
  (Ding	
  et	
  al.,	
  1988;	
  Miranda	
  et	
  al.,	
  2001).	
  In	
  this	
  assay,	
  the	
  Griess	
  



	
  47	
  

reagents	
  react	
  with	
  the	
  nitrite	
  present	
  in	
  cell	
  supernatants	
  to	
  form	
  a	
  pink	
  azo	
  

product,	
  which	
  is	
  measured	
  spectrophotometrically.	
  NO,	
  a	
  well-­‐defined	
  RNS	
  

molecule,	
  has	
  been	
  implicated	
  in	
  a	
  variety	
  of	
  physiological	
  processes,	
  including	
  

neuronal	
  communication	
  and	
  immune	
  cell	
  activation	
  (Miranda	
  et	
  al.,	
  2001).	
  

However,	
  NO	
  has	
  a	
  very	
  short	
  half-­‐life	
  and	
  is,	
  therefore,	
  difficult	
  to	
  directly	
  measure	
  

accurately	
  using	
  biochemical	
  assays	
  (Liu	
  et	
  al.,	
  1998).	
  The	
  Griess	
  assay	
  has	
  been	
  

previously	
  used	
  to	
  measure	
  nitrite	
  secretion	
  by	
  various	
  cell	
  types,	
  and	
  is	
  generally	
  

accepted	
  as	
  an	
  indirect	
  measure	
  of	
  NO	
  secretion	
  (Bryan	
  and	
  Grisham,	
  2007).	
  

To	
  conduct	
  the	
  Griess	
  assay,	
  50	
  μl	
  of	
  BV-­‐2	
  cell	
  supernatants	
  were	
  transferred	
  

into	
  a	
  96-­‐well	
  plate.	
  50	
  μl	
  of	
  the	
  sodium	
  nitrite	
  standards	
  (0.01-­‐40	
  μM	
  in	
  F5	
  

medium)	
  were	
  prepared	
  and	
  added	
  to	
  the	
  plate	
  in	
  duplicate.	
  Additionally,	
  50	
  μl	
  of	
  

F5	
  media	
  only	
  were	
  added	
  to	
  five	
  wells	
  of	
  the	
  plate	
  and	
  used	
  as	
  blank	
  controls.	
  

Solution	
  C	
  was	
  made	
  by	
  combining	
  a	
  1:1	
  ratio	
  of	
  Solution	
  A	
  (2%	
  sulfanilamide,	
  5%	
  

phosphoric	
  acid	
  in	
  H2O)	
  and	
  Solution	
  B	
  (0.2%	
  N-­‐(1-­‐napthyl)ethylenediamine	
  

dihydrochloride	
  in	
  H2O).	
  50	
  μl	
  of	
  Solution	
  C	
  were	
  added	
  to	
  each	
  well	
  containing	
  

samples,	
  standards,	
  or	
  blanks	
  and	
  the	
  OD	
  measurement	
  was	
  immediately	
  taken	
  at	
  

550	
  nm	
  using	
  the	
  FLUOstar	
  Omega	
  microplate	
  reader.	
  The	
  corrected	
  OD	
  of	
  each	
  

sample	
  (cODsample)	
  was	
  calculated	
  using	
  the	
  following	
  formula:	
  

	
  
1)	
  cODsample	
  =	
  ODsample	
  -­‐	
  ODblank	
  
	
  
Where	
  ODsample	
  represents	
  the	
  OD	
  reading	
  of	
  each	
  well,	
  and	
  ODblank	
  

represents	
  the	
  mean	
  OD	
  reading	
  of	
  the	
  five	
  blank	
  control	
  wells	
  containing	
  F5	
  media	
  

only.	
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To	
  determine	
  the	
  nitrite	
  concentration	
  in	
  each	
  well,	
  a	
  calibration	
  curve	
  was	
  

constructed	
  using	
  the	
  cOD	
  values	
  of	
  the	
  standards	
  (0.01-­‐40	
  μM),	
  and	
  a	
  linear	
  trend	
  

line	
  for	
  the	
  standard	
  curve	
  was	
  plotted.	
  The	
  concentration	
  of	
  nitrite	
  (μM)	
  in	
  each	
  

sample,	
  as	
  well	
  as	
  the	
  detection	
  limit	
  (μM)	
  for	
  the	
  assay,	
  were	
  calculated	
  using	
  the	
  

following	
  formulae:	
  

2)	
  Nitrite	
  Concentration	
  =	
  cODsample	
  
	
   	
   	
   	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  m	
  

	
  
	
   3)	
  Detection	
  Limit	
  =	
  Mean	
  ODblank	
  +	
  2(Standard	
  Deviation	
  ODblank)	
  
	
   	
   	
   	
   	
   	
   	
  	
  	
  	
  	
  	
  	
  m	
  
	
  

	
  Where	
  m	
  represents	
  the	
  slope	
  of	
  the	
  linear	
  trend	
  line	
  for	
  the	
  standard	
  curve.	
   	
  

	
  

2.11.	
  Superoxide	
  Anion	
  Secretion	
  by	
  Microglia	
  

2.11.1.	
  Differentiation	
  and	
  Seeding	
  of	
  Human	
  HL-­‐60	
  Cells	
  

	
  Differentiated	
  human	
  HL-­‐60	
  cells	
  were	
  used	
  as	
  a	
  microglia	
  model,	
  as	
  they	
  

have	
  been	
  shown	
  to	
  express	
  functional	
  subunits	
  of	
  the	
  NADPH	
  oxidase	
  enzyme,	
  

which	
  is	
  critical	
  for	
  producing	
  respiratory	
  bursts	
  (Levy	
  et	
  al.,	
  1990).	
  HL-­‐60	
  cells,	
  

which	
  are	
  non-­‐adherent,	
  were	
  harvested	
  from	
  T-­‐75	
  flasks	
  and	
  counted	
  using	
  a	
  

hemocytometer.	
  The	
  cells	
  were	
  centrifuged	
  at	
  450	
  g	
  for	
  7	
  min,	
  re-­‐suspended	
  in	
  12	
  

ml	
  of	
  F10	
  medium	
  to	
  a	
  final	
  concentration	
  of	
  2	
  x	
  105	
  cells/ml	
  and	
  seeded	
  into	
  a	
  10	
  

cm	
  sterile	
  petri	
  dish.	
  To	
  differentiate	
  the	
  HL-­‐60	
  cells,	
  DMSO	
  was	
  added	
  to	
  the	
  plate	
  

in	
  a	
  drop-­‐wise	
  manner	
  to	
  a	
  final	
  concentration	
  of	
  1.3%	
  v/v,	
  and	
  the	
  plates	
  were	
  

placed	
  in	
  the	
  CO2	
  incubator	
  at	
  37OC	
  for	
  5	
  days.	
  

	
  Following	
  differentiation,	
  the	
  HL-­‐60	
  cells	
  were	
  harvested	
  from	
  the	
  10	
  cm	
  

dishes	
  and	
  centrifuged	
  at	
  450	
  g	
  for	
  7	
  min.	
  The	
  cells	
  were	
  seeded	
  at	
  a	
  final	
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concentration	
  of	
  1	
  x	
  106	
  cells/ml	
  in	
  250	
  μl	
  clear	
  (phenol	
  red	
  free)	
  DMEM/F12	
  

supplemented	
  with	
  2%	
  CBS	
  (F2	
  medium)	
  into	
  a	
  sterile	
  96-­‐well	
  plate,	
  which	
  was	
  

placed	
  in	
  the	
  CO2	
  incubator	
  for	
  a	
  30	
  min	
  recovery	
  period.	
  The	
  cells	
  were	
  then	
  

treated	
  with	
  varying	
  concentrations	
  of	
  cardiolipin	
  (2,	
  10	
  or	
  20	
  μg/ml)	
  or	
  its	
  vehicle	
  

solution	
  (1%	
  v/v	
  EtOH)	
  and	
  placed	
  in	
  the	
  CO2	
  incubator.	
  Following	
  15	
  min	
  

incubation,	
  the	
  cells	
  were	
  primed	
  using	
  LPS	
  (0.5	
  μg/ml)	
  and	
  incubated	
  for	
  24	
  h	
  prior	
  

to	
  conducting	
  the	
  respiratory	
  burst	
  assay.	
  

	
  	
  

2.11.2.	
  Respiratory	
  Burst	
  Assay	
  

	
  The	
  respiratory	
  burst	
  is	
  a	
  beneficial	
  immune	
  response	
  performed	
  by	
  a	
  

variety	
  of	
  cell	
  types,	
  including	
  neutrophils	
  and	
  macrophages.	
  Following	
  cellular	
  

activation,	
  the	
  NADPH	
  oxidase	
  enzyme	
  subunits	
  assemble	
  to	
  produce	
  and	
  secrete	
  

high	
  amounts	
  of	
  ROS	
  (Hermann	
  et	
  al.,	
  2004;	
  Richardson	
  et	
  al.,	
  1998).	
  The	
  

respiratory	
  burst	
  assay	
  is	
  used	
  to	
  quantify	
  the	
  secretion	
  of	
  superoxide	
  anion,	
  the	
  

most	
  commonly	
  occurring	
  oxygen	
  free	
  radical	
  (Chong	
  et	
  al.,	
  2005;	
  Dahlgren	
  and	
  

Karlsson,	
  1999;	
  Levy	
  et	
  al.,	
  1990).	
  In	
  this	
  assay,	
  cells	
  are	
  stimulated	
  with	
  fMLP,	
  a	
  

bacterial	
  peptide,	
  to	
  induce	
  the	
  release	
  of	
  superoxide	
  anion,	
  which	
  reacts	
  with	
  

luminol	
  to	
  produce	
  photons	
  of	
  light.	
  The	
  light	
  produced	
  can	
  be	
  detected	
  using	
  a	
  

plate	
  reader	
  and	
  quantified	
  as	
  a	
  chemiluminescence	
  (CHL)	
  value,	
  which	
  is	
  

representative	
  of	
  the	
  quantity	
  of	
  secreted	
  ROS	
  (Dahlgren	
  and	
  Karlsson,	
  1999).	
  

	
  To	
  conduct	
  the	
  respiratory	
  burst	
  assay,	
  varying	
  amounts	
  of	
  supernatant	
  were	
  

removed	
  from	
  each	
  sample	
  to	
  ensure	
  each	
  well	
  of	
  the	
  96-­‐well	
  plate	
  contained	
  a	
  total	
  

volume	
  of	
  85	
  μl.	
  The	
  plate	
  was	
  then	
  placed	
  in	
  the	
  dry	
  incubator	
  at	
  37OC	
  for	
  5	
  min.	
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The	
  luminol	
  solution	
  (10	
  mg/ml	
  luminol	
  sodium	
  salt	
  in	
  PBS)	
  and	
  the	
  fMLP	
  solution	
  

(fMLP	
  in	
  PBS)	
  were	
  prepared	
  and	
  placed	
  in	
  the	
  dry	
  incubator	
  at	
  37OC	
  for	
  5	
  min.	
  

Following	
  incubation,	
  the	
  luminol	
  solution	
  was	
  loaded	
  into	
  the	
  first	
  injector	
  and	
  the	
  

fMLP	
  solution	
  was	
  loaded	
  into	
  the	
  second	
  injector	
  of	
  the	
  FLUOstar	
  Omega	
  

microplate	
  reader.	
  The	
  96-­‐well	
  plate	
  containing	
  the	
  differentiated	
  and	
  primed	
  HL-­‐

60	
  cells	
  was	
  then	
  placed	
  into	
  the	
  plate	
  reader,	
  which	
  was	
  programmed	
  to	
  measure	
  

light	
  intensity	
  at	
  each	
  21-­‐second	
  cycle	
  over	
  a	
  60-­‐cycle	
  period.	
  10	
  μl	
  of	
  the	
  luminol	
  

solution	
  were	
  added	
  to	
  each	
  well	
  during	
  cycle	
  5,	
  and	
  5	
  μl	
  of	
  the	
  fMLP	
  solution	
  were	
  

added	
  to	
  each	
  well	
  during	
  cycle	
  15.	
  The	
  measurements	
  taken	
  at	
  each	
  cycle	
  were	
  

plotted	
  over	
  time	
  to	
  produce	
  a	
  graph,	
  which	
  was	
  analyzed	
  using	
  the	
  Mars	
  Analysis	
  

Software	
  (BMG	
  Labtech).	
  Data	
  were	
  expressed	
  as	
  percent	
  CHL	
  of	
  the	
  control	
  well,	
  

which	
  was	
  calculated	
  using	
  the	
  following	
  formulae:	
  

	
  
	
   1)	
  nCHL	
  =	
  CHLcycles15-­‐39	
  -­‐	
  CHLcycles40-­‐60	
  
	
  
	
   2)	
  %	
  CHL	
  =	
  nCHLsample	
  	
  x	
  	
  100%	
  
	
   	
   	
  	
  	
  	
  	
  	
  	
  	
  	
  nCHLcontrol	
  
	
  

	
  In	
  each	
  of	
  the	
  experiments,	
  the	
  light	
  signal	
  emitted	
  after	
  40	
  cycles	
  was	
  

equivalent	
  to	
  background	
  light	
  intensity;	
  therefore,	
  the	
  values	
  from	
  cycles	
  40-­‐60	
  

(CHLcycles40-­‐60)	
  were	
  averaged	
  to	
  obtain	
  the	
  mean	
  background	
  value.	
  To	
  determine	
  

the	
  normalized	
  CHL	
  (nCHL)	
  value	
  for	
  each	
  well,	
  the	
  mean	
  background	
  value	
  was	
  

subtracted	
  from	
  the	
  values	
  obtained	
  during	
  the	
  respiratory	
  burst	
  response,	
  which	
  

was	
  observed	
  during	
  cycles	
  15-­‐39	
  (CHLcycles15-­‐39).	
  CHL	
  values	
  were	
  calculated	
  by	
  

summing	
  the	
  area	
  under	
  the	
  curve	
  (light	
  measurement	
  vs.	
  time)	
  at	
  each	
  cycle.	
  The	
  

percent	
  CHL	
  value	
  was	
  then	
  determined	
  by	
  dividing	
  the	
  nCHL	
  value	
  of	
  each	
  sample	
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well	
  (nCHLsample)	
  by	
  the	
  nCHL	
  value	
  of	
  the	
  control	
  well	
  (nCHLcontrol),	
  and	
  multiplying	
  

this	
  number	
  by	
  100%.	
  

	
  

2.12.	
  Secretion	
  of	
  Pro-­‐Inflammatory	
  Cytokines	
  by	
  Microglia	
  

To	
  determine	
  the	
  concentrations	
  of	
  TNF-­‐α	
  and	
  MCP-­‐1	
  secreted	
  by	
  human	
  

THP-­‐1	
  cells,	
  ELISA	
  kits	
  were	
  obtained	
  from	
  Peprotech	
  and	
  the	
  assays	
  were	
  

conducted	
  as	
  per	
  the	
  manufacturer’s	
  instructions.	
  THP-­‐1	
  cells	
  were	
  harvested	
  from	
  

T-­‐75	
  flasks	
  and	
  counted	
  using	
  a	
  hemocytometer.	
  The	
  cells	
  were	
  centrifuged	
  at	
  450	
  g	
  

for	
  7	
  min	
  and	
  subsequently	
  re-­‐suspended	
  in	
  F5	
  medium	
  to	
  a	
  final	
  concentration	
  of	
  5	
  

x	
  105	
  million	
  cells/ml.	
  The	
  cells	
  were	
  seeded	
  at	
  500	
  μl/well	
  into	
  a	
  sterile	
  24-­‐well	
  

plate,	
  which	
  was	
  placed	
  in	
  the	
  CO2	
  incubator	
  for	
  30	
  min	
  to	
  allow	
  for	
  cell	
  recovery.	
  

The	
  cells	
  were	
  then	
  treated	
  with	
  varying	
  concentrations	
  of	
  cardiolipin	
  (2,	
  10,	
  20	
  or	
  

25	
  μg/ml)	
  or	
  its	
  vehicle	
  solution	
  (0.5%	
  v/v	
  DMSO)	
  and	
  placed	
  in	
  the	
  CO2	
  incubator.	
  

Following	
  15	
  min	
  incubation,	
  the	
  cells	
  were	
  stimulated	
  with	
  IFN-­‐γ	
  (150	
  U/ml)	
  plus	
  

LPS	
  (0.5	
  μg/ml	
  or	
  0.2	
  ng/ml	
  for	
  the	
  TNF-­‐α	
  or	
  MCP-­‐1	
  ELISAs,	
  respectively)	
  and	
  

placed	
  in	
  the	
  CO2	
  incubator	
  for	
  48	
  h.	
  Preliminary	
  experiments	
  revealed	
  that	
  THP-­‐1	
  

cell	
  stimulation	
  with	
  LPS	
  at	
  0.5	
  μg/ml	
  resulted	
  in	
  excessive	
  secretion	
  of	
  MCP-­‐1.	
  

Therefore,	
  the	
  MCP-­‐1	
  ELISA	
  experiments	
  were	
  conducted	
  using	
  LPS	
  at	
  a	
  

concentration	
  of	
  0.2	
  ng/ml,	
  which	
  optimally	
  induced	
  the	
  secretion	
  of	
  MCP-­‐1	
  to	
  a	
  

level	
  where	
  any	
  effects	
  of	
  cardiolipin	
  could	
  be	
  observed.	
  Following	
  incubation,	
  the	
  

THP-­‐1	
  supernatants	
  were	
  collected	
  for	
  use	
  in	
  the	
  ELISAs.	
  The	
  composition	
  of	
  all	
  

reagents	
  and	
  solutions	
  utilized	
  in	
  the	
  ELISA	
  are	
  listed	
  in	
  Appendix	
  B.	
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  On	
  the	
  first	
  day	
  of	
  the	
  ELISA,	
  each	
  well	
  of	
  a	
  96-­‐well	
  plate	
  was	
  coated	
  with	
  50	
  

μl	
  of	
  the	
  primary	
  antibody	
  (diluted	
  100x	
  and	
  400x	
  for	
  TNF-­‐α	
  and	
  MCP-­‐1,	
  

respectively)	
  in	
  coating	
  buffer.	
  The	
  plate	
  was	
  then	
  covered	
  with	
  parafilm	
  and	
  

incubated	
  overnight	
  at	
  4OC.	
  	
  

On	
  the	
  second	
  day	
  of	
  the	
  ELISA,	
  the	
  coating	
  buffer	
  was	
  discarded	
  and	
  180	
  μl	
  

of	
  blocking	
  solution	
  were	
  added	
  to	
  each	
  well.	
  The	
  plate	
  was	
  placed	
  in	
  a	
  wetbox	
  and	
  

incubated	
  at	
  37OC	
  for	
  1	
  h,	
  following	
  which	
  the	
  blocking	
  solution	
  was	
  discarded.	
  The	
  

plate	
  was	
  then	
  washed	
  2x	
  with	
  PBS-­‐Tween,	
  leaving	
  the	
  solution	
  in	
  the	
  wells	
  after	
  

the	
  second	
  wash.	
  The	
  solution	
  was	
  aspirated	
  from	
  each	
  individual	
  well,	
  and	
  100	
  μl	
  

of	
  the	
  sample	
  (THP-­‐1	
  supernatant)	
  or	
  standards	
  were	
  added	
  to	
  the	
  corresponding	
  

wells.	
  The	
  concentrations	
  of	
  the	
  standards	
  ranged	
  from	
  0.0032-­‐10	
  ng/ml	
  in	
  F5	
  

medium,	
  and	
  four	
  additional	
  wells	
  containing	
  F5	
  media	
  only	
  were	
  used	
  as	
  blank	
  

controls.	
  The	
  plate	
  was	
  then	
  covered	
  with	
  parafilm	
  and	
  incubated	
  overnight	
  at	
  4OC.	
  

On	
  the	
  third	
  day	
  of	
  the	
  ELISA,	
  the	
  samples	
  were	
  discarded	
  and	
  the	
  plate	
  was	
  

washed	
  3x	
  with	
  PBS-­‐Tween.	
  Subsequently,	
  100	
  μl	
  of	
  the	
  secondary	
  antibody	
  

(diluted	
  200x	
  for	
  both	
  TNF-­‐α	
  and	
  MCP-­‐1)	
  in	
  blocking	
  solution	
  were	
  added	
  to	
  each	
  

well.	
  The	
  plate	
  was	
  then	
  placed	
  in	
  a	
  wetbox	
  and	
  incubated	
  at	
  37OC	
  for	
  45	
  min.	
  

Following	
  incubation,	
  the	
  plate	
  was	
  washed	
  4x	
  with	
  PBS-­‐Tween	
  and	
  100	
  μl	
  of	
  

extravidin-­‐alkaline	
  phosphatase	
  (diluted	
  10,000x)	
  in	
  blocking	
  solution	
  were	
  added	
  

to	
  each	
  well.	
  The	
  plate	
  was	
  placed	
  in	
  a	
  wetbox	
  and	
  incubated	
  at	
  37OC	
  for	
  an	
  

additional	
  45	
  min,	
  following	
  which	
  the	
  plate	
  was	
  washed	
  5x	
  with	
  PBS-­‐Tween	
  and	
  

100	
  μl	
  of	
  the	
  alkaline	
  phosphatase	
  substrate	
  solution	
  were	
  added	
  to	
  each	
  well.	
  The	
  

OD	
  was	
  immediately	
  measured	
  at	
  405	
  nm	
  using	
  the	
  FLUOstar	
  Omega	
  microplate	
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reader,	
  and	
  the	
  plate	
  was	
  placed	
  in	
  the	
  dry	
  incubator.	
  The	
  OD	
  was	
  then	
  measured	
  

each	
  subsequent	
  hour,	
  for	
  3	
  h	
  or	
  until	
  a	
  distinct	
  color	
  change	
  was	
  observed.	
  

Analysis	
  of	
  the	
  data	
  was	
  conducted	
  as	
  per	
  the	
  manufacturer’s	
  instructions	
  

(Peprotech)	
  using	
  the	
  following	
  formulae:	
  	
  

1)	
  dODsample	
  =	
  ODfinal	
  -­‐	
  ODinitial	
  
	
  
2)	
  cODsample	
  =	
  dODsample	
  -­‐	
  dODblank	
  
	
  
Where	
  dODsample	
  represents	
  the	
  change	
  in	
  OD	
  of	
  each	
  sample,	
  cODsample	
  

represents	
  the	
  corrected	
  OD	
  of	
  each	
  sample	
  and	
  dODblank	
  represents	
  the	
  change	
  in	
  

OD	
  of	
  the	
  blank	
  control	
  wells	
  containing	
  F5	
  media	
  only.	
  

To	
  determine	
  the	
  concentration	
  of	
  either	
  TNF-­‐α	
  or	
  MCP-­‐1	
  in	
  each	
  well,	
  a	
  

calibration	
  curve	
  was	
  constructed	
  using	
  the	
  cOD	
  values	
  of	
  the	
  standards	
  (0.0032-­‐10	
  

ng/ml),	
  and	
  a	
  linear	
  trend	
  line	
  for	
  the	
  standard	
  curve	
  was	
  plotted.	
  The	
  cytokine	
  

concentration	
  (ng/ml)	
  in	
  each	
  sample,	
  as	
  well	
  as	
  the	
  detection	
  limit	
  (ng/ml)	
  for	
  the	
  

assay	
  were	
  calculated	
  using	
  the	
  following	
  formulae:	
  

	
  
3)	
  Cytokine	
  Concentration	
  =	
  cODsample	
  
	
   	
   	
   	
   	
  	
  	
  	
  	
  	
  	
  	
  m	
  

	
  
	
   4)	
  Detection	
  Limit	
  =	
  Mean	
  dODblank	
  +	
  2(Standard	
  Deviation	
  dODblank)	
  
	
   	
   	
   	
   	
   	
   	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  m	
  
	
  
	
   Where	
  m	
  represents	
  the	
  slope	
  of	
  the	
  linear	
  trend	
  line	
  for	
  the	
  standard	
  curve.	
   	
  

	
  

2.13.	
  Statistical	
  Analyses	
  

GraphPad	
  Prism	
  software	
  (version	
  7.0,	
  GraphPad	
  Software	
  Inc.,	
  La	
  Jolla,	
  CA,	
  

USA)	
  was	
  used	
  to	
  conduct	
  statistical	
  analyses.	
  Data	
  obtained	
  were	
  analyzed	
  using	
  

the	
  randomized	
  block	
  design	
  one-­‐way	
  analysis	
  of	
  variance	
  (ANOVA),	
  which	
  accounts	
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for	
  the	
  high	
  variability	
  of	
  data	
  collected	
  on	
  different	
  days.	
  The	
  one-­‐way	
  ANOVA	
  was	
  

followed	
  by	
  Fisher’s	
  least	
  significant	
  difference	
  (LSD)	
  post-­‐hoc	
  test,	
  which	
  was	
  

performed	
  to	
  detect	
  differences	
  between	
  the	
  individual	
  treatments,	
  and	
  has	
  been	
  

utilized	
  in	
  previous	
  studies	
  of	
  a	
  similar	
  nature	
  (Asanuma	
  et	
  al.,	
  2003;	
  Calviello	
  et	
  al.,	
  

2004;	
  Klegeris	
  et	
  al.,	
  2005;	
  Klegeris	
  et	
  al.,	
  2008).	
  The	
  two-­‐way	
  ANOVA	
  was	
  followed	
  

by	
  Dunnett’s	
  post-­‐hoc	
  test.	
  Data	
  are	
  presented	
  as	
  means	
  ±	
  standard	
  error	
  of	
  the	
  

mean	
  (SEM).	
  Significance	
  was	
  established	
  at	
  P	
  <	
  0.05.	
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Chapter	
  3:	
  Results	
  
	
  

3.1.	
  Effect	
  of	
  Cardiolipin	
  on	
  Phagocytic	
  Activity	
  of	
  Microglia	
  

3.1.1.	
  Phagocytic	
  Activity	
  of	
  Murine	
  BV-­‐2	
  Cells	
  

	
  Since	
  microglial	
  phagocytosis	
  plays	
  an	
  important	
  role	
  in	
  regulating	
  

homeostatic	
  conditions	
  in	
  the	
  brain	
  (Brown	
  and	
  Vilalta,	
  2015;	
  Fu	
  et	
  al.,	
  2014;	
  Yang	
  

et	
  al.,	
  2010),	
  we	
  evaluated	
  the	
  effect	
  of	
  cardiolipin	
  on	
  the	
  phagocytic	
  activity	
  of	
  

murine	
  BV-­‐2	
  cells.	
  Experiments	
  were	
  conducted	
  as	
  described	
  in	
  section	
  2.5.1.	
  

Cardiolipin	
  was	
  added	
  to	
  the	
  BV-­‐2	
  cells	
  at	
  5	
  or	
  20	
  μg/ml	
  in	
  the	
  absence	
  or	
  presence	
  

of	
  LPS,	
  as	
  this	
  stimulating	
  agent	
  has	
  been	
  shown	
  to	
  effectively	
  induce	
  phagocytosis	
  

in	
  BV-­‐2	
  cells	
  (He	
  et	
  al.,	
  2002;	
  Majerova	
  et	
  al.,	
  2014;	
  Pan	
  et	
  al.,	
  2011).	
  Following	
  24	
  h	
  

incubation,	
  0.8	
  μm	
  latex	
  beads	
  were	
  added	
  to	
  the	
  BV-­‐2	
  cells	
  for	
  2.5	
  h.	
  Subsequently,	
  

the	
  cells	
  were	
  imaged	
  under	
  the	
  light	
  microscope	
  (Figure	
  3.3)	
  and	
  the	
  phagocytosed	
  

latex	
  beads	
  were	
  counted.	
  The	
  results	
  were	
  compared	
  to	
  the	
  data	
  obtained	
  from	
  

cardiolipin	
  vehicle-­‐treated	
  cells.	
  

Additionally,	
  as	
  a	
  measure	
  to	
  ensure	
  that	
  the	
  latex	
  beads	
  were	
  being	
  

engulfed,	
  rather	
  than	
  just	
  adhering	
  to	
  the	
  BV-­‐2	
  cells,	
  cytochalasin	
  B	
  was	
  utilized	
  as	
  

an	
  inhibitor	
  of	
  phagocytosis	
  (Axline	
  and	
  Reaven,	
  1974;	
  Malawista	
  et	
  al.,	
  1971;	
  Zurier	
  

et	
  al.,	
  1973).	
  Cytochalasin	
  B	
  was	
  added	
  to	
  the	
  cells	
  prior	
  to	
  treatment	
  with	
  

cardiolipin,	
  and	
  the	
  experiments	
  were	
  conducted	
  as	
  described	
  in	
  section	
  2.5.1.	
  The	
  

results	
  were	
  compared	
  to	
  the	
  data	
  obtained	
  from	
  cells	
  pre-­‐incubated	
  with	
  

cytochalasin	
  B	
  and	
  treated	
  with	
  the	
  cardiolipin	
  or	
  LPS	
  vehicle	
  solution.	
  

We	
  confirm	
  that	
  stimulation	
  with	
  LPS	
  induces	
  the	
  phagocytic	
  activity	
  of	
  BV-­‐2	
  

cells,	
  and	
  demonstrate,	
  for	
  the	
  first	
  time,	
  that	
  cardiolipin	
  on	
  its	
  own	
  can	
  trigger	
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phagocytosis	
  by	
  BV-­‐2	
  cells	
  (Figures	
  3.1	
  and	
  3.3).	
  However,	
  when	
  combined	
  with	
  

LPS,	
  cardiolipin	
  does	
  not	
  further	
  increase	
  the	
  phagocytic	
  activity	
  of	
  BV-­‐2	
  cells	
  

(Figure	
  3.2).	
  Additionally,	
  we	
  authenticate	
  our	
  results	
  by	
  demonstrating	
  that	
  

cardiolipin-­‐induced	
  phagocytosis	
  of	
  latex	
  beads	
  by	
  BV-­‐2	
  cells	
  can	
  be	
  attenuated	
  

when	
  the	
  cells	
  are	
  pre-­‐incubated	
  with	
  cytochalasin	
  B.	
  Figure	
  3.4	
  illustrates	
  that	
  

adding	
  cardiolipin	
  to	
  cytochalasin	
  B-­‐treated	
  cells	
  does	
  not	
  result	
  in	
  an	
  increase	
  in	
  

the	
  phagocytic	
  activity	
  of	
  BV-­‐2	
  cells.	
  This,	
  therefore,	
  demonstrates	
  that	
  the	
  beads	
  

are	
  engulfed	
  by	
  BV-­‐2	
  cells,	
  and	
  have	
  not	
  just	
  adhered	
  to	
  these	
  cells.	
  

	
  

	
  
	
  
Figure	
  3.1.	
  Cardiolipin	
  induces	
  the	
  phagocytic	
  activity	
  of	
  murine	
  BV-­‐2	
  
microglia.	
  BV-­‐2	
  cells	
  were	
  treated	
  with	
  varying	
  concentrations	
  of	
  cardiolipin	
  
(shown	
  on	
  the	
  abscissa)	
  or	
  its	
  vehicle	
  solution	
  (1%	
  v/v	
  EtOH).	
  Following	
  24	
  h	
  
incubation,	
  BV-­‐2	
  cell	
  phagocytosis	
  of	
  0.8	
  μm	
  latex	
  beads	
  was	
  assessed	
  using	
  light	
  
microscopy.	
  Data	
  from	
  four	
  independent	
  experiments	
  are	
  presented	
  (means	
  ±	
  
S.E.M).	
  *	
  P	
  <	
  0.01,	
  different	
  from	
  cardiolipin	
  vehicle-­‐treated	
  cells	
  (0	
  μg/ml),	
  
according	
  to	
  the	
  randomized	
  block	
  one-­‐way	
  ANOVA	
  (P	
  and	
  F	
  values	
  indicated	
  on	
  
figure),	
  followed	
  by	
  Fisher’s	
  LSD	
  post-­‐hoc	
  test.	
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Figure	
  3.2.	
  Cardiolipin	
  does	
  not	
  affect	
  the	
  phagocytic	
  activity	
  of	
  stimulated	
  
murine	
  BV-­‐2	
  microglia.	
  BV-­‐2	
  cells	
  were	
  treated	
  with	
  varying	
  concentrations	
  of	
  
cardiolipin	
  (shown	
  on	
  the	
  abscissa)	
  or	
  its	
  vehicle	
  solution	
  (1%	
  v/v	
  EtOH)	
  prior	
  to	
  
stimulation	
  with	
  LPS	
  (0.5	
  μg/ml).	
  In	
  addition,	
  control	
  cells	
  (unstimulated)	
  were	
  
seeded	
  in	
  the	
  absence	
  of	
  cardiolipin	
  or	
  LPS.	
  Following	
  24	
  h	
  incubation,	
  BV-­‐2	
  cell	
  
phagocytosis	
  of	
  0.8	
  μm	
  latex	
  beads	
  was	
  assessed	
  using	
  light	
  microscopy.	
  Data	
  from	
  
four	
  independent	
  experiments	
  are	
  presented	
  (means	
  ±	
  S.E.M).	
  #	
  P	
  <	
  0.01,	
  different	
  
from	
  cardiolipin	
  vehicle-­‐treated	
  cells	
  (0	
  μg/ml)	
  stimulated	
  with	
  LPS,	
  according	
  to	
  
the	
  randomized	
  block	
  one-­‐way	
  ANOVA	
  (P	
  and	
  F	
  values	
  indicated	
  on	
  figure),	
  
followed	
  by	
  Fisher’s	
  LSD	
  post-­‐hoc	
  test.	
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Figure	
  3.3.	
  Cardiolipin	
  induces	
  the	
  phagocytic	
  activity	
  of	
  murine	
  BV-­‐2	
  
microglia.	
  BV-­‐2	
  cells	
  were	
  treated	
  with	
  the	
  cardiolipin	
  vehicle	
  solution	
  (1%	
  v/v	
  
EtOH)	
  (A)	
  or	
  cardiolipin	
  at	
  5	
  μg/ml	
  (B)	
  or	
  20	
  μg/ml	
  (C)	
  for	
  24	
  h	
  prior	
  the	
  addition	
  of	
  
0.8	
  μm	
  latex	
  beads.	
  Following	
  2.5	
  h	
  incubation	
  with	
  the	
  latex	
  beads,	
  cells	
  were	
  
imaged	
  under	
  the	
  light	
  microscope.	
  The	
  scale	
  bar	
  represents	
  10	
  μm	
  on	
  all	
  panels.	
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Figure	
  3.4.	
  Cytochalasin	
  B	
  inhibits	
  the	
  cardiolipin-­‐induced	
  phagocytic	
  activity	
  
of	
  murine	
  BV-­‐2	
  microglia.	
  Cytochalasin	
  B	
  (20	
  μM)	
  was	
  added	
  to	
  the	
  BV-­‐2	
  cells	
  1	
  h	
  
prior	
  to	
  treatment	
  with	
  varying	
  concentrations	
  of	
  cardiolipin	
  (shown	
  on	
  the	
  
abscissa)	
  or	
  its	
  vehicle	
  solution	
  (1%	
  v/v	
  EtOH).	
  Following	
  24	
  h	
  incubation,	
  BV-­‐2	
  cell	
  
phagocytosis	
  of	
  0.8	
  μm	
  latex	
  beads	
  was	
  assessed	
  using	
  light	
  microscopy.	
  Data	
  from	
  
three	
  independent	
  experiments	
  are	
  presented	
  (means	
  ±	
  S.E.M).	
  Data	
  were	
  analyzed	
  
using	
  the	
  randomized	
  block	
  one-­‐way	
  ANOVA	
  (P	
  and	
  F	
  values	
  indicated	
  on	
  figure).	
  
	
  

3.1.2.	
  Phagocytic	
  Activity	
  of	
  Primary	
  Murine	
  Microglia	
  

	
  The	
  effect	
  of	
  cardiolipin	
  on	
  the	
  phagocytic	
  activity	
  of	
  primary	
  murine	
  

microglia	
  was	
  evaluated.	
  Experiments	
  were	
  conducted	
  as	
  described	
  in	
  section	
  2.5.2.	
  

Cardiolipin	
  was	
  added	
  to	
  the	
  primary	
  murine	
  microglia	
  at	
  5	
  or	
  20	
  μg/ml.	
  Following	
  

24	
  h	
  incubation,	
  1	
  μm	
  Fluoresbrite®	
  YG	
  microspheres	
  were	
  added	
  to	
  the	
  primary	
  

murine	
  microglia	
  for	
  1	
  h.	
  Subsequently,	
  the	
  cells	
  were	
  imaged	
  under	
  the	
  light	
  

microscope	
  (Figure	
  3.6)	
  and	
  the	
  phagocytosis	
  of	
  the	
  fluorescent	
  microspheres	
  by	
  

primary	
  murine	
  microglia	
  was	
  analyzed.	
  The	
  results	
  were	
  compared	
  to	
  the	
  data	
  

obtained	
  from	
  cardiolipin	
  vehicle-­‐treated	
  cells.	
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Here	
  we	
  demonstrate,	
  for	
  the	
  first	
  time,	
  that	
  cardiolipin	
  increases	
  the	
  

phagocytic	
  activity	
  of	
  primary	
  murine	
  microglia	
  (Figures	
  3.5	
  and	
  3.6).	
  Additionally,	
  

we	
  utilized	
  confocal	
  microscopy	
  to	
  confirm	
  that	
  the	
  fluorescent	
  microspheres	
  were	
  

engulfed	
  by	
  the	
  primary	
  murine	
  microglia,	
  and	
  not	
  just	
  adhered	
  to	
  the	
  surface	
  of	
  

cells	
  (Figure	
  3.7).	
  

	
  

	
  

Figure	
  3.5.	
  Cardiolipin	
  increases	
  the	
  phagocytic	
  activity	
  of	
  primary	
  murine	
  
microglia.	
  Primary	
  murine	
  microglia	
  were	
  treated	
  with	
  varying	
  concentrations	
  of	
  
cardiolipin	
  (shown	
  on	
  the	
  abscissa)	
  or	
  its	
  vehicle	
  solution	
  (1%	
  v/v	
  EtOH).	
  Following	
  
24	
  h	
  incubation,	
  light	
  microscopy	
  was	
  used	
  to	
  assess	
  primary	
  murine	
  microglia	
  
phagocytosis	
  of	
  1	
  μm	
  Fluoresbrite®	
  YG	
  microspheres.	
  Results	
  are	
  expressed	
  as	
  
corrected	
  total	
  cell	
  fluorescence	
  (CTCF)	
  relative	
  to	
  control	
  values,	
  which	
  were	
  
obtained	
  from	
  cells	
  in	
  the	
  absence	
  of	
  cardiolipin	
  or	
  its	
  vehicle	
  solution.	
  Data	
  from	
  
three	
  independent	
  experiments	
  are	
  presented	
  (means	
  ±	
  S.E.M).	
  *	
  P	
  <	
  0.05,	
  different	
  
from	
  cardiolipin	
  vehicle-­‐treated	
  cells	
  (0	
  μg/ml),	
  according	
  to	
  the	
  randomized	
  block	
  
one-­‐way	
  ANOVA	
  (P	
  and	
  F	
  values	
  indicated	
  on	
  figure),	
  followed	
  by	
  Fisher’s	
  LSD	
  post-­‐
hoc	
  test.	
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Figure	
  3.6.	
  Cardiolipin	
  increases	
  the	
  phagocytic	
  activity	
  of	
  primary	
  murine	
  
microglia.	
  Primary	
  murine	
  microglia	
  were	
  treated	
  with	
  the	
  cardiolipin	
  vehicle	
  
solution	
  (1%	
  v/v	
  EtOH)	
  (A)	
  or	
  cardiolipin	
  at	
  20	
  μg/ml	
  (B)	
  for	
  24	
  h	
  prior	
  the	
  addition	
  
of	
  1	
  μm	
  Fluoresbrite®	
  YG	
  microspheres.	
  Following	
  1	
  h	
  incubation	
  with	
  the	
  
fluorescent	
  microspheres,	
  cells	
  were	
  imaged	
  under	
  the	
  light	
  microscope	
  (blue	
  =	
  
DAPI-­‐stained	
  nuclei,	
  green	
  =	
  fluorescent	
  microspheres).	
  The	
  scale	
  bar	
  represents	
  10	
  
μm	
  on	
  both	
  panels.	
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Figure	
  3.7.	
  Phagocytosis	
  of	
  fluorescent	
  microspheres	
  by	
  primary	
  murine	
  
microglia	
  was	
  confirmed	
  by	
  confocal	
  microscopy.	
  Primary	
  murine	
  microglia	
  
were	
  treated	
  with	
  cardiolipin	
  at	
  20	
  μg/ml	
  for	
  24	
  h	
  prior	
  the	
  addition	
  of	
  1	
  μm	
  
Fluoresbrite®	
  YG	
  microspheres.	
  Following	
  1	
  h	
  incubation	
  with	
  the	
  fluorescent	
  
microspheres,	
  cells	
  were	
  imaged	
  by	
  confocal	
  microscopy.	
  Images	
  were	
  taken	
  at	
  the	
  
top	
  (A),	
  bottom	
  (B)	
  and	
  mid-­‐point	
  (C)	
  of	
  the	
  cell	
  (blue	
  =	
  DAPI-­‐stained	
  nuclei,	
  green	
  =	
  
fluorescent	
  microspheres).	
  The	
  scale	
  bars	
  represent	
  5	
  μm	
  on	
  all	
  panels.	
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3.2.	
  Effect	
  of	
  Cardiolipin	
  on	
  Microglia-­‐Mediated	
  Cytotoxicity	
  

3.2.1.	
  Human	
  THP-­‐1	
  Cell	
  Viability	
  

The	
  effect	
  of	
  cardiolipin	
  on	
  human	
  THP-­‐1	
  cell	
  viability	
  was	
  determined	
  prior	
  

to	
  conducting	
  the	
  microglia-­‐mediated	
  cytotoxicity	
  assay.	
  Experiments	
  were	
  

performed	
  as	
  described	
  in	
  section	
  2.6.1.	
  Cardiolipin	
  was	
  added	
  to	
  THP-­‐1	
  cells	
  at	
  2,	
  

10,	
  20	
  or	
  25	
  μg/ml	
  in	
  the	
  absence	
  or	
  presence	
  of	
  IFN-­‐γ	
  plus	
  LPS.	
  As	
  in	
  previous	
  

studies,	
  IFN-­‐γ	
  plus	
  LPS	
  were	
  used	
  as	
  stimulating	
  agents	
  to	
  induce	
  microglial	
  

activation	
  and	
  subsequent	
  microglia-­‐mediated	
  cytotoxicity	
  (Genin	
  et	
  al.,	
  2015;	
  

Klegeris	
  and	
  McGeer,	
  2000).	
  Following	
  48	
  h	
  incubation,	
  the	
  viability	
  of	
  the	
  THP-­‐1	
  

cells	
  was	
  assessed	
  using	
  the	
  MTT	
  and	
  LDH	
  assays	
  (Figure	
  3.8	
  and	
  3.9,	
  respectively).	
  

The	
  results	
  were	
  compared	
  to	
  data	
  obtained	
  from	
  cardiolipin	
  vehicle-­‐treated	
  cells	
  in	
  

the	
  presence	
  of	
  IFN-­‐γ	
  plus	
  LPS.	
  

Here	
  we	
  demonstrate	
  that	
  the	
  addition	
  of	
  IFN-­‐γ	
  plus	
  LPS	
  significantly	
  affects	
  

THP-­‐1	
  cell	
  viability	
  (Figure	
  3.8)	
  and	
  cell	
  death	
  (Figure	
  3.9).	
  However,	
  the	
  addition	
  of	
  

cardiolipin	
  alone	
  (data	
  not	
  shown)	
  or	
  cardiolipin	
  in	
  combination	
  with	
  IFN-­‐γ	
  plus	
  

LPS	
  does	
  not	
  significantly	
  affect	
  THP-­‐1	
  cell	
  viability	
  (Figure	
  3.8)	
  or	
  cell	
  death	
  (Figure	
  

3.9).	
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Figure	
  3.8.	
  Cardiolipin	
  does	
  not	
  significantly	
  affect	
  the	
  viability	
  of	
  stimulated	
  
human	
  THP-­‐1	
  monocytic	
  cells.	
  THP-­‐1	
  cells	
  were	
  treated	
  with	
  varying	
  
concentrations	
  of	
  cardiolipin	
  (shown	
  on	
  the	
  abscissa)	
  or	
  its	
  vehicle	
  solution	
  (0.5%	
  
v/v	
  DMSO)	
  and	
  stimulated	
  with	
  IFN-­‐γ	
  (150	
  U/ml)	
  plus	
  LPS	
  (0.2	
  ng/ml).	
  In	
  addition,	
  
control	
  cells	
  (unstimulated)	
  were	
  seeded	
  in	
  the	
  absence	
  of	
  vehicle,	
  cardiolipin,	
  IFN-­‐γ	
  
or	
  LPS.	
  Following	
  48	
  h	
  incubation,	
  THP-­‐1	
  cell	
  viability	
  was	
  assessed	
  using	
  the	
  MTT	
  
assay.	
  Data	
  from	
  six	
  independent	
  experiments	
  are	
  presented	
  (means	
  ±	
  S.E.M).	
  #	
  P	
  <	
  
0.01,	
  different	
  from	
  cardiolipin	
  vehicle-­‐treated	
  cells	
  (0	
  μg/ml)	
  stimulated	
  with	
  IFN-­‐γ	
  
plus	
  LPS,	
  according	
  to	
  the	
  randomized	
  block	
  one-­‐way	
  ANOVA	
  (P	
  and	
  F	
  values	
  
indicated	
  on	
  figure),	
  followed	
  by	
  Fisher’s	
  LSD	
  post-­‐hoc	
  test.	
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Figure	
  3.9.	
  Cardiolipin	
  does	
  not	
  significantly	
  affect	
  the	
  death	
  of	
  stimulated	
  
human	
  THP-­‐1	
  monocytic	
  cells.	
  THP-­‐1	
  cells	
  were	
  treated	
  with	
  varying	
  
concentrations	
  of	
  cardiolipin	
  (shown	
  on	
  the	
  abscissa)	
  or	
  its	
  vehicle	
  solution	
  (0.5%	
  
v/v	
  DMSO)	
  and	
  stimulated	
  with	
  IFN-­‐γ	
  (150	
  U/ml)	
  plus	
  LPS	
  (0.2	
  ng/ml).	
  In	
  addition,	
  
control	
  cells	
  (unstimulated)	
  were	
  seeded	
  in	
  the	
  absence	
  of	
  vehicle,	
  cardiolipin,	
  IFN-­‐γ	
  
or	
  LPS.	
  Following	
  48	
  h	
  incubation,	
  THP-­‐1	
  cell	
  death	
  was	
  assessed	
  using	
  the	
  LDH	
  
assay.	
  Data	
  from	
  six	
  independent	
  experiments	
  are	
  presented	
  (means	
  ±	
  S.E.M).	
  #	
  P	
  <	
  
0.01,	
  different	
  from	
  cardiolipin	
  vehicle-­‐treated	
  cells	
  (0	
  μg/ml)	
  stimulated	
  with	
  IFN-­‐γ	
  
plus	
  LPS,	
  according	
  to	
  the	
  randomized	
  block	
  one-­‐way	
  ANOVA	
  (P	
  and	
  F	
  values	
  
indicated	
  on	
  figure),	
  followed	
  by	
  Fisher’s	
  LSD	
  post-­‐hoc	
  test.	
  
	
   	
  

3.2.2.	
  Human	
  SH-­‐SY5Y	
  Cell	
  Viability	
  

Since	
  microglia-­‐mediated	
  neuron	
  death	
  is	
  a	
  characteristic	
  feature	
  of	
  

neuroinflammation	
  (Klegeris	
  and	
  McGeer,	
  2000;	
  Kraft	
  and	
  Harry,	
  2011),	
  we	
  

investigated	
  whether	
  cardiolipin	
  affected	
  microglia-­‐mediated	
  cytotoxicity	
  towards	
  

human	
  SH-­‐SY5Y	
  neuronal	
  cells.	
  Once	
  it	
  was	
  established	
  that	
  cardiolipin	
  did	
  not	
  

significantly	
  affect	
  THP-­‐1	
  cell	
  viability,	
  experiments	
  were	
  conducted	
  as	
  described	
  in	
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section	
  2.6.2.	
  Cardiolipin	
  was	
  added	
  to	
  THP-­‐1	
  cells	
  at	
  2,	
  10,	
  20	
  or	
  25	
  μg/ml	
  in	
  the	
  

absence	
  or	
  presence	
  of	
  IFN-­‐γ	
  plus	
  LPS.	
  THP-­‐1	
  cell	
  supernatants	
  were	
  transferred	
  

onto	
  human	
  SH-­‐SY5Y	
  cells,	
  following	
  which	
  the	
  viability	
  of	
  the	
  SH-­‐SY5Y	
  cells	
  was	
  

assessed	
  using	
  the	
  MTT	
  and	
  LDH	
  assays	
  (Figure	
  3.10	
  and	
  3.11,	
  respectively).	
  The	
  

results	
  were	
  compared	
  to	
  the	
  data	
  obtained	
  from	
  cardiolipin	
  vehicle-­‐treated	
  cells	
  in	
  

the	
  presence	
  of	
  IFN-­‐γ	
  plus	
  LPS.	
  

The	
  addition	
  of	
  cardiolipin	
  to	
  unstimulated	
  THP-­‐1	
  cells,	
  followed	
  by	
  transfer	
  

of	
  their	
  supernatants	
  onto	
  SH-­‐SY5Y	
  cells,	
  does	
  not	
  significantly	
  affect	
  the	
  viability	
  of	
  

the	
  SH-­‐SY5Y	
  neuronal	
  cells	
  (data	
  not	
  shown).	
  Here	
  we	
  demonstrate	
  that	
  stimulation	
  

with	
  IFN-­‐γ	
  plus	
  LPS	
  induces	
  THP-­‐1	
  cell	
  cytotoxicity	
  towards	
  SH-­‐SY5Y	
  neuronal	
  cells,	
  

thereby,	
  resulting	
  in	
  decreased	
  viability	
  (Figure	
  3.10)	
  and	
  increased	
  death	
  (Figure	
  

3.11)	
  of	
  the	
  SH-­‐SY5Y	
  cells.	
  However,	
  when	
  THP-­‐1	
  cells	
  are	
  stimulated	
  with	
  IFN-­‐γ	
  

plus	
  LPS	
  in	
  the	
  presence	
  of	
  cardiolipin,	
  a	
  decrease	
  in	
  THP-­‐1	
  cell	
  cytotoxicity	
  is	
  

observed	
  at	
  all	
  concentrations	
  of	
  cardiolipin	
  studied,	
  which	
  is	
  evidenced	
  by	
  an	
  

increase	
  in	
  viability	
  (Figure	
  3.10)	
  and	
  decrease	
  in	
  death	
  (Figure	
  3.11)	
  of	
  SH-­‐SY5Y	
  

cells,	
  when	
  compared	
  to	
  cells	
  incubated	
  with	
  supernatants	
  from	
  THP-­‐1	
  cells	
  

stimulated	
  with	
  IFN-­‐γ	
  plus	
  LPS	
  in	
  the	
  absence	
  of	
  cardiolipin.	
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Figure	
  3.10.	
  Cardiolipin	
  inhibits	
  the	
  cytotoxicity	
  of	
  stimulated	
  human	
  THP-­‐1	
  
monocytic	
  cells	
  and	
  increases	
  human	
  SH-­‐SY5Y	
  neuronal	
  cell	
  viability.	
  THP-­‐1	
  
cells	
  were	
  treated	
  with	
  varying	
  concentrations	
  of	
  cardiolipin	
  (shown	
  on	
  the	
  
abscissa)	
  or	
  its	
  vehicle	
  solution	
  (0.5%	
  v/v	
  DMSO)	
  and	
  stimulated	
  with	
  IFN-­‐γ	
  (150	
  
U/ml)	
  plus	
  LPS	
  (0.2	
  ng/ml).	
  In	
  addition,	
  control	
  cells	
  (unstimulated)	
  were	
  seeded	
  in	
  
the	
  absence	
  of	
  vehicle,	
  cardiolipin,	
  IFN-­‐γ	
  or	
  LPS.	
  Following	
  48	
  h	
  incubation,	
  THP-­‐1	
  
cell	
  supernatants	
  were	
  transferred	
  onto	
  SH-­‐SY5Y	
  cells.	
  Following	
  72	
  h	
  exposure	
  to	
  
the	
  THP-­‐1	
  cell	
  supernatants,	
  SH-­‐SY5Y	
  cell	
  viability	
  was	
  assessed	
  using	
  the	
  MTT	
  
assay.	
  Data	
  from	
  six	
  independent	
  experiments	
  are	
  presented	
  (means	
  ±	
  S.E.M).	
  #	
  P	
  <	
  
0.01,	
  *	
  P	
  <	
  0.05,	
  different	
  from	
  cardiolipin	
  vehicle-­‐treated	
  cells	
  (0	
  μg/ml)	
  stimulated	
  
with	
  IFN-­‐γ	
  plus	
  LPS,	
  according	
  to	
  the	
  randomized	
  block	
  one-­‐way	
  ANOVA	
  (P	
  and	
  F	
  
values	
  indicated	
  on	
  figure),	
  followed	
  by	
  Fisher’s	
  LSD	
  post-­‐hoc	
  test.	
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Figure	
  3.11.	
  Cardiolipin	
  inhibits	
  the	
  cytotoxicity	
  of	
  stimulated	
  human	
  THP-­‐1	
  
monocytic	
  cells	
  and	
  decreases	
  human	
  SH-­‐SY5Y	
  neuronal	
  cell	
  death.	
  THP-­‐1	
  cells	
  
were	
  treated	
  with	
  varying	
  concentrations	
  of	
  cardiolipin	
  (shown	
  on	
  the	
  abscissa)	
  or	
  
its	
  vehicle	
  solution	
  (0.5%	
  v/v	
  DMSO)	
  and	
  stimulated	
  with	
  IFN-­‐γ	
  (150	
  U/ml)	
  plus	
  
LPS	
  (0.2	
  ng/ml).	
  In	
  addition,	
  control	
  cells	
  (unstimulated)	
  were	
  seeded	
  in	
  the	
  
absence	
  of	
  vehicle,	
  cardiolipin,	
  IFN-­‐γ	
  or	
  LPS.	
  Following	
  48	
  h	
  incubation,	
  THP-­‐1	
  cell	
  
supernatants	
  were	
  transferred	
  onto	
  SH-­‐SY5Y	
  cells.	
  Following	
  72	
  h	
  exposure	
  to	
  the	
  
THP-­‐1	
  cell	
  supernatants,	
  SH-­‐SY5Y	
  cell	
  death	
  was	
  assessed	
  using	
  the	
  LDH	
  assay.	
  Data	
  
from	
  six	
  independent	
  experiments	
  are	
  presented	
  (means	
  ±	
  S.E.M).	
  #	
  P	
  <	
  0.01,	
  *	
  P	
  <	
  
0.01,	
  different	
  from	
  cardiolipin	
  vehicle-­‐treated	
  cells	
  (0	
  μg/ml)	
  stimulated	
  with	
  IFN-­‐γ	
  
plus	
  LPS,	
  according	
  to	
  the	
  randomized	
  block	
  one-­‐way	
  ANOVA	
  (P	
  and	
  F	
  values	
  
indicated	
  on	
  figure),	
  followed	
  by	
  Fisher’s	
  LSD	
  post-­‐hoc	
  test.	
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3.3.	
  Effect	
  of	
  Cardiolipin	
  on	
  Neurotrophic	
  Factor	
  Expression	
  by	
  Microglia	
  

3.3.1.	
  Expression	
  of	
  Brain-­‐Derived	
  Neurotrophic	
  Factor	
  (BDNF)	
  and	
  Glial	
  Cell	
  
Line-­‐Derived	
  Neurotrophic	
  Factor	
  (GDNF)	
  by	
  Murine	
  BV-­‐2	
  Cells	
  
	
  
Since	
  cardiolipin	
  exhibited	
  neuroprotective	
  effects	
  against	
  microglia-­‐

mediated	
  cytotoxicity	
  (see	
  section	
  3.2),	
  we	
  hypothesized	
  that	
  cardiolipin	
  may	
  also	
  

induce	
  the	
  expression	
  of	
  the	
  critical	
  neurotrophic	
  factors	
  BDNF	
  and	
  GDNF	
  by	
  

microglia.	
  Experiments	
  were	
  conducted	
  as	
  described	
  in	
  section	
  2.9.1.	
  Cardiolipin	
  

was	
  added	
  to	
  BV-­‐2	
  cells	
  at	
  a	
  concentration	
  of	
  5,	
  10	
  or	
  20	
  μg/ml.	
  Following	
  24	
  h	
  

incubation,	
  the	
  immunofluorescence	
  assay	
  was	
  conducted	
  to	
  evaluate	
  the	
  effect	
  of	
  

cardiolipin	
  on	
  BDNF	
  and	
  GDNF	
  expression	
  by	
  BV-­‐2	
  cells.	
  The	
  results	
  were	
  compared	
  

to	
  the	
  data	
  obtained	
  from	
  the	
  cardiolipin	
  vehicle-­‐treated	
  cells.	
  	
  

Here	
  we	
  demonstrate,	
  for	
  the	
  first	
  time,	
  that	
  incubation	
  with	
  cardiolipin	
  

increases	
  the	
  expression	
  of	
  both	
  BDNF	
  (Figure	
  3.12)	
  and	
  GDNF	
  (Figure	
  3.13)	
  by	
  BV-­‐

2	
  cells.	
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Figure	
  3.12.	
  Cardiolipin	
  induces	
  the	
  expression	
  of	
  brain-­‐derived	
  neurotrophic	
  
factor	
  (BDNF)	
  by	
  murine	
  BV-­‐2	
  microglia.	
  BV-­‐2	
  cells	
  were	
  treated	
  with	
  varying	
  
concentrations	
  of	
  cardiolipin	
  (shown	
  on	
  the	
  abscissa)	
  or	
  its	
  vehicle	
  solution	
  (1%	
  v/v	
  
EtOH).	
  Following	
  24	
  h	
  incubation,	
  the	
  immunofluorescence	
  assay	
  was	
  conducted	
  to	
  
assess	
  the	
  expression	
  of	
  BDNF	
  (mean	
  fluorescence	
  intensity	
  (MFI)/cell)	
  by	
  BV-­‐2	
  
cells.	
  Data	
  from	
  six	
  independent	
  experiments	
  are	
  presented	
  (means	
  ±	
  S.E.M).	
  *	
  P	
  <	
  
0.01,	
  different	
  from	
  cardiolipin	
  vehicle-­‐treated	
  cells	
  (0	
  μg/ml),	
  according	
  to	
  the	
  
randomized	
  block	
  one-­‐way	
  ANOVA	
  (P	
  and	
  F	
  values	
  indicated	
  on	
  figure),	
  followed	
  by	
  
Fisher’s	
  LSD	
  post-­‐hoc	
  test.	
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Figure	
  3.13.	
  Cardiolipin	
  induces	
  the	
  expression	
  of	
  glial	
  cell	
  line-­‐derived	
  
neurotrophic	
  factor	
  (GDNF)	
  by	
  murine	
  BV-­‐2	
  microglia.	
  BV-­‐2	
  cells	
  were	
  treated	
  
with	
  varying	
  concentrations	
  of	
  cardiolipin	
  (shown	
  on	
  the	
  abscissa)	
  or	
  its	
  vehicle	
  
solution	
  (1%	
  v/v	
  EtOH).	
  Following	
  24	
  h	
  incubation,	
  the	
  immunofluorescence	
  assay	
  
was	
  conducted	
  to	
  assess	
  the	
  expression	
  of	
  GDNF	
  (mean	
  fluorescence	
  intensity	
  
(MFI)/cell)	
  by	
  BV-­‐2	
  cells.	
  Data	
  from	
  six	
  independent	
  experiments	
  are	
  presented	
  
(means	
  ±	
  S.E.M).	
  *	
  P	
  <	
  0.05,	
  **	
  P	
  <	
  0.01,	
  different	
  from	
  cardiolipin	
  vehicle-­‐treated	
  
cells	
  (0	
  μg/ml),	
  according	
  to	
  the	
  randomized	
  block	
  one-­‐way	
  ANOVA	
  (P	
  and	
  F	
  values	
  
indicated	
  on	
  figure),	
  followed	
  by	
  Fisher’s	
  LSD	
  post-­‐hoc	
  test.	
  
	
  

3.3.2.	
  Expression	
  of	
  Brain-­‐Derived	
  Neurotrophic	
  Factor	
  (BDNF)	
  and	
  Glial	
  Cell	
  
Line-­‐Derived	
  Neurotrophic	
  Factor	
  (GDNF)	
  by	
  Primary	
  Murine	
  Microglia	
  
	
  
Next,	
  we	
  assessed	
  the	
  effect	
  of	
  cardiolipin	
  on	
  the	
  expression	
  of	
  BDNF	
  and	
  

GDNF	
  by	
  primary	
  murine	
  microglia.	
  Experiments	
  were	
  conducted	
  as	
  described	
  in	
  

section	
  2.9.2.	
  Cardiolipin	
  was	
  added	
  to	
  primary	
  murine	
  microglia	
  at	
  5,	
  10	
  or	
  20	
  

μg/ml.	
  Following	
  24	
  h	
  incubation,	
  the	
  immunofluorescence	
  assay	
  was	
  conducted.	
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The	
  results	
  were	
  compared	
  to	
  the	
  data	
  obtained	
  from	
  the	
  cardiolipin	
  vehicle-­‐treated	
  

cells.	
  

Here	
  we	
  demonstrate	
  that,	
  similar	
  to	
  the	
  effect	
  observed	
  in	
  BV-­‐2	
  cells,	
  

incubation	
  of	
  primary	
  murine	
  microglia	
  with	
  cardiolipin	
  increases	
  their	
  expression	
  

of	
  BDNF	
  (Figure	
  3.14)	
  and	
  GDNF	
  (Figure	
  3.15).	
  Additionally,	
  we	
  confirm	
  that	
  the	
  

cells	
  utilized	
  in	
  these	
  experiments	
  were	
  primary	
  murine	
  microglia,	
  as	
  they	
  are	
  

positive	
  for	
  the	
  IBA-­‐1	
  microglia	
  marker	
  (Figure	
  3.16).	
  

	
  

	
  
Figure	
  3.14.	
  Cardiolipin	
  increases	
  the	
  expression	
  of	
  brain-­‐derived	
  
neurotrophic	
  factor	
  (BDNF)	
  by	
  primary	
  murine	
  microglia.	
  Primary	
  murine	
  
microglia	
  were	
  treated	
  with	
  varying	
  concentrations	
  of	
  cardiolipin	
  (shown	
  on	
  the	
  
abscissa)	
  or	
  its	
  vehicle	
  solution	
  (1%	
  v/v	
  EtOH).	
  Following	
  24	
  h	
  incubation,	
  the	
  
immunofluorescence	
  assay	
  was	
  conducted	
  to	
  assess	
  the	
  expression	
  of	
  BDNF	
  (mean	
  
fluorescence	
  intensity	
  (MFI)/cell)	
  by	
  primary	
  murine	
  microglia.	
  Data	
  from	
  three	
  
independent	
  experiments	
  are	
  presented	
  (means	
  ±	
  S.E.M).	
  *	
  P	
  <	
  0.05,	
  **	
  P	
  <	
  0.01,	
  
different	
  from	
  cardiolipin	
  vehicle-­‐treated	
  cells	
  (0	
  μg/ml),	
  according	
  to	
  the	
  
randomized	
  block	
  one-­‐way	
  ANOVA	
  (P	
  and	
  F	
  values	
  indicated	
  on	
  figure),	
  followed	
  by	
  
Fisher’s	
  LSD	
  post-­‐hoc	
  test.	
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Figure	
  3.15.	
  Cardiolipin	
  increases	
  the	
  expression	
  of	
  glial	
  cell	
  line-­‐derived	
  
neurotrophic	
  factor	
  (GDNF)	
  by	
  primary	
  murine	
  microglia.	
  Primary	
  murine	
  
microglia	
  were	
  treated	
  with	
  varying	
  concentrations	
  of	
  cardiolipin	
  (shown	
  on	
  the	
  
abscissa)	
  or	
  its	
  vehicle	
  solution	
  (1%	
  v/v	
  EtOH).	
  Following	
  24	
  h	
  incubation,	
  the	
  
immunofluorescence	
  assay	
  was	
  conducted	
  to	
  assess	
  the	
  expression	
  of	
  GDNF	
  (mean	
  
fluorescence	
  intensity	
  (MFI)/cell)	
  by	
  primary	
  murine	
  microglia.	
  Data	
  from	
  three	
  
independent	
  experiments	
  are	
  presented	
  (means	
  ±	
  S.E.M).	
  *	
  P	
  <	
  0.05,	
  different	
  from	
  
cardiolipin	
  vehicle-­‐treated	
  cells	
  (0	
  μg/ml),	
  according	
  to	
  the	
  randomized	
  block	
  one-­‐
way	
  ANOVA	
  (P	
  and	
  F	
  values	
  indicated	
  on	
  figure),	
  followed	
  by	
  Fisher’s	
  LSD	
  post-­‐hoc	
  
test.	
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Figure	
  3.16.	
  Primary	
  murine	
  microglia	
  utilized	
  in	
  the	
  immunofluorescence	
  
assay	
  are	
  ionized	
  calcium-­‐binding	
  adaptor	
  molecule	
  (IBA)-­‐1-­‐positive.	
  The	
  
immunofluorescence	
  assay	
  was	
  conducted	
  to	
  assess	
  expression	
  of	
  IBA-­‐1	
  by	
  primary	
  
murine	
  microglia.	
  Immunostaining	
  was	
  performed	
  using	
  the	
  anti-­‐IBA-­‐1	
  antibody	
  
and	
  DAPI	
  nuclear	
  stain.	
  Two	
  separate	
  images	
  were	
  obtained	
  and	
  combined	
  to	
  create	
  
the	
  overlay	
  image	
  presented	
  in	
  this	
  figure	
  (green	
  =	
  IBA-­‐1	
  staining,	
  blue	
  =	
  DAPI-­‐
stained	
  nuclei).	
  The	
  scale	
  bar	
  represents	
  50	
  μm.	
  
	
  

3.4.	
  Effect	
  of	
  Cardiolipin	
  on	
  the	
  Secretory	
  Profile	
  of	
  Microglia	
  

Since	
  cardiolipin	
  modulates	
  microglia-­‐mediated	
  cytotoxicity,	
  we	
  next	
  

assessed	
  the	
  effect	
  of	
  cardiolipin	
  on	
  the	
  secretory	
  profile	
  of	
  activated	
  microglia.	
  We	
  

examined	
  the	
  effect	
  of	
  cardiolipin	
  on	
  microglial	
  secretion	
  of	
  RNS,	
  ROS,	
  TNF-­‐α	
  and	
  

MCP-­‐1,	
  all	
  of	
  which	
  are	
  upregulated	
  following	
  the	
  pro-­‐inflammatory	
  activation	
  of	
  

microglia,	
  as	
  well	
  as	
  in	
  the	
  chronic	
  neuroinflammatory	
  state	
  observed	
  in	
  

neurodegenerative	
  diseases,	
  such	
  as	
  AD	
  (Jessen,	
  2004;	
  Lull	
  and	
  Block,	
  2010;	
  

Parpura	
  et	
  al.,	
  2012;	
  Saijo	
  and	
  Glass,	
  2011;	
  Yang	
  et	
  al.,	
  2010).	
  

	
  

3.4.1.	
  Effect	
  of	
  Cardiolipin	
  on	
  Nitrite	
  Secretion	
  by	
  Murine	
  BV-­‐2	
  Cells	
  

We	
  first	
  evaluated	
  the	
  effect	
  of	
  cardiolipin	
  on	
  the	
  secretion	
  of	
  RNS	
  by	
  

microglia.	
  Experiments	
  were	
  conducted	
  as	
  described	
  in	
  section	
  2.10.	
  Cardiolipin	
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was	
  added	
  to	
  BV-­‐2	
  cells	
  at	
  2,	
  10	
  or	
  20	
  μg/ml	
  in	
  the	
  absence	
  or	
  presence	
  of	
  LPS,	
  as	
  

this	
  stimulating	
  agent	
  has	
  been	
  shown	
  to	
  induce	
  the	
  RNS	
  secretion	
  by	
  BV-­‐2	
  cells	
  

(Horvath	
  et	
  al.,	
  2008;	
  Hu	
  et	
  al.,	
  2007).	
  Following	
  24	
  h	
  incubation,	
  the	
  Griess	
  assay	
  

was	
  conducted	
  to	
  assess	
  BV-­‐2	
  cell	
  secretion	
  of	
  nitrite.	
  The	
  results	
  were	
  compared	
  to	
  

the	
  data	
  obtained	
  from	
  cardiolipin	
  vehicle-­‐treated	
  cells	
  in	
  the	
  presence	
  of	
  LPS.	
  	
  

The	
  addition	
  of	
  cardiolipin	
  alone	
  does	
  not	
  induce	
  nitrite	
  secretion	
  by	
  BV-­‐2	
  

cells	
  (data	
  not	
  shown).	
  Here	
  we	
  confirm	
  that	
  BV-­‐2	
  cell	
  stimulation	
  with	
  LPS	
  induces	
  

the	
  secretion	
  of	
  nitrite;	
  however,	
  when	
  the	
  cells	
  are	
  stimulated	
  with	
  LPS	
  in	
  the	
  

presence	
  of	
  cardiolipin,	
  nitrite	
  secretion	
  is	
  reduced	
  at	
  all	
  concentrations	
  of	
  

cardiolipin	
  studied	
  (Figure	
  3.17).	
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Figure	
  3.17.	
  Cardiolipin	
  reduces	
  the	
  secretion	
  of	
  nitrite	
  by	
  stimulated	
  murine	
  
BV-­‐2	
  microglia.	
  BV-­‐2	
  cells	
  were	
  treated	
  with	
  varying	
  concentrations	
  of	
  cardiolipin	
  
(shown	
  on	
  the	
  abscissa)	
  or	
  its	
  vehicle	
  solution	
  (1%	
  v/v	
  EtOH)	
  prior	
  to	
  stimulation	
  
with	
  LPS	
  (0.5	
  μg/ml).	
  In	
  addition,	
  control	
  cells	
  (unstimulated)	
  were	
  seeded	
  in	
  the	
  
absence	
  of	
  vehicle,	
  cardiolipin	
  or	
  LPS.	
  Following	
  24	
  h	
  incubation,	
  the	
  Griess	
  assay	
  
was	
  conducted	
  to	
  measure	
  the	
  concentration	
  of	
  nitrite	
  (μM)	
  in	
  BV-­‐2	
  cell	
  
supernatants.	
  Data	
  from	
  six	
  independent	
  experiments	
  are	
  presented	
  (means	
  ±	
  
S.E.M.).	
  The	
  detection	
  limit	
  of	
  the	
  Griess	
  assay	
  (0.06	
  ±	
  0.002	
  μM)	
  is	
  shown	
  as	
  a	
  
dotted	
  line.	
  #	
  P	
  <	
  0.01,	
  *	
  P	
  <	
  0.01,	
  different	
  from	
  cardiolipin	
  vehicle-­‐treated	
  cells	
  (0	
  
μg/ml)	
  stimulated	
  with	
  LPS,	
  according	
  to	
  the	
  randomized	
  block	
  one-­‐way	
  ANOVA	
  (P	
  
and	
  F	
  values	
  indicated	
  on	
  figure),	
  followed	
  by	
  Fisher’s	
  LSD	
  post-­‐hoc	
  test.	
  
	
  

3.4.2.	
  Effect	
  of	
  Cardiolipin	
  on	
  Superoxide	
  Anion	
  Secretion	
  by	
  Human	
  	
  
HL-­‐60	
  Cells	
  
	
  
Since	
  the	
  production	
  and	
  secretion	
  of	
  ROS	
  is	
  significantly	
  upregulated	
  during	
  

neuroinflammatory	
  events,	
  we	
  aimed	
  to	
  evaluate	
  the	
  effect	
  of	
  cardiolipin	
  on	
  

microglial	
  secretion	
  of	
  superoxide	
  anion,	
  a	
  well-­‐defined	
  ROS.	
  Experiments	
  were	
  

conducted	
  as	
  described	
  in	
  section	
  2.11.	
  Human	
  HL-­‐60	
  cells	
  were	
  differentiated	
  for	
  5	
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days	
  to	
  induce	
  the	
  expression	
  of	
  the	
  NADPH	
  oxidase	
  subunits,	
  which	
  are	
  required	
  

for	
  the	
  generation	
  of	
  the	
  respiratory	
  burst	
  (Hermann	
  et	
  al.,	
  2004;	
  Richardson	
  et	
  al.,	
  

1998).	
  Cardiolipin	
  was	
  added	
  to	
  the	
  differentiated	
  cells	
  at	
  2,	
  10	
  or	
  20	
  μg/ml	
  in	
  the	
  

absence	
  or	
  presence	
  of	
  LPS,	
  which	
  was	
  used	
  as	
  a	
  priming	
  agent.	
  Following	
  24	
  h	
  

incubation,	
  luminol	
  solution	
  was	
  added	
  to	
  the	
  cells	
  prior	
  to	
  stimulation	
  with	
  fMLP,	
  a	
  

bacterial	
  peptide	
  that	
  induces	
  respiratory	
  burst.	
  The	
  results	
  are	
  expressed	
  as	
  CHL	
  

intensity	
  relative	
  to	
  the	
  data	
  obtained	
  from	
  the	
  control	
  wells,	
  which	
  contained	
  

differentiated	
  HL-­‐60	
  cells	
  in	
  the	
  absence	
  of	
  vehicle,	
  cardiolipin	
  or	
  LPS.	
  

The	
  addition	
  of	
  cardiolipin	
  alone	
  does	
  not	
  affect	
  the	
  secretion	
  of	
  superoxide	
  

anion	
  by	
  differentiated	
  HL-­‐60	
  cells	
  (data	
  not	
  shown).	
  Here	
  we	
  demonstrate	
  that	
  

when	
  differentiated	
  HL-­‐60	
  cells	
  are	
  primed	
  with	
  LPS,	
  there	
  is	
  a	
  significant	
  increase	
  

in	
  superoxide	
  anion	
  secretion	
  in	
  response	
  to	
  fMLP-­‐stimulation	
  (Figure	
  3.18).	
  The	
  

addition	
  of	
  cardiolipin	
  to	
  LPS-­‐primed	
  cells	
  just	
  prior	
  to	
  stimulation	
  with	
  fMLP	
  does	
  

not	
  affect	
  superoxide	
  anion	
  secretion	
  (data	
  not	
  shown).	
  However,	
  when	
  the	
  cells	
  are	
  

primed	
  with	
  LPS	
  in	
  the	
  presence	
  of	
  cardiolipin,	
  there	
  is	
  a	
  significant	
  reduction	
  in	
  

superoxide	
  anion	
  secretion	
  following	
  fMLP-­‐stimulation	
  (Figure	
  3.18).	
  This,	
  

therefore,	
  demonstrates	
  that	
  the	
  addition	
  of	
  cardiolipin	
  inhibits	
  the	
  priming,	
  rather	
  

than	
  the	
  stimulation,	
  of	
  the	
  respiratory	
  burst.	
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Figure	
  3.18.	
  Cardiolipin	
  reduces	
  the	
  secretion	
  of	
  ROS	
  by	
  LPS-­‐primed	
  and	
  fMLP-­‐
stimulated	
  human	
  HL-­‐60	
  promyelocytic	
  cells.	
  HL-­‐60	
  cells	
  were	
  differentiated	
  
with	
  DMSO	
  prior	
  to	
  conducting	
  the	
  experiment.	
  The	
  cells	
  were	
  treated	
  with	
  varying	
  
concentrations	
  of	
  cardiolipin	
  (shown	
  on	
  the	
  abscissa)	
  or	
  its	
  vehicle	
  solution	
  (1%	
  v/v	
  
EtOH)	
  prior	
  to	
  priming	
  with	
  LPS	
  (0.5	
  μg/ml).	
  In	
  addition,	
  control	
  cells	
  (unprimed)	
  
were	
  seeded	
  in	
  the	
  absence	
  of	
  cardiolipin	
  or	
  LPS.	
  Following	
  24	
  h	
  incubation,	
  the	
  
cells	
  were	
  stimulated	
  with	
  fMLP	
  and	
  the	
  luminol-­‐dependent	
  chemiluminescence	
  
(CHL)	
  response	
  of	
  the	
  HL-­‐60	
  cells	
  was	
  measured.	
  Results	
  are	
  expressed	
  as	
  
percentage	
  of	
  control	
  values,	
  which	
  were	
  obtained	
  from	
  cells	
  in	
  the	
  absence	
  of	
  
vehicle,	
  cardiolipin	
  or	
  LPS.	
  Data	
  from	
  seven	
  independent	
  experiments	
  are	
  presented	
  
(means	
  ±	
  S.E.M.).	
  *	
  P	
  <	
  0.05,	
  #	
  P	
  <	
  0.01,	
  **	
  P	
  <	
  0.01,	
  different	
  from	
  cardiolipin	
  vehicle-­‐
treated	
  cells	
  (0	
  μg/ml)	
  primed	
  with	
  LPS,	
  according	
  to	
  the	
  randomized	
  block	
  one-­‐
way	
  ANOVA	
  (P	
  and	
  F	
  values	
  indicated	
  on	
  figure),	
  followed	
  by	
  Fisher’s	
  LSD	
  post-­‐hoc	
  
test.	
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3.4.3.	
  Effect	
  of	
  Cardiolipin	
  on	
  the	
  Secretion	
  of	
  Tumor	
  Necrosis	
  Factor	
  (TNF)-­‐α	
  
and	
  Monocyte	
  Chemoattractant	
  Protein	
  (MCP)-­‐1	
  by	
  Human	
  THP-­‐1	
  Cells	
  

	
   	
  
Next,	
  we	
  assessed	
  the	
  effect	
  of	
  cardiolipin	
  on	
  microglial	
  secretion	
  of	
  TNF-­‐α,	
  a	
  

well-­‐defined	
  pro-­‐inflammatory	
  cytokine,	
  and	
  MCP-­‐1,	
  a	
  cytokine	
  implicated	
  in	
  

mediating	
  immune	
  responses	
  in	
  the	
  brain.	
  Experiments	
  were	
  conducted	
  as	
  

described	
  in	
  section	
  2.12.	
  Cardiolipin	
  was	
  added	
  to	
  THP-­‐1	
  cells	
  at	
  2,	
  10	
  or	
  20	
  μg/ml	
  

in	
  the	
  absence	
  or	
  presence	
  of	
  IFN-­‐γ	
  plus	
  LPS.	
  Following	
  48	
  h	
  incubation,	
  ELISAs	
  

were	
  conducted	
  to	
  determine	
  the	
  concentrations	
  of	
  TNF-­‐α	
  and	
  MCP-­‐1	
  in	
  THP-­‐1	
  cell	
  

supernatants.	
  The	
  results	
  were	
  compared	
  to	
  the	
  data	
  obtained	
  from	
  cardiolipin	
  

vehicle-­‐treated	
  cells	
  in	
  the	
  presence	
  of	
  IFN-­‐γ	
  plus	
  LPS.	
  

The	
  addition	
  of	
  cardiolipin	
  alone	
  does	
  not	
  significantly	
  affect	
  the	
  secretion	
  of	
  

TNF-­‐α	
  by	
  THP-­‐1	
  cells,	
  as	
  the	
  concentration	
  of	
  TNF-­‐α	
  in	
  THP-­‐1	
  supernatants	
  was	
  

below	
  the	
  detection	
  limit	
  in	
  the	
  presence	
  of	
  all	
  concentrations	
  of	
  cardiolipin	
  studied	
  

(data	
  not	
  shown).	
  However,	
  THP-­‐1	
  cell	
  stimulation	
  with	
  IFN-­‐γ	
  plus	
  LPS	
  significantly	
  

increases	
  the	
  secretion	
  of	
  TNF-­‐α	
  by	
  THP-­‐1	
  cells,	
  which	
  was	
  reduced	
  when	
  the	
  cells	
  

were	
  co-­‐incubated	
  with	
  cardiolipin	
  (Figure	
  3.19).	
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Figure	
  3.19.	
  Cardiolipin	
  inhibits	
  the	
  secretion	
  of	
  tumor	
  necrosis	
  factor	
  (TNF)-­‐α	
  
by	
  stimulated	
  human	
  THP-­‐1	
  monocytic	
  cells.	
  THP-­‐1	
  cells	
  were	
  treated	
  with	
  
varying	
  concentrations	
  of	
  cardiolipin	
  (shown	
  on	
  the	
  abscissa)	
  or	
  its	
  vehicle	
  solution	
  
(0.5%	
  v/v	
  DMSO)	
  prior	
  to	
  stimulation	
  with	
  IFN-­‐γ	
  (150	
  U/ml)	
  plus	
  LPS	
  (0.5	
  μg/ml).	
  
In	
  addition,	
  control	
  cells	
  (unstimulated)	
  were	
  seeded	
  in	
  the	
  absence	
  of	
  vehicle,	
  
cardiolipin,	
  IFN-­‐γ	
  or	
  LPS.	
  Following	
  48	
  h	
  incubation,	
  an	
  ELISA	
  was	
  used	
  to	
  measure	
  
the	
  concentration	
  of	
  TNF-­‐α	
  (ng/ml)	
  in	
  THP-­‐1	
  cell	
  supernatants.	
  Data	
  from	
  eight	
  
independent	
  experiments	
  are	
  presented	
  (means	
  ±	
  S.E.M.).	
  The	
  detection	
  limit	
  of	
  the	
  
ELISA	
  (0.05	
  ±	
  0.01	
  ng/ml)	
  is	
  shown	
  as	
  a	
  dotted	
  line.	
  *	
  P	
  <	
  0.05,	
  #	
  P	
  <	
  0.01,	
  **	
  P	
  <	
  0.01,	
  
different	
  from	
  cardiolipin	
  vehicle-­‐treated	
  cells	
  (0	
  μg/ml)	
  stimulated	
  with	
  IFN-­‐γ	
  plus	
  
LPS,	
  according	
  to	
  the	
  randomized	
  block	
  one-­‐way	
  ANOVA	
  (P	
  and	
  F	
  values	
  indicated	
  
on	
  figure),	
  followed	
  by	
  Fisher’s	
  LSD	
  post-­‐hoc	
  test.	
  
	
  

Here	
  we	
  demonstrate	
  that	
  the	
  addition	
  of	
  cardiolipin	
  on	
  its	
  own	
  upregulates	
  

the	
  secretion	
  of	
  MCP-­‐1	
  by	
  THP-­‐1	
  cells	
  (Figure	
  3.20).	
  Additionally,	
  we	
  show	
  that	
  

THP-­‐1	
  cell	
  stimulation	
  with	
  IFN-­‐γ	
  plus	
  LPS	
  significantly	
  increases	
  the	
  secretion	
  of	
  

MCP-­‐1	
  by	
  THP-­‐1	
  cells,	
  which	
  was	
  slightly,	
  yet	
  significantly,	
  reduced	
  at	
  all	
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concentrations	
  of	
  cardiolipin	
  studied	
  when	
  the	
  cells	
  were	
  co-­‐incubated	
  with	
  

cardiolipin	
  (Figure	
  3.21).	
  

	
  

	
  
	
  
Figure	
  3.20.	
  Cardiolipin	
  increases	
  the	
  secretion	
  of	
  monocyte	
  chemoattractant	
  
protein	
  (MCP)-­‐1	
  by	
  human	
  THP-­‐1	
  monocytic	
  cells.	
  THP-­‐1	
  cells	
  were	
  treated	
  with	
  
varying	
  concentrations	
  of	
  cardiolipin	
  (shown	
  on	
  the	
  abscissa)	
  or	
  its	
  vehicle	
  solution	
  
(0.5%	
  v/v	
  DMSO).	
  Following	
  48	
  h	
  incubation,	
  an	
  ELISA	
  was	
  used	
  to	
  measure	
  the	
  
concentration	
  of	
  MCP-­‐1	
  (ng/ml)	
  in	
  THP-­‐1	
  cell	
  supernatants.	
  Data	
  from	
  eight	
  
independent	
  experiments	
  are	
  presented	
  (means	
  ±	
  S.E.M.).	
  The	
  detection	
  limit	
  of	
  the	
  
ELISA	
  (0.062	
  ±	
  0.009	
  ng/ml)	
  is	
  shown	
  as	
  a	
  dotted	
  line.	
  *	
  P	
  <	
  0.01,	
  different	
  from	
  
cardiolipin	
  vehicle-­‐treated	
  cells	
  (0	
  μg/ml),	
  according	
  to	
  the	
  randomized	
  block	
  one-­‐
way	
  ANOVA	
  (P	
  and	
  F	
  values	
  indicated	
  on	
  figure),	
  followed	
  by	
  Fisher’s	
  LSD	
  post-­‐hoc	
  
test.	
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Figure	
  3.21.	
  Cardiolipin	
  decreases	
  the	
  secretion	
  of	
  monocyte	
  chemoattractant	
  
protein	
  (MCP)-­‐1	
  by	
  stimulated	
  human	
  THP-­‐1	
  monocytic	
  cells.	
  THP-­‐1	
  cells	
  were	
  
treated	
  with	
  varying	
  concentrations	
  of	
  cardiolipin	
  (shown	
  on	
  the	
  abscissa)	
  or	
  its	
  
vehicle	
  solution	
  (0.5%	
  v/v	
  DMSO)	
  prior	
  to	
  stimulation	
  with	
  IFN-­‐γ	
  (150	
  U/ml)	
  plus	
  
LPS	
  (0.2	
  ng/ml).	
  In	
  addition,	
  control	
  cells	
  (unstimulated)	
  were	
  seeded	
  in	
  the	
  
absence	
  of	
  vehicle,	
  cardiolipin,	
  IFN-­‐γ	
  or	
  LPS.	
  Following	
  48	
  h	
  incubation,	
  an	
  ELISA	
  
was	
  used	
  to	
  measure	
  the	
  concentration	
  of	
  MCP-­‐1	
  (ng/ml)	
  in	
  THP-­‐1	
  cell	
  
supernatants.	
  Data	
  from	
  eight	
  independent	
  experiments	
  are	
  presented	
  (means	
  ±	
  
S.E.M.).	
  The	
  detection	
  limit	
  of	
  the	
  ELISA	
  (0.062	
  ±	
  0.009	
  ng/ml)	
  is	
  shown	
  as	
  a	
  dotted	
  
line.	
  #	
  P	
  <	
  0.01,	
  *	
  P	
  <	
  0.05,	
  different	
  from	
  cardiolipin	
  vehicle-­‐treated	
  cells	
  (0	
  μg/ml)	
  
stimulated	
  with	
  IFN-­‐γ	
  plus	
  LPS,	
  according	
  to	
  the	
  randomized	
  block	
  one-­‐way	
  ANOVA	
  
(P	
  and	
  F	
  values	
  indicated	
  on	
  figure),	
  followed	
  by	
  Fisher’s	
  LSD	
  post-­‐hoc	
  test.	
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Chapter	
  4:	
  Discussion	
  

	
  

4.1.	
  Cardiolipin	
  Induces	
  the	
  Phagocytic	
  Activity	
  of	
  Microglia	
  

Phagocytosis,	
  a	
  process	
  performed	
  by	
  select	
  types	
  of	
  immune	
  cells,	
  including	
  

microglia,	
  is	
  critical	
  for	
  maintaining	
  homeostatic	
  conditions	
  in	
  both	
  the	
  periphery	
  

and	
  CNS.	
  This	
  process	
  involves	
  the	
  recognition,	
  engulfment	
  and	
  clearance	
  of	
  

organisms	
  and	
  detrimental	
  substances,	
  including	
  foreign	
  pathogens	
  and	
  cellular	
  

debris,	
  as	
  a	
  means	
  of	
  resolving	
  inflammation	
  and	
  protecting	
  the	
  body	
  from	
  

potentially	
  harmful	
  stimuli	
  (Fu	
  et	
  al.,	
  2014;	
  Maderna	
  and	
  Godson,	
  2003;	
  Prinz	
  and	
  

Priller,	
  2017;	
  Sierra	
  et	
  al.,	
  2013).	
  Within	
  the	
  periphery,	
  the	
  phagocytosis	
  of	
  damaged	
  

and	
  dying	
  cells	
  is	
  frequently	
  initiated	
  by	
  phosphatidylserine,	
  a	
  phospholipid	
  found	
  

in	
  most	
  cellular	
  membranes,	
  which	
  is	
  recognized	
  by	
  phagocytic	
  cells	
  (Segawa	
  and	
  

Nagata,	
  2015;	
  Wu	
  et	
  al.,	
  2006).	
  However,	
  mitochondrial	
  membranes	
  contain	
  very	
  

low	
  levels	
  of	
  phosphatidylserine,	
  and	
  instead	
  contain	
  substantial	
  amounts	
  of	
  the	
  

phospholipid	
  cardiolipin	
  (Balasubramanian	
  et	
  al.,	
  2015;	
  Vance	
  and	
  Tasseva,	
  2013).	
  

Additionally,	
  it	
  has	
  been	
  demonstrated	
  that	
  cardiolipin,	
  as	
  well	
  as	
  cardiolipin-­‐

containing	
  mitochondria,	
  can	
  relocate	
  during	
  cellular	
  processes	
  in	
  peripheral	
  

tissues.	
  For	
  example,	
  cardiolipin	
  can	
  be	
  translocated	
  from	
  the	
  mitochondrial	
  

membranes	
  to	
  the	
  plasma	
  membrane	
  during	
  apoptotic	
  events,	
  and	
  cardiolipin-­‐

presenting	
  mitochondria	
  can	
  be	
  released	
  from	
  peripheral	
  cells	
  following	
  necrosis	
  or	
  

acute	
  trauma,	
  as	
  well	
  as	
  during	
  pathological	
  conditions	
  (Balasubramanian	
  et	
  al.,	
  

2015;	
  Nakajima	
  et	
  al.,	
  2008;	
  Sorice	
  et	
  al.,	
  2004;	
  Sorice	
  et	
  al.,	
  2000).	
  Therefore,	
  

researchers	
  have	
  been	
  interested	
  in	
  determining	
  whether	
  externalized	
  cardiolipin	
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can	
  mediate	
  the	
  phagocytic	
  actions	
  of	
  surrounding	
  peripheral	
  cells	
  in	
  a	
  manner	
  

similar	
  to	
  that	
  of	
  phosphatidylserine.	
  For	
  example,	
  Balasubramanian	
  et	
  al.	
  (2015)	
  

demonstrated	
  that	
  cardiolipin-­‐presenting	
  mitochondria,	
  as	
  well	
  as	
  cardiolipin-­‐

containing	
  liposomes,	
  upregulated	
  the	
  phagocytic	
  activity	
  of	
  peripheral	
  

macrophages	
  by	
  up	
  to	
  four-­‐fold	
  and	
  18-­‐fold,	
  respectively	
  (Balasubramanian	
  et	
  al.,	
  

2015).	
  Therefore,	
  in	
  addition	
  to	
  its	
  role	
  in	
  regulating	
  mitochondrial	
  processes,	
  

cardiolipin	
  may	
  also	
  function	
  as	
  an	
  intercellular	
  signaling	
  molecule	
  in	
  the	
  periphery.	
  

Studies	
  have	
  shown	
  that	
  externalized	
  cardiolipin	
  can	
  regulate	
  select	
  peripheral	
  

immune	
  cell	
  functions;	
  however,	
  the	
  effect	
  of	
  extracellular	
  cardiolipin	
  on	
  

phagocytosis	
  in	
  the	
  CNS	
  has	
  yet	
  to	
  be	
  investigated.	
  

Within	
  the	
  CNS,	
  phagocytosis	
  is	
  performed	
  by	
  microglia	
  in	
  both	
  healthy	
  and	
  

diseased	
  brains.	
  For	
  example,	
  normal	
  brain	
  development	
  requires	
  the	
  apoptotic	
  

death	
  of	
  millions	
  of	
  neurons,	
  and	
  it	
  has	
  been	
  demonstrated	
  that	
  microglia	
  

participate	
  in	
  the	
  clearance	
  of	
  these	
  dead	
  neurons	
  via	
  phagocytosis	
  (Wakselman	
  et	
  

al.,	
  2008;	
  Witting	
  et	
  al.,	
  2000).	
  Additionally,	
  in	
  AD	
  brains,	
  microglia	
  migrate	
  towards,	
  

and	
  participate	
  in,	
  the	
  phagocytosis	
  of	
  toxic	
  Aβ	
  deposits	
  (Ard	
  et	
  al.,	
  1996;	
  

Frackowiak	
  et	
  al.,	
  1992;	
  Koenigsknecht	
  and	
  Landreth,	
  2004;	
  Rogers	
  and	
  Lue,	
  2001).	
  	
  

Due	
  to	
  the	
  critical	
  role	
  of	
  microglia	
  in	
  maintaining	
  CNS	
  homeostasis,	
  we	
  

assessed	
  the	
  effect	
  of	
  extracellular	
  cardiolipin	
  on	
  the	
  phagocytic	
  activity	
  of	
  

microglia.	
  We	
  hypothesized	
  that	
  the	
  addition	
  of	
  cardiolipin	
  to	
  microglial	
  cells	
  in	
  

culture	
  would	
  induce	
  the	
  phagocytic	
  activity	
  of	
  microglia.	
  To	
  test	
  this	
  hypothesis,	
  we	
  

conducted	
  the	
  phagocytosis	
  assay	
  using	
  murine	
  BV-­‐2	
  microglia	
  and	
  primary	
  murine	
  

microglia.	
  We	
  discovered	
  that	
  the	
  addition	
  of	
  extracellular	
  cardiolipin	
  induces	
  the	
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phagocytic	
  activity	
  of	
  microglia.	
  More	
  specifically,	
  the	
  addition	
  of	
  cardiolipin	
  at	
  5	
  

and	
  20	
  μg/ml	
  increases	
  the	
  phagocytic	
  activity	
  of	
  BV-­‐2	
  microglia	
  by	
  2.5-­‐fold	
  and	
  3-­‐

fold,	
  respectively,	
  when	
  compared	
  to	
  cardiolipin	
  vehicle-­‐treated	
  cells.	
  Additionally,	
  

primary	
  murine	
  microglia	
  experienced	
  a	
  2.4-­‐fold	
  increase	
  in	
  phagocytic	
  activity	
  

following	
  their	
  exposure	
  to	
  cardiolipin	
  at	
  both	
  5	
  and	
  20	
  μg/ml	
  concentrations,	
  when	
  

compared	
  to	
  cardiolipin	
  vehicle-­‐treated	
  cells.	
  This	
  is	
  consistent	
  with	
  the	
  outcomes	
  

of	
  a	
  previous	
  study,	
  which	
  found	
  that	
  extracellular	
  cardiolipin	
  enhanced	
  the	
  

phagocytic	
  activity	
  of	
  peripheral	
  macrophages	
  (Balasubramanian	
  et	
  al.,	
  2015).	
  	
  

When	
  investigating	
  potential	
  therapeutic	
  targets	
  for	
  the	
  treatment	
  of	
  

neurodegenerative	
  diseases	
  such	
  as	
  AD,	
  it	
  is	
  important	
  to	
  ensure	
  that	
  the	
  phagocytic	
  

functions	
  of	
  microglia	
  are	
  preserved,	
  as	
  this	
  process	
  is	
  essential	
  for	
  returning	
  the	
  

brain	
  to	
  a	
  homeostatic	
  state.	
  Here	
  we	
  show,	
  for	
  the	
  first	
  time,	
  that	
  the	
  addition	
  of	
  

cardiolipin	
  induces	
  microglial	
  phagocytosis,	
  which	
  is	
  necessary	
  for	
  the	
  clearance	
  of	
  

damaged	
  and	
  dying	
  neurons.	
  Additionally,	
  by	
  upregulating	
  the	
  intrinsic	
  phagocytic	
  

capabilities	
  of	
  microglia,	
  cardiolipin	
  may	
  contribute	
  to	
  improved	
  efficacy	
  at	
  

engulfing	
  and	
  clearing	
  of	
  the	
  Aβ	
  deposits	
  present	
  in	
  AD	
  brains.	
  Therefore,	
  

extracellular	
  cardiolipin	
  may	
  represent	
  a	
  novel	
  therapeutic	
  agent	
  for	
  the	
  treatment	
  

of	
  neurodegenerative	
  diseases,	
  such	
  as	
  AD,	
  which	
  are	
  characterized	
  by	
  extensive	
  

neuronal	
  death	
  and	
  reduced	
  microglial	
  ability	
  to	
  phagocytose	
  pathological	
  

structures	
  (Hickman	
  et	
  al.,	
  2008;	
  Theriault	
  et	
  al.,	
  2015).	
  However,	
  further	
  

investigation	
  is	
  required	
  to	
  determine	
  the	
  concentration	
  of	
  cardiolipin	
  that	
  will	
  

optimally	
  induce	
  microglial	
  phagocytosis	
  without	
  resulting	
  in	
  further	
  

neurodegeneration	
  through	
  non-­‐specific	
  phagoptosis,	
  or	
  the	
  death	
  of	
  viable	
  neurons	
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induced	
  by	
  excessive	
  phagocytic	
  activity	
  of	
  microglia,	
  which	
  has	
  been	
  observed	
  

following	
  the	
  over-­‐activation	
  of	
  microglia	
  by	
  Aβ	
  plaques	
  (Neniskyte	
  et	
  al.,	
  2011;	
  

Sierra	
  et	
  al.,	
  2013).	
  

	
  

4.2.	
  Cardiolipin	
  Alters	
  Microglial	
  Functions	
  that	
  Impact	
  Neuron	
  Viability	
  

4.2.1.	
  Cardiolipin	
  Inhibits	
  Microglia-­‐Mediated	
  Cytotoxicity	
  towards	
  Neurons	
  

	
  Next,	
  cardiolipin	
  was	
  investigated	
  for	
  its	
  potential	
  to	
  modify	
  microglia-­‐

mediated	
  cytotoxicity	
  towards	
  neurons.	
  Microglial	
  activation	
  is	
  an	
  essential	
  process	
  

that	
  is	
  responsible	
  for	
  mounting	
  an	
  immune	
  response	
  in	
  the	
  CNS	
  (Akiyama	
  et	
  al.,	
  

2000;	
  Streit	
  et	
  al.,	
  1999).	
  However,	
  microglial	
  activation	
  becomes	
  dysregulated	
  in	
  

AD	
  brains	
  due	
  to	
  the	
  continued	
  presence	
  of	
  pathological	
  structures,	
  as	
  well	
  as	
  

extensive	
  neuron	
  death.	
  This	
  over-­‐activation	
  of	
  microglia	
  results	
  in	
  the	
  persistent	
  

release	
  of	
  cytotoxic	
  molecules,	
  which	
  can	
  have	
  damaging	
  effects	
  to	
  surrounding	
  

brain	
  cells,	
  including	
  neurons	
  and	
  other	
  glial	
  cells	
  (Akiyama	
  et	
  al.,	
  2000;	
  Banati	
  et	
  al.,	
  

1993;	
  Brown	
  and	
  Vilalta,	
  2015;	
  Lull	
  and	
  Block,	
  2010;	
  Mrak	
  and	
  Griffin,	
  2005).	
  

Therefore,	
  researchers	
  have	
  been	
  interested	
  in	
  identifying	
  molecules	
  that	
  are	
  

capable	
  of	
  attenuating	
  the	
  detrimental	
  effects	
  associated	
  with	
  chronic	
  microglial	
  

activation	
  in	
  aims	
  of	
  preventing	
  the	
  onset	
  and	
  slowing	
  the	
  progression	
  of	
  AD.	
  	
  

Phosphatidylcholine	
  is	
  a	
  phospholipid	
  found	
  abundantly	
  within	
  cellular	
  

membranes,	
  including	
  the	
  mitochondrial	
  membranes.	
  Phosphatidylcholine	
  has	
  been	
  

extensively	
  studied	
  for	
  its	
  ability	
  to	
  reduce	
  the	
  damaging	
  effects	
  of	
  chronic	
  

inflammation	
  in	
  the	
  periphery,	
  and	
  recent	
  studies	
  have	
  revealed	
  that	
  

phosphatidylcholine	
  may	
  exert	
  similar	
  effects	
  within	
  the	
  CNS	
  (Aabdallah	
  and	
  Eid,	
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2004;	
  Hartmann	
  et	
  al.,	
  2009;	
  Jung	
  et	
  al.,	
  2013;	
  Treede	
  et	
  al.,	
  2007).	
  For	
  example,	
  it	
  

has	
  been	
  shown	
  that	
  phosphatidylcholine	
  can	
  reduce	
  microglial	
  activation	
  and	
  

migration	
  to	
  the	
  hippocampus,	
  as	
  well	
  as	
  promote	
  neurogenesis	
  (Hashioka	
  et	
  al.,	
  

2007;	
  Tokes	
  et	
  al.,	
  2011),	
  thus,	
  demonstrating	
  that	
  phosphatidylcholine	
  is	
  capable	
  of	
  

regulating	
  microglial	
  responses	
  and	
  exerting	
  neuroprotective	
  effects.	
  	
  

Since	
  the	
  cytotoxic	
  effects	
  of	
  over-­‐activated	
  microglia	
  are	
  implicated	
  in	
  the	
  

propagation	
  of	
  the	
  chronic	
  neuroinflammatory	
  state	
  observed	
  in	
  AD,	
  we	
  

investigated	
  the	
  effect	
  of	
  extracellular	
  cardiolipin	
  on	
  microglia-­‐mediated	
  

cytotoxicity	
  towards	
  neurons.	
  We	
  hypothesized	
  that	
  the	
  addition	
  of	
  cardiolipin	
  to	
  

microglial	
  cells	
  in	
  culture	
  would	
  lead	
  to	
  neuroprotective	
  effects	
  in	
  a	
  manner	
  similar	
  

to	
  that	
  of	
  phosphatidylcholine.	
  To	
  test	
  this	
  hypothesis,	
  we	
  utilized	
  an	
  in	
  vitro	
  assay,	
  

which	
  involved	
  the	
  transfer	
  of	
  THP-­‐1	
  cell	
  supernatants	
  onto	
  SH-­‐SY5Y	
  cells,	
  as	
  this	
  

model	
  has	
  been	
  successfully	
  utilized	
  to	
  study	
  the	
  interactions	
  between	
  microglial	
  

and	
  neuronal	
  cells	
  (Klegeris	
  and	
  McGeer,	
  2001,	
  2003).	
  In	
  this	
  study,	
  we	
  confirmed	
  

that	
  THP-­‐1	
  cell	
  stimulation	
  with	
  IFN-­‐γ	
  plus	
  LPS	
  induces	
  the	
  secretion	
  of	
  cytotoxic	
  

molecules	
  that	
  reduce	
  SH-­‐SY5Y	
  neuronal	
  cell	
  viability.	
  We	
  also	
  discovered	
  that	
  the	
  

addition	
  of	
  extracellular	
  cardiolipin	
  to	
  THP-­‐1	
  cells,	
  in	
  the	
  absence	
  of	
  IFN-­‐γ	
  plus	
  LPS,	
  

does	
  not	
  induce	
  THP-­‐1	
  cytotoxicity	
  towards	
  SH-­‐SY5Y	
  cells.	
  However,	
  when	
  the	
  THP-­‐

1	
  cells	
  were	
  treated	
  with	
  extracellular	
  cardiolipin	
  prior	
  to	
  stimulation	
  with	
  IFN-­‐γ	
  

plus	
  LPS,	
  a	
  neuroprotective	
  effect	
  was	
  observed.	
  More	
  specifically,	
  the	
  addition	
  of	
  

cardiolipin	
  increases	
  the	
  viability	
  of	
  SH-­‐SY5Y	
  cells	
  at	
  all	
  concentrations	
  studied,	
  with	
  

the	
  maximum	
  1.5-­‐fold	
  increase	
  in	
  cell	
  viability	
  observed	
  at	
  the	
  concentration	
  of	
  25	
  

μg/ml,	
  when	
  compared	
  to	
  cardiolipin	
  vehicle-­‐treated	
  cells	
  in	
  the	
  presence	
  of	
  IFN-­‐γ	
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plus	
  LPS.	
  Furthermore,	
  the	
  addition	
  of	
  cardiolipin	
  to	
  THP-­‐1	
  cells	
  decreases	
  the	
  death	
  

of	
  SH-­‐SY5Y	
  cells	
  at	
  all	
  concentrations	
  studied,	
  with	
  the	
  maximum	
  1.3-­‐fold	
  decrease	
  

in	
  cell	
  death	
  observed	
  at	
  the	
  concentration	
  of	
  25	
  μg/ml,	
  when	
  compared	
  to	
  

cardiolipin	
  vehicle-­‐treated	
  cells	
  in	
  the	
  presence	
  of	
  IFN-­‐γ	
  plus	
  LPS.	
  These	
  findings	
  are	
  

consistent	
  with	
  previous	
  studies,	
  which	
  identified	
  that	
  phosphatidylcholine	
  

modified	
  microglial	
  functions	
  in	
  a	
  neuroprotective	
  manner	
  (Hashioka	
  et	
  al.,	
  2007;	
  

Tokes	
  et	
  al.,	
  2011).	
  

It	
  has	
  been	
  suggested	
  that	
  within	
  AD	
  brains,	
  it	
  is	
  not	
  the	
  deposition	
  of	
  Aβ	
  

plaques	
  that	
  directly	
  contributes	
  to	
  neuron	
  death,	
  but	
  rather	
  the	
  resultant	
  over-­‐

activation	
  of	
  microglia	
  that	
  occurs	
  following	
  their	
  interaction	
  with	
  pathological	
  

structures	
  (Weldon	
  et	
  al.,	
  1998).	
  Therefore,	
  reducing	
  the	
  chronic	
  activation	
  of	
  

microglia	
  has	
  been	
  an	
  active	
  area	
  of	
  research,	
  as	
  such	
  intervention	
  may	
  prevent	
  the	
  

subsequent	
  neurodegeneration	
  observed	
  in	
  AD	
  (Gao	
  and	
  Hong,	
  2008;	
  Martin-­‐

Moreno	
  et	
  al.,	
  2011;	
  Solito	
  and	
  Sastre,	
  2012).	
  Here	
  we	
  show,	
  for	
  the	
  first	
  time,	
  that	
  

the	
  addition	
  of	
  cardiolipin	
  prior	
  to	
  the	
  activation	
  of	
  microglia	
  reduces	
  subsequent	
  

microglia-­‐mediated	
  cytotoxicity	
  towards	
  neurons,	
  which	
  could	
  be	
  a	
  major	
  cause	
  of	
  

neurodegeneration	
  in	
  AD	
  brains.	
  Therefore,	
  extracellular	
  cardiolipin	
  may	
  represent	
  

a	
  novel	
  therapeutic	
  agent	
  for	
  the	
  treatment	
  of	
  neurodegenerative	
  diseases,	
  such	
  as	
  

AD,	
  which	
  are	
  characterized	
  by	
  microglia-­‐mediated	
  neuron	
  death.	
  

	
  

4.2.2.	
  Cardiolipin	
  Induces	
  Microglial	
  Expression	
  of	
  Neurotrophic	
  Factors	
  

	
  In	
  addition	
  to	
  regulating	
  the	
  neuroimmune	
  status	
  of	
  the	
  brain,	
  microglia	
  also	
  

play	
  a	
  direct	
  role	
  in	
  supporting	
  neuronal	
  survival.	
  Neurons	
  rely	
  on	
  microglia	
  to	
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express	
  and	
  secrete	
  a	
  variety	
  of	
  trophic	
  factors,	
  including	
  BDNF	
  and	
  GDNF,	
  which	
  

are	
  required	
  for	
  neuronal	
  growth	
  and	
  development,	
  as	
  well	
  as	
  for	
  synaptic	
  

remodeling	
  (Allen	
  et	
  al.,	
  2013;	
  Huang	
  and	
  Reichardt,	
  2001;	
  Skaper,	
  2012).	
  However,	
  

it	
  has	
  yet	
  to	
  be	
  determined	
  whether	
  extracellular	
  cardiolipin	
  can	
  regulate	
  trophic	
  

factor	
  expression	
  by	
  microglia.	
  

Since	
  BDNF	
  and	
  GDNF	
  are	
  essential	
  for	
  neuronal	
  survival,	
  we	
  examined	
  the	
  

effect	
  of	
  extracellular	
  cardiolipin	
  on	
  the	
  expression	
  of	
  these	
  trophic	
  factors	
  by	
  

microglia.	
  Due	
  to	
  the	
  neuroprotective	
  effects	
  cardiolipin	
  exhibited	
  against	
  microglia-­‐

mediated	
  cytotoxicity	
  (see	
  section	
  3.2),	
  we	
  hypothesized	
  that	
  cardiolipin	
  would	
  

induce	
  the	
  expression	
  of	
  BDNF	
  and	
  GDNF	
  by	
  microglia.	
  To	
  test	
  this	
  hypothesis,	
  we	
  

conducted	
  immunofluorescence	
  experiments	
  using	
  murine	
  BV-­‐2	
  microglia	
  and	
  

primary	
  murine	
  microglia.	
  Here	
  we	
  show,	
  for	
  the	
  first	
  time,	
  that	
  the	
  addition	
  of	
  

extracellular	
  cardiolipin	
  induces	
  the	
  expression	
  of	
  BDNF	
  and	
  GDNF	
  by	
  microglia.	
  

The	
  addition	
  of	
  cardiolipin	
  to	
  BV-­‐2	
  cells	
  results	
  in	
  a	
  1.8-­‐fold,	
  2-­‐fold	
  and	
  2.4-­‐fold	
  

increase	
  in	
  BDNF	
  expression	
  at	
  the	
  concentrations	
  of	
  5,	
  10	
  and	
  20	
  μg/ml,	
  

respectively;	
  whereas,	
  the	
  addition	
  of	
  cardiolipin	
  to	
  BV-­‐2	
  cells	
  results	
  in	
  a	
  1.7-­‐fold,	
  

2.1-­‐fold	
  and	
  2.5-­‐fold	
  increase	
  in	
  expression	
  of	
  GDNF	
  at	
  the	
  concentrations	
  of	
  5,	
  10	
  

and	
  20	
  μg/ml,	
  respectively,	
  when	
  compared	
  to	
  cardiolipin	
  vehicle-­‐treated	
  cells.	
  

Furthermore,	
  the	
  addition	
  of	
  cardiolipin	
  to	
  primary	
  murine	
  microglia	
  results	
  in	
  a	
  

1.9-­‐fold,	
  2.3-­‐fold	
  and	
  2.7-­‐fold	
  increase	
  in	
  BDNF	
  expression	
  at	
  the	
  concentrations	
  of	
  

5,	
  10	
  and	
  20	
  μg/ml,	
  respectively;	
  whereas	
  the	
  addition	
  of	
  cardiolipin	
  to	
  primary	
  

murine	
  microglia	
  results	
  in	
  a	
  1.5-­‐fold,	
  2-­‐fold	
  and	
  2.3-­‐fold	
  increase	
  in	
  GDNF	
  

expression	
  at	
  the	
  concentrations	
  of	
  5,	
  10	
  and	
  20	
  μg/ml,	
  respectively,	
  when	
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compared	
  to	
  cardiolipin	
  vehicle-­‐treated	
  cells.	
  These	
  findings,	
  therefore,	
  support	
  the	
  

neuroprotective	
  properties	
  of	
  extracellular	
  cardiolipin.	
  

In	
  AD	
  patients,	
  levels	
  of	
  BDNF	
  and	
  GDNF	
  are	
  significantly	
  reduced	
  (Budni	
  et	
  

al.,	
  2015;	
  Forlenza	
  et	
  al.,	
  2015).	
  This	
  reduction	
  in	
  trophic	
  factor	
  expression	
  

contributes	
  to	
  neuronal	
  death,	
  and	
  results	
  in	
  the	
  exacerbation	
  of	
  the	
  cognitive	
  

decline	
  associated	
  with	
  AD	
  (Budni	
  et	
  al.,	
  2015;	
  Forlenza	
  et	
  al.,	
  2015).	
  Multiple	
  

studies	
  utilizing	
  mouse	
  models	
  of	
  AD	
  have	
  demonstrated	
  that	
  increasing	
  levels	
  of	
  

BDNF	
  and	
  GDNF	
  can	
  exert	
  neuroprotective	
  effects	
  through	
  the	
  reduction	
  of	
  

oxidative	
  stress,	
  which	
  thereby	
  results	
  in	
  improved	
  cognitive	
  functioning	
  (Allen	
  et	
  

al.,	
  2013;	
  Han	
  et	
  al.,	
  2013;	
  Hsiao	
  et	
  al.,	
  2014;	
  Revilla	
  et	
  al.,	
  2014;	
  Shin	
  et	
  al.,	
  2014).	
  

Our	
  data	
  indicate	
  that	
  the	
  addition	
  of	
  cardiolipin	
  can	
  induce	
  the	
  expression	
  of	
  BDNF	
  

and	
  GDNF	
  by	
  microglia.	
  Therefore,	
  these	
  findings	
  represent	
  an	
  additional	
  reason	
  

why	
  extracellular	
  cardiolipin	
  may	
  act	
  as	
  a	
  possible	
  therapeutic	
  agent	
  for	
  the	
  

treatment	
  of	
  neurodegenerative	
  diseases,	
  such	
  as	
  AD,	
  which	
  are	
  partially	
  

characterized	
  by	
  a	
  decline	
  in	
  expression	
  of	
  critical	
  brain	
  trophic	
  factors.	
  However,	
  

further	
  investigation	
  is	
  required	
  to	
  determine	
  whether	
  extracellular	
  cardiolipin	
  also	
  

induces	
  the	
  secretion	
  of	
  BDNF	
  and	
  GDNF	
  by	
  microglia,	
  as	
  the	
  release	
  of	
  these	
  

neurotrophic	
  factors	
  is	
  crucial	
  for	
  neuronal	
  survival.	
  

	
  

4.3.	
  Cardiolipin	
  Alters	
  the	
  Secretory	
  Profile	
  of	
  Activated	
  Microglia	
  

Finally,	
  cardiolipin	
  was	
  investigated	
  for	
  its	
  ability	
  to	
  modify	
  the	
  secretory	
  

profile	
  of	
  microglia.	
  Activated	
  microglia	
  have	
  been	
  shown	
  to	
  release	
  various	
  pro-­‐

inflammatory	
  mediators,	
  including	
  RNS,	
  ROS,	
  TNF-­‐α	
  and	
  MCP-­‐1,	
  as	
  a	
  means	
  of	
  



	
  91	
  

mounting	
  an	
  immune	
  response	
  (Akiyama	
  et	
  al.,	
  2000;	
  Jessen,	
  2004;	
  Lull	
  and	
  Block,	
  

2010;	
  Parpura	
  et	
  al.,	
  2012;	
  Saijo	
  and	
  Glass,	
  2011;	
  Yang	
  et	
  al.,	
  2010).	
  Acute	
  microglial	
  

activation	
  is	
  required	
  for	
  maintaining	
  homeostatic	
  conditions	
  in	
  the	
  CNS;	
  however,	
  

when	
  this	
  response	
  becomes	
  prolonged,	
  such	
  as	
  in	
  AD	
  brains,	
  cytotoxic	
  molecules	
  

are	
  continually	
  released,	
  which	
  has	
  damaging	
  effects	
  and	
  results	
  in	
  extensive	
  brain	
  

cell	
  death	
  and	
  disease	
  propagation	
  (Banati	
  et	
  al.,	
  1993;	
  Brown	
  and	
  Vilalta,	
  2015;	
  Lull	
  

and	
  Block,	
  2010).	
  Therefore,	
  researchers	
  have	
  been	
  interested	
  in	
  modulating	
  the	
  

secretion	
  of	
  these	
  immune	
  mediators,	
  as	
  a	
  means	
  of	
  preventing	
  the	
  extensive	
  

neuron	
  death	
  observed	
  following	
  the	
  over-­‐activation	
  of	
  microglia.	
  	
  

Previous	
  studies	
  have	
  demonstrated	
  that	
  externalized	
  phospholipids	
  may	
  act	
  

to	
  alter	
  the	
  secretory	
  profile	
  of	
  microglia.	
  For	
  example,	
  Balasubramanian	
  et	
  al.	
  

(2015)	
  found	
  that	
  the	
  LPS-­‐induced	
  secretion	
  of	
  the	
  pro-­‐inflammatory	
  cytokines	
  

interleukin	
  (IL)-­‐6	
  and	
  IL-­‐12	
  by	
  peripheral	
  macrophages	
  could	
  be	
  reduced	
  by	
  

treatment	
  with	
  cardiolipin-­‐embedded	
  liposomes	
  (Balasubramanian	
  et	
  al.,	
  2015).	
  

Additionally,	
  due	
  to	
  its	
  protective	
  effects	
  against	
  chronic	
  inflammation	
  in	
  both	
  the	
  

periphery	
  and	
  CNS,	
  phosphatidylcholine	
  has	
  been	
  extensively	
  investigated	
  for	
  its	
  

ability	
  to	
  mediate	
  the	
  secretory	
  profile	
  of	
  peripheral	
  macrophages	
  and	
  microglia.	
  

Previous	
  studies	
  have	
  shown	
  that	
  phosphatidylcholine	
  can	
  down-­‐regulate	
  the	
  

immunological	
  responses	
  of	
  both	
  peripheral	
  macrophages	
  and	
  microglia	
  by	
  

reducing	
  their	
  activation,	
  as	
  well	
  as	
  decreasing	
  their	
  production	
  of	
  ROS,	
  RNS	
  and	
  

TNF-­‐α	
  (Aabdallah	
  and	
  Eid,	
  2004;	
  Gilbreath	
  et	
  al.,	
  1985;	
  Hashioka	
  et	
  al.,	
  2007;	
  

Nishiyama-­‐Naruke	
  and	
  Curi,	
  2000;	
  Tokes	
  et	
  al.,	
  2011).	
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We	
  investigated	
  the	
  effect	
  of	
  extracellular	
  cardiolipin	
  on	
  the	
  secretory	
  profile	
  

of	
  activated	
  microglia.	
  Since	
  we	
  established	
  that	
  extracellular	
  cardiolipin	
  can	
  

attenuate	
  microglia-­‐mediated	
  cytotoxicity	
  towards	
  neurons,	
  we	
  hypothesized	
  that	
  

the	
  addition	
  of	
  cardiolipin	
  would	
  decrease	
  the	
  secretion	
  of	
  pro-­‐inflammatory	
  

mediators	
  and	
  cytotoxic	
  molecules.	
  Specifically,	
  we	
  assessed	
  the	
  effect	
  of	
  cardiolipin	
  

on	
  the	
  secretion	
  of	
  RNS,	
  ROS,	
  TNF-­‐α	
  and	
  MCP-­‐1,	
  all	
  of	
  which	
  are	
  released	
  in	
  excess	
  

during	
  the	
  neuroinflammatory	
  processes	
  implicated	
  in	
  AD	
  (Dawson	
  and	
  Dawson,	
  

1996;	
  Galimberti	
  et	
  al.,	
  2003;	
  Hickman	
  et	
  al.,	
  2008;	
  Multhaup	
  et	
  al.,	
  1997;	
  Porcellini	
  

et	
  al.,	
  2013).	
  

	
  

4.3.1.	
  Cardiolipin	
  Reduces	
  the	
  Secretion	
  of	
  Reactive	
  Nitrogen	
  Species	
  (RNS)	
  
by	
  Microglia	
  
	
  
NO,	
  a	
  well-­‐defined	
  RNS,	
  is	
  implicated	
  in	
  a	
  variety	
  of	
  physiological	
  processes	
  

within	
  the	
  CNS,	
  including	
  neuronal	
  communication,	
  synaptic	
  plasticity,	
  regulation	
  of	
  

gene	
  expression	
  and	
  immune	
  cell	
  activation	
  (Dawson	
  and	
  Dawson,	
  1996;	
  Miranda	
  et	
  

al.,	
  2001).	
  Despite	
  its	
  important	
  role	
  as	
  a	
  messenger	
  molecule	
  within	
  the	
  CNS,	
  when	
  

NO	
  is	
  secreted	
  superfluously,	
  it	
  can	
  exert	
  neurotoxic	
  effects;	
  therefore,	
  excessive	
  NO	
  

production	
  is	
  implicated	
  in	
  the	
  pathogenesis	
  of	
  neurodegenerative	
  disorders,	
  such	
  

as	
  AD,	
  that	
  are	
  characterized	
  by	
  extensive	
  death	
  of	
  neurons	
  (Chao	
  et	
  al.,	
  1992;	
  

Combs	
  et	
  al.,	
  2001;	
  Dawson	
  and	
  Dawson,	
  1996).	
  For	
  example,	
  it	
  has	
  been	
  

demonstrated	
  that	
  within	
  AD	
  brains,	
  the	
  recognition	
  of	
  aggregated	
  Aβ	
  plaques	
  by	
  

microglia	
  results	
  in	
  increased	
  expression	
  of	
  inducible	
  nitric	
  oxide	
  synthase	
  (iNOS),	
  

an	
  enzyme	
  that	
  catalyzes	
  the	
  excess	
  production	
  of	
  NO	
  (Aktan,	
  2004;	
  Combs	
  et	
  al.,	
  

2001;	
  Maezawa	
  et	
  al.,	
  2011;	
  Weldon	
  et	
  al.,	
  1998).	
  Previous	
  studies	
  have	
  also	
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demonstrated	
  that	
  inhibiting	
  the	
  activity	
  of	
  iNOS	
  minimizes	
  production	
  of	
  NO,	
  

thereby,	
  preventing	
  the	
  associated	
  nitrosative	
  stress	
  and	
  subsequent	
  microglia-­‐

mediated	
  neurotoxicity	
  (Combs	
  et	
  al.,	
  2001;	
  Maezawa	
  et	
  al.,	
  2011).	
  Therefore,	
  

reducing	
  the	
  excess	
  production	
  of	
  RNS	
  by	
  activated	
  microglia	
  may	
  help	
  to	
  prevent	
  

the	
  extensive	
  neurodegeneration	
  observed	
  in	
  AD	
  brains.	
  

To	
  determine	
  whether	
  extracellular	
  cardiolipin	
  affects	
  the	
  production	
  and	
  

release	
  of	
  RNS	
  by	
  activated	
  microglia,	
  we	
  utilized	
  murine	
  BV-­‐2	
  cells	
  in	
  the	
  Griess	
  

assay,	
  which	
  measures	
  the	
  secretion	
  of	
  nitrite,	
  a	
  stable	
  metabolite	
  of	
  NO	
  (Ding	
  et	
  al.,	
  

1988;	
  Miranda	
  et	
  al.,	
  2001).	
  Here	
  we	
  show,	
  for	
  the	
  first	
  time,	
  that	
  the	
  addition	
  of	
  

extracellular	
  cardiolipin	
  reduces	
  nitrite	
  secretion	
  by	
  activated	
  microglia.	
  The	
  

addition	
  of	
  cardiolipin	
  decreases	
  the	
  LPS-­‐induced	
  secretion	
  of	
  nitrite	
  by	
  BV-­‐2	
  cells	
  

at	
  all	
  concentrations	
  studied,	
  with	
  the	
  maximum	
  1.7-­‐fold	
  decrease	
  in	
  nitrite	
  

secretion	
  observed	
  at	
  the	
  concentration	
  of	
  10	
  μg/ml,	
  when	
  compared	
  to	
  cardiolipin	
  

vehicle-­‐treated	
  cells	
  in	
  the	
  presence	
  of	
  LPS.	
  Therefore,	
  we	
  have	
  demonstrated	
  that	
  

cardiolipin	
  can	
  reduce	
  the	
  nitrosative	
  stress	
  of	
  microglia,	
  which	
  has	
  significant	
  

implications	
  for	
  a	
  number	
  of	
  CNS	
  diseases,	
  including	
  AD.	
  These	
  findings	
  are	
  

consistent	
  with	
  previous	
  studies,	
  which	
  identified	
  similar	
  effects	
  of	
  extracellular	
  

phosphatidylcholine	
  on	
  microglial	
  secretion	
  of	
  nitrite	
  (Hashioka	
  et	
  al.,	
  2007).	
  

Therefore,	
  extracellular	
  cardiolipin	
  may	
  represent	
  a	
  possible	
  therapeutic	
  agent	
  for	
  

the	
  treatment	
  of	
  neurodegenerative	
  diseases,	
  such	
  as	
  AD,	
  that	
  are	
  characterized	
  by	
  

excessive	
  RNS	
  production.	
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4.3.2.	
  Cardiolipin	
  Reduces	
  the	
  Secretion	
  of	
  Reactive	
  Oxygen	
  Species	
  (ROS)	
  by	
  
Microglia	
  
	
  
The	
  brain	
  is	
  particularly	
  susceptible	
  to	
  oxidative	
  stress	
  due	
  to	
  its	
  high	
  

content	
  of	
  unsaturated	
  phospholipids	
  (Chong	
  et	
  al.,	
  2005).	
  In	
  AD	
  brains,	
  there	
  is	
  a	
  

significant	
  increase	
  in	
  ROS	
  production	
  due	
  to	
  age-­‐related	
  mitochondrial	
  dysfunction,	
  

as	
  well	
  as	
  the	
  over-­‐activation	
  of	
  microglia	
  due	
  to	
  the	
  presence	
  of	
  Aβ	
  deposits	
  

(Canevari	
  et	
  al.,	
  2004;	
  Emerit	
  et	
  al.,	
  2004;	
  Mariani	
  et	
  al.,	
  2005;	
  Multhaup	
  et	
  al.,	
  

1997).	
  This	
  excessive	
  production	
  of	
  ROS	
  results	
  in	
  the	
  oxidative	
  damage	
  to	
  lipids,	
  

proteins	
  and	
  DNA,	
  thereby	
  hindering	
  cellular	
  functioning	
  and	
  resulting	
  in	
  extensive	
  

brain	
  cell	
  death	
  (Barnham	
  et	
  al.,	
  2004;	
  Mariani	
  et	
  al.,	
  2005).	
  Additionally,	
  it	
  has	
  been	
  

shown	
  that	
  this	
  increase	
  in	
  oxidative	
  stress	
  contributes	
  to	
  the	
  peroxidation	
  of	
  

mitochondrial	
  membrane	
  components,	
  including	
  cardiolipin	
  (Fang	
  et	
  al.,	
  2016;	
  

Petrosillo	
  et	
  al.,	
  2008;	
  Zhou	
  et	
  al.,	
  2008).	
  Following	
  its	
  peroxidation,	
  the	
  structure	
  of	
  

cardiolipin	
  is	
  modified	
  in	
  a	
  way	
  that	
  further	
  hinders	
  mitochondrial	
  functioning,	
  and	
  

results	
  in	
  decreased	
  brain	
  cell	
  viability	
  (Cheng	
  et	
  al.,	
  2008;	
  Fry	
  and	
  Green,	
  1981;	
  

Monteiro-­‐Cardoso	
  et	
  al.,	
  2015;	
  Sathappa	
  and	
  Alder,	
  2016).	
  Therefore,	
  decreasing	
  

ROS	
  production	
  is	
  critical	
  for	
  reducing	
  the	
  peroxidation	
  of	
  cardiolipin	
  and	
  

associated	
  mitochondrial	
  dysfunctioning,	
  as	
  well	
  as	
  for	
  preventing	
  the	
  oxidative	
  

stress	
  and	
  extensive	
  brain	
  cell	
  death	
  observed	
  in	
  AD	
  brains.	
  

To	
  determine	
  whether	
  extracellular	
  cardiolipin	
  affects	
  the	
  release	
  of	
  ROS	
  by	
  

activated	
  microglia,	
  we	
  utilized	
  differentiated	
  human	
  HL-­‐60	
  cells	
  in	
  the	
  respiratory	
  

burst	
  assay,	
  which	
  was	
  conducted	
  to	
  measure	
  the	
  secretion	
  of	
  superoxide	
  anion,	
  the	
  

most	
  commonly	
  occurring	
  oxygen	
  free	
  radical	
  (Chong	
  et	
  al.,	
  2005).	
  Here	
  we	
  show,	
  

for	
  the	
  first	
  time,	
  that	
  the	
  addition	
  of	
  extracellular	
  cardiolipin	
  reduces	
  superoxide	
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anion	
  secretion	
  by	
  primed	
  microglia.	
  The	
  addition	
  of	
  cardiolipin	
  results	
  in	
  a	
  1.2-­‐fold,	
  

1.5-­‐fold	
  and	
  1.8-­‐fold	
  decrease	
  in	
  the	
  secretion	
  of	
  superoxide	
  anion	
  by	
  human	
  HL-­‐60	
  

cells	
  at	
  the	
  concentrations	
  of	
  2,	
  10	
  and	
  20	
  μg/ml,	
  respectively,	
  when	
  compared	
  to	
  

cardiolipin	
  vehicle-­‐treated	
  cells	
  primed	
  with	
  LPS.	
  Therefore,	
  these	
  findings	
  

demonstrate	
  that	
  cardiolipin	
  can	
  reduce	
  microglia-­‐mediated	
  oxidative	
  stress.	
  This	
  is	
  

consistent	
  with	
  the	
  outcomes	
  of	
  previous	
  studies	
  that	
  found	
  similar	
  effects	
  of	
  

phosphatidylcholine	
  on	
  ROS	
  production	
  in	
  the	
  CNS	
  (Aabdallah	
  and	
  Eid,	
  2004;	
  

Hashioka	
  et	
  al.,	
  2007).	
  Therefore,	
  extracellular	
  cardiolipin	
  may	
  represent	
  a	
  possible	
  

therapeutic	
  agent	
  for	
  the	
  treatment	
  of	
  neurodegenerative	
  diseases,	
  such	
  as	
  AD,	
  that	
  

are	
  characterized	
  by	
  excessive	
  ROS	
  production.	
  

	
  

4.3.3.	
  Cardiolipin	
  Modifies	
  the	
  Secretion	
  of	
  Pro-­‐Inflammatory	
  Cytokines	
  by	
  
Microglia	
  
	
  
Pro-­‐inflammatory	
  cytokines,	
  including	
  TNF-­‐α	
  and	
  MCP-­‐1,	
  are	
  secreted	
  by	
  

activated	
  microglia	
  during	
  immune	
  responses	
  in	
  aims	
  of	
  communicating	
  with	
  other	
  

cells	
  of	
  the	
  CNS	
  (Deshmane	
  et	
  al.,	
  2009;	
  Mennicken	
  et	
  al.,	
  1999;	
  Olson	
  and	
  Miller,	
  

2004;	
  Wang	
  et	
  al.,	
  2015).	
  TNF-­‐α	
  is	
  a	
  well-­‐defined	
  pro-­‐inflammatory	
  cytokine	
  that	
  is	
  

significantly	
  upregulated	
  following	
  microglial	
  activation.	
  Despite	
  its	
  important	
  

physiological	
  role	
  in	
  mounting	
  inflammatory	
  responses	
  in	
  the	
  CNS,	
  TNF-­‐α	
  has	
  also	
  

been	
  implicated	
  in	
  AD	
  pathogenesis,	
  as	
  it	
  can	
  exert	
  neurotoxic	
  effects	
  when	
  

produced	
  in	
  excess	
  (Dickson	
  et	
  al.,	
  1993;	
  Hickman	
  et	
  al.,	
  2008;	
  Wang	
  et	
  al.,	
  2015).	
  

For	
  example,	
  Combs	
  et	
  al.	
  (2001)	
  demonstrated	
  that	
  microglial	
  recognition	
  of	
  Aβ	
  

plaques	
  resulted	
  in	
  a	
  3-­‐fold	
  increase	
  in	
  TNF-­‐α	
  expression,	
  which	
  was	
  associated	
  

with	
  a	
  subsequent	
  decrease	
  in	
  neuronal	
  viability	
  (Combs	
  et	
  al.,	
  2001).	
  MCP-­‐1,	
  a	
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crucial	
  pro-­‐inflammatory	
  cytokine	
  that	
  is	
  constitutively	
  produced	
  by	
  microglia,	
  is	
  

responsible	
  for	
  mediating	
  inflammatory	
  responses	
  in	
  the	
  CNS	
  by	
  regulating	
  the	
  

chemotaxis	
  of	
  monocytes	
  and	
  microglia	
  (Deshmane	
  et	
  al.,	
  2009;	
  Olson	
  and	
  Miller,	
  

2004;	
  Porcellini	
  et	
  al.,	
  2013).	
  However,	
  it	
  has	
  been	
  demonstrated	
  that	
  within	
  AD	
  

brains,	
  the	
  over-­‐activation	
  of	
  microglia	
  results	
  in	
  the	
  excessive	
  secretion	
  of	
  MCP-­‐1,	
  

which	
  is	
  associated	
  with	
  a	
  further	
  increase	
  in	
  Aβ	
  plaque	
  deposition,	
  thereby	
  

exacerbating	
  AD	
  pathology	
  (Galimberti	
  et	
  al.,	
  2003;	
  Yamamoto	
  et	
  al.,	
  2013).	
  

Therefore,	
  it	
  is	
  evident	
  that	
  controlling	
  the	
  secretion	
  of	
  these	
  pro-­‐inflammatory	
  

mediators	
  is	
  critical	
  for	
  preserving	
  the	
  beneficial	
  immune	
  responses	
  required	
  in	
  the	
  

CNS,	
  as	
  well	
  as	
  for	
  preventing	
  the	
  extensive	
  neurodegeneration	
  present	
  in	
  AD	
  

brains.	
  

To	
  determine	
  whether	
  extracellular	
  cardiolipin	
  regulates	
  the	
  secretion	
  of	
  

TNF-­‐α	
  and	
  MCP-­‐1	
  by	
  microglia,	
  we	
  quantified	
  their	
  concentration	
  in	
  human	
  THP-­‐1	
  

cell	
  supernatants.	
  Here	
  we	
  show,	
  for	
  the	
  first	
  time,	
  that	
  the	
  addition	
  of	
  extracellular	
  

cardiolipin	
  reduces	
  TNF-­‐α	
  secretion	
  by	
  activated	
  microglia.	
  The	
  addition	
  of	
  

cardiolipin	
  results	
  in	
  a	
  1.5-­‐fold,	
  1.9-­‐fold	
  and	
  2.2-­‐fold	
  decrease	
  in	
  the	
  secretion	
  of	
  

TNF-­‐α	
  by	
  stimulated	
  human	
  THP-­‐1	
  cells	
  at	
  the	
  concentrations	
  of	
  2,	
  10	
  and	
  20	
  μg/ml,	
  

respectively,	
  when	
  compared	
  to	
  cardiolipin	
  vehicle-­‐treated	
  cells	
  in	
  the	
  presence	
  of	
  

IFN-­‐γ	
  plus	
  LPS;	
  therefore,	
  demonstrating	
  that	
  cardiolipin	
  is	
  able	
  to	
  reduce	
  this	
  

aspect	
  of	
  neuroinflammation.	
  These	
  observations	
  are	
  consistent	
  with	
  the	
  outcomes	
  

of	
  previous	
  studies	
  that	
  found	
  similar	
  effects	
  of	
  extracellular	
  phosphatidylcholine	
  on	
  

the	
  secretion	
  of	
  TNF-­‐α	
  by	
  activated	
  microglia,	
  as	
  well	
  as	
  the	
  effects	
  of	
  extracellular	
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cardiolipin	
  on	
  the	
  secretion	
  of	
  pro-­‐inflammatory	
  cytokines	
  by	
  peripheral	
  

macrophages	
  (Balasubramanian	
  et	
  al.,	
  2015;	
  Hashioka	
  et	
  al.,	
  2007).	
  

Furthermore,	
  we	
  show	
  that	
  extracellular	
  cardiolipin	
  on	
  its	
  own	
  induces	
  the	
  

secretion	
  of	
  MCP-­‐1	
  by	
  THP-­‐1	
  cells.	
  The	
  addition	
  of	
  cardiolipin,	
  in	
  the	
  absence	
  of	
  IFN-­‐

γ	
  plus	
  LPS,	
  results	
  in	
  a	
  1.5-­‐fold,	
  1.6-­‐fold	
  and	
  1.7-­‐fold	
  increase	
  in	
  the	
  secretion	
  of	
  

MCP-­‐1	
  by	
  human	
  THP-­‐1	
  cells	
  at	
  the	
  concentrations	
  of	
  2,	
  10	
  and	
  20	
  μg/ml,	
  

respectively,	
  when	
  compared	
  to	
  cardiolipin	
  vehicle-­‐treated	
  cells.	
  However,	
  the	
  

addition	
  of	
  cardiolipin	
  to	
  THP-­‐1	
  cells	
  prior	
  to	
  their	
  stimulation	
  with	
  IFN-­‐γ	
  plus	
  LPS	
  

results	
  in	
  a	
  1.1-­‐fold	
  decrease	
  in	
  the	
  secretion	
  of	
  MCP-­‐1	
  by	
  microglia	
  at	
  all	
  

concentrations	
  studied,	
  when	
  compared	
  to	
  cardiolipin	
  vehicle-­‐treated	
  cells	
  in	
  the	
  

presence	
  of	
  IFN-­‐γ	
  plus	
  LPS.	
  Therefore,	
  these	
  data	
  indicate	
  that	
  extracellular	
  

cardiolipin	
  may	
  induce	
  the	
  inflammatory	
  responses	
  of	
  resting	
  microglia;	
  however,	
  in	
  

AD	
  brains,	
  where	
  microglia	
  become	
  over-­‐activated,	
  extracellular	
  cardiolipin	
  may	
  

prevent	
  the	
  exacerbation	
  of	
  AD	
  pathogenesis	
  by	
  reducing	
  excess	
  production	
  of	
  MCP-­‐

1	
  by	
  microglia.	
  	
  

Taken	
  together,	
  these	
  findings	
  demonstrate	
  that	
  cardiolipin	
  modifies	
  the	
  

secretory	
  profile	
  of	
  microglia.	
  Therefore,	
  extracellular	
  cardiolipin	
  may	
  represent	
  a	
  

possible	
  therapeutic	
  agent	
  for	
  the	
  treatment	
  of	
  neurodegenerative	
  diseases,	
  such	
  as	
  

AD,	
  that	
  are	
  characterized	
  by	
  the	
  excessive	
  production	
  of	
  pro-­‐inflammatory	
  

cytokines.	
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Chapter	
  5:	
  Conclusion	
  

	
  

5.1.	
  Limitations	
  of	
  the	
  Research	
  

	
  One	
  of	
  the	
  main	
  limitations	
  of	
  this	
  study	
  is	
  the	
  use	
  of	
  immortalized	
  cell	
  lines,	
  

including	
  human	
  THP-­‐1	
  monocytic	
  cells,	
  human	
  HL-­‐60	
  promyelocytic	
  cells,	
  murine	
  

BV-­‐2	
  cells	
  and	
  human	
  SH-­‐SY5Y	
  neuroblastoma	
  cells,	
  as	
  models	
  of	
  primary	
  CNS	
  cells.	
  

These	
  cell	
  lines	
  were	
  originally	
  derived	
  either	
  from	
  cancerous	
  cells	
  or	
  through	
  

transfection	
  with	
  viral	
  genes,	
  as	
  a	
  means	
  of	
  ensuring	
  prolonged	
  proliferation	
  of	
  the	
  

cells	
  (Birnie,	
  1988;	
  Bocchini	
  et	
  al.,	
  1992;	
  Pahlman	
  et	
  al.,	
  1990;	
  Tsuchiya	
  et	
  al.,	
  1980).	
  

Thus,	
  the	
  cell	
  lines	
  utilized	
  in	
  this	
  study	
  may	
  differ	
  in	
  genotype	
  and	
  phenotype	
  

compared	
  to	
  their	
  primary	
  cell	
  counterpart,	
  which	
  can	
  result	
  in	
  differential	
  

morphology	
  and	
  physiological	
  responses	
  (Horvath	
  et	
  al.,	
  2008;	
  Pan	
  et	
  al.,	
  2009).	
  In	
  

this	
  study,	
  I	
  attempted	
  to	
  overcome	
  this	
  limitation	
  by	
  repeating	
  key	
  experiments	
  

using	
  primary	
  murine	
  microglia.	
  

	
  An	
  additional	
  limitation	
  of	
  this	
  study	
  is	
  the	
  use	
  of	
  mono-­‐culture,	
  rather	
  than	
  

co-­‐culture	
  or	
  in	
  vivo	
  experiments.	
  For	
  example,	
  in	
  the	
  microglia-­‐mediated	
  

cytotoxicity	
  experiments,	
  I	
  utilized	
  human	
  THP-­‐1	
  monocytic	
  cells	
  and	
  human	
  SH-­‐

SY5Y	
  neuroblastoma	
  cells	
  to	
  model	
  microglia	
  and	
  neurons,	
  respectively.	
  This	
  

experiment	
  required	
  culturing	
  the	
  two	
  cell	
  types	
  in	
  isolation,	
  following	
  which	
  THP-­‐1	
  

cell	
  supernatants	
  were	
  transferred	
  onto	
  SH-­‐SY5Y	
  cells.	
  However,	
  by	
  culturing	
  these	
  

cells	
  separately,	
  they	
  did	
  not	
  physically	
  interact	
  with	
  one	
  another,	
  which	
  might	
  have	
  

resulted	
  in	
  behavior	
  and	
  responses	
  that	
  differ	
  from	
  those	
  that	
  occur	
  during	
  cellular	
  

interactions	
  in	
  the	
  CNS	
  (Miki	
  et	
  al.,	
  2012;	
  Regier	
  et	
  al.,	
  2016).	
  For	
  example,	
  it	
  has	
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been	
  shown	
  that	
  cells	
  in	
  mono-­‐culture	
  and	
  co-­‐culture	
  differentially	
  express	
  various	
  

cell	
  surface	
  receptor	
  genes,	
  which	
  may	
  result	
  in	
  discrepancies	
  in	
  cellular	
  responses	
  

following	
  interaction	
  with	
  various	
  stimuli	
  (Regier	
  et	
  al.,	
  2016).	
  Therefore,	
  the	
  

experiments	
  presented	
  in	
  this	
  thesis,	
  such	
  as	
  the	
  cytotoxicity	
  experiment,	
  may	
  over-­‐

simplify	
  the	
  interactions	
  that	
  occur	
  within	
  the	
  CNS,	
  where	
  cells	
  are	
  in	
  constant	
  

communication	
  with	
  one	
  another,	
  as	
  these	
  experiments	
  only	
  examined	
  

unidirectional	
  effects	
  of	
  microglia	
  on	
  neurons.	
  Despite	
  this	
  drawback,	
  the	
  microglia-­‐

mediated	
  cytotoxicity	
  experiment,	
  as	
  well	
  as	
  the	
  other	
  experiments	
  described	
  in	
  this	
  

study,	
  allow	
  for	
  the	
  investigation	
  and	
  discovery	
  of	
  single	
  variables	
  that	
  may	
  

represent	
  key	
  factors	
  of	
  neuroinflammation,	
  and	
  thus,	
  act	
  as	
  a	
  valuable	
  tool	
  for	
  the	
  

collection	
  of	
  preliminary	
  data	
  that	
  are	
  necessary	
  for	
  the	
  development	
  of	
  more	
  

complex	
  models	
  and	
  experiments.	
  

	
  

5.2.	
  Future	
  Directions	
  of	
  Research	
  

	
  This	
  thesis	
  provides	
  substantial	
  evidence	
  that	
  extracellular	
  cardiolipin	
  

modifies	
  select	
  microglial	
  functions.	
  However,	
  additional	
  studies	
  are	
  required	
  to	
  

examine	
  and	
  identify	
  the	
  molecular	
  mechanisms	
  through	
  which	
  extracellular	
  

cardiolipin	
  exerts	
  its	
  effects.	
  In	
  order	
  to	
  address	
  this	
  knowledge	
  gap,	
  several	
  

receptors,	
  including	
  the	
  triggering	
  receptor	
  expressed	
  on	
  myeloid	
  cells	
  (TREM)-­‐2,	
  

should	
  be	
  explored	
  as	
  potential	
  binding	
  sites	
  for	
  extracellular	
  cardiolipin.	
  The	
  

TREM-­‐2	
  receptor	
  is	
  of	
  relevance,	
  as	
  it	
  is	
  expressed	
  on	
  peripheral	
  macrophages,	
  as	
  

well	
  as	
  microglia,	
  and	
  following	
  its	
  activation	
  by	
  anionic	
  phospholipids,	
  it	
  is	
  

responsible	
  for	
  mediating	
  phagocytosis,	
  reducing	
  the	
  secretion	
  of	
  inflammatory	
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cytokines	
  and	
  preventing	
  cell	
  death	
  (Hickman	
  and	
  El	
  Khoury,	
  2014;	
  Painter	
  et	
  al.,	
  

2015).	
  Additionally,	
  due	
  to	
  its	
  phospholipid	
  structure,	
  cardiolipin	
  could	
  directly	
  

alter	
  membrane	
  fluidity,	
  which	
  can	
  thereby	
  affect	
  various	
  down-­‐stream	
  signaling	
  

cascades	
  involved	
  in	
  microglial	
  activation	
  (Ibarguren	
  et	
  al.,	
  2014).	
  Therefore,	
  

further	
  investigation	
  is	
  required	
  to	
  elucidate	
  which,	
  if	
  any,	
  of	
  these	
  mechanisms	
  are	
  

utilized	
  by	
  extracellular	
  cardiolipin	
  to	
  exert	
  its	
  effects	
  on	
  microglia.	
  

	
  

5.3.	
  Research	
  Objectives	
  Addressed	
  and	
  Future	
  Directions	
  

Objective	
  1:	
  To	
  address	
  the	
  first	
  research	
  objective,	
  I	
  established	
  that	
  

extracellular	
  cardiolipin	
  induced	
  the	
  phagocytic	
  activity	
  of	
  both	
  murine	
  BV-­‐2	
  cells	
  

and	
  primary	
  murine	
  microglia.	
  However,	
  further	
  studies	
  are	
  required	
  to	
  confirm	
  

these	
  findings	
  in	
  vivo,	
  as	
  well	
  as	
  to	
  determine	
  the	
  optimal	
  concentration	
  of	
  

cardiolipin	
  required	
  to	
  induce	
  microglial	
  phagocytosis	
  without	
  causing	
  detrimental	
  

neuronal	
  death	
  via	
  phagoptosis,	
  which	
  has	
  been	
  observed	
  following	
  the	
  over-­‐

activation	
  of	
  microglia	
  by	
  Aβ	
  plaques	
  (Neniskyte	
  et	
  al.,	
  2011;	
  Sierra	
  et	
  al.,	
  2013).	
  	
  

Objective	
  2:	
  I	
  determined	
  that	
  extracellular	
  cardiolipin	
  reduced	
  microglia-­‐

mediated	
  cytotoxicity	
  towards	
  neurons.	
  Since	
  these	
  experiments	
  were	
  conducted	
  

using	
  human	
  THP-­‐1	
  and	
  SH-­‐SY5Y	
  cells	
  as	
  models	
  of	
  CNS	
  cells,	
  the	
  results	
  should	
  be	
  

confirmed	
  using	
  primary	
  human	
  microglia	
  and	
  neurons,	
  or	
  through	
  in	
  vivo	
  studies.	
  

Additionally,	
  I	
  demonstrated	
  that	
  extracellular	
  cardiolipin	
  increased	
  the	
  expression	
  

of	
  BDNF	
  and	
  GDNF	
  by	
  both	
  murine	
  BV-­‐2	
  cells	
  and	
  primary	
  murine	
  microglia.	
  

However,	
  additional	
  studies	
  are	
  required	
  to	
  determine	
  whether	
  upregulated	
  

expression	
  of	
  BDNF	
  and	
  GDNF	
  induced	
  by	
  extracellular	
  cardiolipin	
  leads	
  to	
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increased	
  microglial	
  secretion	
  of	
  these	
  brain	
  trophic	
  factors,	
  as	
  they	
  are	
  required	
  for	
  

neuronal	
  survival	
  and	
  are	
  significantly	
  decreased	
  in	
  AD	
  brains	
  (Budni	
  et	
  al.,	
  2015).	
  

Objective	
  3:	
  I	
  established	
  that	
  extracellular	
  cardiolipin	
  altered	
  the	
  secretory	
  

profile	
  of	
  microglia.	
  Since	
  these	
  experiments	
  were	
  conducted	
  using	
  microglia	
  model	
  

cells,	
  additional	
  studies	
  should	
  be	
  conducted	
  to	
  confirm	
  these	
  findings	
  using	
  

primary	
  microglia	
  in	
  vitro,	
  or	
  through	
  in	
  vivo	
  studies.	
  	
  

Previous	
  studies	
  have	
  demonstrated	
  that	
  cardiolipin-­‐containing	
  liposomes	
  

are	
  capable	
  of	
  crossing	
  the	
  BBB	
  in	
  mice	
  (Ordonez-­‐Gutierrez	
  et	
  al.,	
  2015;	
  Vieira	
  and	
  

Gamarra,	
  2016).	
  Therefore,	
  additional	
  in	
  vivo	
  studies	
  using	
  liposomes	
  with	
  varying	
  

concentrations	
  of	
  embedded	
  cardiolipin	
  could	
  determine	
  the	
  optimal	
  concentration	
  

of	
  this	
  phospholipid	
  necessary	
  to	
  alter	
  physiological	
  responses	
  in	
  the	
  CNS.	
  

Additionally,	
  cardiolipin-­‐embedded	
  liposomes	
  could	
  be	
  administered	
  to	
  AD	
  model	
  

mice	
  to	
  determine	
  whether	
  increasing	
  levels	
  of	
  extracellular	
  cardiolipin	
  in	
  the	
  CNS	
  

modifies	
  the	
  detrimental	
  microglial	
  responses	
  and	
  extensive	
  neuron	
  death	
  observed	
  

in	
  AD	
  model	
  brains.	
  Such	
  experiments	
  would	
  assess	
  the	
  effects	
  of	
  extracellular	
  

cardiolipin	
  in	
  a	
  model	
  system	
  that	
  is	
  more	
  representative	
  of	
  the	
  human	
  AD	
  brain	
  

than	
  in	
  vitro	
  studies	
  with	
  cultured	
  cells,	
  and	
  could,	
  therefore,	
  determine	
  whether	
  

extracellular	
  cardiolipin	
  regulates	
  microglial	
  functions	
  and	
  exerts	
  neuroprotective	
  

effects	
  in	
  AD	
  brains.	
  

	
   	
  	
  

5.4.	
  Significance	
  of	
  Findings	
  

	
  This	
  thesis	
  confirms	
  that	
  extracellular	
  cardiolipin	
  regulates	
  several	
  

microglial	
  functions	
  that	
  potentially	
  impact	
  select	
  aspects	
  of	
  neuroinflammation.	
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Previous	
  studies	
  have	
  demonstrated	
  that	
  extracellular	
  cardiolipin	
  mediates	
  select	
  

functions	
  of	
  peripheral	
  immune	
  cells	
  (Balasubramanian	
  et	
  al.,	
  2015);	
  however,	
  to	
  

the	
  best	
  of	
  my	
  knowledge,	
  the	
  effects	
  of	
  extracellular	
  cardiolipin	
  on	
  the	
  immune	
  

cells	
  of	
  the	
  CNS	
  have	
  not	
  been	
  investigated.	
  In	
  this	
  study,	
  I	
  have	
  shown	
  for	
  the	
  first	
  

time	
  that	
  extracellular	
  cardiolipin	
  induces	
  the	
  phagocytic	
  activity	
  of	
  microglia,	
  

decreases	
  microglia-­‐mediated	
  cytotoxicity	
  towards	
  neurons,	
  as	
  well	
  as	
  alters	
  the	
  

secretory	
  profile	
  of	
  activated	
  microglia	
  towards	
  a	
  less	
  pro-­‐inflammatory	
  profile.	
  

Therefore,	
  extracellular	
  cardiolipin,	
  or	
  cardiolipin-­‐embedded	
  liposomes,	
  may	
  

represent	
  novel	
  therapeutic	
  agents	
  for	
  preventing	
  the	
  over-­‐activation	
  of	
  microglia	
  

and	
  subsequent	
  extensive	
  neurodegeneration	
  observed	
  in	
  AD	
  brains.	
  

As	
  our	
  global	
  population	
  ages,	
  it	
  is	
  estimated	
  that	
  the	
  prevalence	
  of	
  

neurodegenerative	
  diseases,	
  which	
  are	
  partially	
  characterized	
  by	
  chronic	
  

neuroinflammation	
  and	
  dysregulated	
  microglial	
  activation,	
  will	
  reach	
  over	
  131	
  

million	
  by	
  the	
  year	
  2050	
  if	
  no	
  effective	
  treatment	
  is	
  identified	
  (Prince	
  et	
  al.,	
  2015).	
  

Since	
  there	
  are	
  currently	
  no	
  viable	
  strategies	
  available	
  to	
  delay	
  the	
  onset	
  or	
  slow	
  the	
  

progression	
  of	
  AD,	
  discovering	
  novels	
  means	
  of	
  attenuating	
  the	
  over-­‐activation	
  of	
  

microglia	
  may	
  reduce	
  the	
  chronic	
  neuroinflammation	
  and	
  extensive	
  

neurodegeneration	
  observed	
  in	
  AD	
  brains.	
  In	
  addition	
  to	
  broadening	
  the	
  knowledge	
  

of	
  molecules	
  involved	
  in	
  regulating	
  microglial	
  functioning	
  and	
  CNS	
  homeostasis,	
  this	
  

study	
  identifies	
  novel	
  molecular	
  targets	
  and	
  potential	
  therapeutic	
  strategies	
  for	
  the	
  

treatment	
  of	
  neurodegenerative	
  disorders,	
  such	
  as	
  AD,	
  which	
  are	
  characterized	
  by	
  

dysregulated	
  microglial	
  functioning	
  and	
  subsequent	
  death	
  of	
  neurons.	
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Appendices	
  
	
  
Appendix	
  A:	
  Primary	
  Murine	
  Microglia	
  Extraction	
  Reagents	
  
	
  

1. F10	
  Medium	
  with	
  Glucose:	
  0.45	
  mg/ml	
  D-­‐(+)-­‐glucose	
  was	
  dissolved	
  in	
  
F10	
  medium.	
  The	
  solution	
  was	
  stored	
  at	
  4OC	
  in	
  an	
  airtight	
  bottle.	
  

2. F0	
  Medium	
  with	
  Glucose:	
  0.45	
  mg/ml	
  D-­‐(+)-­‐glucose	
  was	
  dissolved	
  in	
  F0	
  
medium.	
  The	
  solution	
  was	
  stored	
  at	
  4OC	
  in	
  an	
  airtight	
  bottle.	
  

3. Dissociation	
  Medium:	
  0.1%	
  v/v	
  DNase	
  I,	
  1	
  mg/ml	
  papain	
  and	
  0.132	
  M	
  
D-­‐(+)-­‐trehalose	
  dihydrate	
  were	
  dissolved	
  in	
  14	
  ml	
  of	
  F10	
  medium	
  with	
  
glucose.	
  The	
  solution	
  was	
  made	
  just	
  prior	
  to	
  conducting	
  the	
  extraction	
  
and	
  was	
  not	
  stored.	
  

4. 30%	
  SIP	
  Solution:	
  30%	
  v/v	
  percoll	
  was	
  dissolved	
  in	
  1x	
  HBSS.	
  The	
  
solution	
  was	
  stored	
  at	
  4OC	
  in	
  an	
  airtight	
  bottle.	
  

5. 37%	
  SIP	
  Solution:	
  37%	
  v/v	
  percoll	
  was	
  dissolved	
  in	
  1x	
  HBSS.	
  The	
  
solution	
  was	
  stored	
  at	
  4OC	
  in	
  an	
  airtight	
  bottle.	
  

6. 70%	
  SIP	
  Solution:	
  70%	
  v/v	
  percoll	
  was	
  dissolved	
  in	
  1x	
  HBSS.	
  The	
  
solution	
  was	
  stored	
  at	
  4OC	
  in	
  an	
  airtight	
  bottle.	
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Appendix	
  B:	
  Enzyme-­‐Linked	
  Immunosorbent	
  Assay	
  (ELISA)	
  Reagents	
  	
  
	
  

1. Phosphate	
  Stock	
  (200	
  mM):	
  3.7	
  g	
  of	
  monobasic	
  sodium	
  phosphate	
  and	
  
40.3	
  g	
  of	
  dibasic	
  sodium	
  phosphate	
  were	
  dissolved	
  in	
  500	
  ml	
  milli-­‐Q	
  
water,	
  pH	
  =	
  7.3.	
  The	
  solution	
  was	
  stored	
  at	
  room	
  temperature	
  in	
  an	
  
airtight	
  bottle.	
  

2. PBS-­‐Tween:	
  9	
  g	
  of	
  sodium	
  chloride	
  was	
  dissolved	
  in	
  950	
  ml	
  milli-­‐Q	
  
water.	
  Subsequently,	
  50	
  ml	
  phosphate	
  stock	
  and	
  0.5	
  ml	
  Tween	
  (0.05%	
  
v/v)	
  were	
  added,	
  pH	
  =	
  7.4.	
  The	
  solution	
  was	
  stored	
  at	
  room	
  temperature	
  
in	
  an	
  airtight	
  bottle.	
  	
  

3. Blocking	
  Solution:	
  1%	
  w/v	
  skim	
  milk	
  powder	
  and	
  1%	
  w/v	
  BSA	
  were	
  
dissolved	
  in	
  PBS.	
  The	
  solution	
  was	
  stored	
  at	
  4OC	
  for	
  up	
  to	
  one	
  week.	
  

4. Coating	
  Buffer	
  (0.1	
  M	
  Sodium	
  Bicarbonate	
  Buffer):	
  0.159	
  g	
  of	
  sodium	
  
bicarbonate	
  and	
  0.293	
  g	
  of	
  sodium	
  carbonate	
  were	
  dissolved	
  in	
  100	
  ml	
  of	
  
milli-­‐Q	
  water.	
  The	
  pH	
  was	
  corrected	
  to	
  9.6.	
  The	
  solution	
  was	
  stored	
  at	
  
room	
  temperature	
  in	
  an	
  airtight	
  bottle.	
  

5. Substrate	
  Buffer:	
  101	
  mg	
  of	
  MgCl2x5H2O	
  was	
  dissolved	
  in	
  800	
  ml	
  milli-­‐Q	
  
water.	
  Subsequently,	
  97	
  ml	
  of	
  diethanolamine	
  was	
  added.	
  The	
  pH	
  was	
  
corrected	
  to	
  9.8,	
  and	
  milli-­‐Q	
  water	
  was	
  added	
  to	
  a	
  final	
  volume	
  of	
  1	
  L.	
  The	
  
solution	
  was	
  stored	
  in	
  the	
  dark	
  at	
  4OC	
  in	
  an	
  airtight	
  bottle.	
  

6. Alkaline	
  Phosphatase	
  Substrate	
  Solution:	
  1mg/ml	
  of	
  phosphatase	
  
substrate	
  was	
  dissolved	
  in	
  substrate	
  buffer	
  in	
  the	
  dark.	
  The	
  solution	
  was	
  
made	
  just	
  prior	
  to	
  use	
  and	
  was	
  not	
  stored.	
  

	
  
	
  
	
  
	
  


