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  ZUSAMMENFASSUNG	
  
	
  

Die	
   m-­‐AAA	
   Protease	
   ist	
   ein	
   Protein	
   der	
   inneren	
   mitochondrialen	
   Membran,	
  

dessen	
   katalytisches	
   Zentrum	
   zur	
  Matrix	
   hin	
   ausgerichtet	
   ist.	
   Die	
   Protease	
   hat	
  

Funktionen	
   im	
  Abbau	
   von	
   fehlgefalteten	
   Proteinen	
   und	
   der	
   Prozessierung	
   von	
  

Substraten.	
   Patienten	
   mit	
   heterozygoten,	
   nicht-­‐synonymen	
   Mutationen	
   im	
  

AFG3L2	
  Gen	
  leiden	
  unter	
  Spinozerebellärer	
  Ataxie	
  Typ	
  28	
  (SCA28),	
  wohingegen	
  

homozygote	
   Mutationen	
   in	
   der	
   m-­‐AAA	
   Protease	
   Untereinheit	
   zu	
   akuten,	
  

rezessiven	
   Formen	
   von	
   spastischer	
   Ataxie	
   (SPAX5)	
   führen,	
   deren	
   Symptome	
  

bereits	
   sehr	
   früh	
   in	
   der	
   Entwickelung	
   erkennbar	
   sind.	
   Bekannt	
   ist,	
   dass	
   der	
  

Verlust	
  des	
  AFG3L2	
  Genes	
   in	
  nicht-­‐polarisierten	
  Zellen	
  zur	
  Fragmentierung	
  des	
  

mitochondrialen	
  Netzwerkes	
  führt.	
  Die	
  neurodegenerative	
  Erkrankung	
  assoziert	
  

mit	
   dem	
   Verlust	
   von	
   AFG3L2	
   in	
   Nervenzellen	
   und	
   der	
   Effekt	
   auf	
   den	
  

mitochondrialen	
  Transport	
  ist	
  bisher	
  wenig	
  erforscht.	
  	
  

Wir	
  konnten	
  zeigen,	
  dass	
  der	
  Verlust	
  von	
  AFG3L2	
   in	
  einem	
  spezifischen	
  Defekt	
  

des	
  anterograden	
  Transportes	
  in	
  primären	
  kortikalen	
  Nervenzellen	
  von	
  Mäusen	
  

resultiert.	
   Diese	
   Beeinträchtigung	
   des	
   anterograden	
   Transportes	
   besteht	
   auch	
  

bei	
  gleichzeitigem	
  Verlust	
  von	
  AFG3L2	
  und	
  OMA1,	
  wodurch	
  deutlich	
  wird,	
  dass	
  

der	
   Abbau	
   der	
   GTPase	
   OPA1	
   und	
   somit	
   die	
   Hemmung	
   der	
   Fusion	
   des	
  

mitochondrialen	
  Netzwerkes	
  nicht	
  der	
  Grund	
  für	
  diesen	
  Transport	
  Defekt	
  ist.	
  Die	
  

Störung	
  des	
  anterograden	
  Transportes	
  in	
  AFG3L2	
  defizienten	
  Nervenzellen	
  kann	
  

durch	
  die	
  Antioxidantien	
  N-­‐Acetylcystein	
  (NAC)	
  und	
  Vitamin	
  E	
  beseitigt	
  werden.	
  

Von	
  Bedeutung	
  ist	
  auch,	
  dass	
  wir	
  den	
  mitochondrialen	
  Transport	
  teilweise	
  durch	
  

runter	
   Regulierung	
   von	
   Tau,	
   einem	
   Mikrotubuli	
   bindendem	
   Protein,	
   retten	
  

können.	
  Zusammenfassend	
  kann	
  man	
  sagen,	
  dass	
  Nervenzellen	
  mittels	
  reaktiver	
  

Sauerstoff-­‐Spezies	
  (ROS),	
  Modifikationen	
  des	
  Zytoskelettes	
  und	
  mitochondrialen	
  

Transport	
  verbinden.	
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  SUMMARY	
  

The	
  m-­‐AAA	
  protease,	
   present	
   in	
   the	
   inner	
  mitochondrial	
  membrane	
   facing	
   the	
  

mitochondrial	
   matrix,	
   degrades	
   misfolded	
   polypeptides	
   and	
   processes	
  

substrates.	
   AFG3L2	
   is	
   a	
   subunit	
   of	
  m-­‐AAA	
   protease.	
   In	
   humans,	
   heterozygous	
  

missense	
  mutations	
   in	
  AFG3L2	
   lead	
   to	
  Spinocerebellar	
  Ataxia	
   type	
  28	
   (SCA28)	
  

whereas	
   homozygous	
   mutations	
   in	
   AFG3L2	
   cause	
   a	
   severe	
   recessive	
   form	
   of	
  

spastic-­‐ataxia	
  with	
  early-­‐onset	
  and	
  rapid	
  progression	
  (SPAX5).	
  While	
  depletion	
  

of	
   AFG3L2	
   causes	
   mitochondrial	
   fragmentation	
   in	
   non-­‐polarised	
   cells,	
   the	
  

mechanisms	
  of	
  neurodegeneration	
  associated	
  with	
  mitochondrial	
  dynamics	
  and	
  

trafficking	
  were	
  not	
  studied	
  in	
  AFG3L2	
  deficient	
  neurons.	
  

We	
  showed	
  that	
  depletion	
  of	
  AFG3L2	
  in	
  murine	
  primary	
  cortical	
  neurons	
  leads	
  

to	
   a	
   selective	
   defect	
   of	
   anterograde	
   transport	
   of	
   mitochondria.	
   The	
   impaired	
  

anterograde	
  transport	
  defect	
  was	
  also	
  observed	
  upon	
  concomitant	
  depletion	
  of	
  

AFG3L2	
  and	
  OMA1	
  demonstrating	
  that	
  OMA1-­‐mediated	
  degradation	
  of	
  OPA1	
  (to	
  

inhibit	
   mitochondrial	
   fusion)	
   was	
   not	
   the	
   reason	
   for	
   mitochondrial	
   transport	
  

defects.	
   Anterograde	
   transport	
   defect	
   of	
   mitochondria	
   in	
   AFG3L2	
   depleted	
  

neurons	
  could	
  be	
  rescued	
  by	
  antioxidants,	
  N-­‐acetyl	
  cysteine	
  (NAC)	
  and	
  vitamin	
  

E.	
  Interestingly,	
  we	
  also	
  observed	
  a	
  partial	
  rescue	
  in	
  mitochondrial	
  transport	
  by	
  

depleting	
   tau,	
   a	
   microtubule-­‐associated	
   protein.	
   Hence,	
   we	
   conclude	
   that	
  

neurons	
   employ	
   ROS	
   to	
   couple	
   cytoskeletal	
   modifications	
   and	
   mitochondrial	
  

transport.	
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  associated	
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INTRODUCTION:	
  

1.1)	
  The	
  m-­‐AAA	
  protease:	
  

The	
  m-­‐AAA	
  protease	
  (‘m’	
  denotes	
  ‘matrix’	
  and	
  ‘AAA’	
  denotes	
  ‘ATPase	
  associated	
  

with	
   diverse	
   cellular	
   activities’)	
   located	
   in	
   the	
   inner	
  mitochondrial	
   membrane	
  

has	
  its	
  catalytic	
  subunits	
  towards	
  the	
  mitochondrial	
  matrix.	
  The	
  m-­‐AAA	
  protease	
  

is	
   an	
   important	
   component	
   of	
   mitochondrial	
   quality	
   control	
   mechanism	
   as	
   it	
  

degrades	
   misfolded	
   polypeptides	
   (Pajic	
   et	
   al.,	
   1994)	
   and	
   processes	
   proteins	
  

important	
   for	
   mitochondrial	
   ribosomal	
   assembly	
   (Nolden	
   et	
   al.,	
   2005).	
   In	
  

humans,	
  m-­‐AAA	
  protease	
  has	
  two	
  subunits	
  namely	
  AFG3L2	
  (ATPase	
  family	
  gene-­‐

3	
   like-­‐2	
   or	
   Afg3	
   like-­‐2)	
   and	
   paraplegin.	
   Heterozygous	
   missense	
   mutations	
   in	
  

AFG3L2	
   lead	
   to	
   Spinocerebellar	
  Ataxia	
   type	
  28	
   (SCA	
  28)	
   (Di	
  Bella	
   et	
   al.,	
   2010)	
  

whereas	
   mutations	
   in	
   SPG7	
   encoding	
   paraplegin	
   leads	
   to	
   Hereditary	
   Spastic	
  

Paraplegia	
  (HSP)	
  (Casari	
  et	
  al.,	
  1998).	
  Homozygous	
  mutations	
  in	
  AFG3L2	
  lead	
  to	
  

an	
  early	
  onset	
  Spastic	
  Ataxia-­‐Neuropathy	
  syndrome	
  (Pierson	
  et	
  al.,	
  2011)	
  Hence,	
  

deficiencies	
  in	
  m-­‐AAA	
  protease	
  cause	
  neurodegenerative	
  diseases	
  (Figure	
  1.1).	
  

AFG3L2	
  and	
  paraplegin	
  are	
  highly	
  homologous	
  to	
  yeast	
  Yta10	
  (Yta	
  denotes	
  Yeast	
  

Tat	
   binding	
  Analogs)	
   and	
   Yta12	
   respectively.	
   The	
   power	
   of	
   yeast	
   genetics	
  was	
  

used	
   to	
   establish	
   the	
   functions	
   of	
  m-­‐AAA	
   protease.	
   In	
   addition,	
   in	
   mammals,	
  

depletion	
  of	
  m-­‐AAA	
  protease	
  causes	
  mitochondrial	
  fragmentation	
  implicating	
  an	
  

additional	
  role	
   in	
  mitochondrial	
  dynamics	
  (Ehses	
  et	
  al.,	
  2009).	
  The	
  functions	
  of	
  

m-­‐AAA	
  protease	
  are	
  described	
  in	
  detail	
  below:	
  

1)	
  Degradation	
  of	
  misfolded	
  polypeptides:	
  Yta10p	
  was	
  found	
  to	
  degrade	
  the	
  

incompletely	
   synthetized	
   mitochondrial	
   translation	
   products,	
   when	
  

5



  
 

 

mitochondrial	
   translation	
   was	
   carried	
   out	
   using	
   35S-­‐labelled	
   methionine	
   in	
  

organello,	
   in	
   the	
   presence	
   of	
   limited	
   concentrations	
   of	
   puromycin.	
   The	
  

incompletely	
   synthetized	
  mitochondrial	
   translation	
   products	
   did	
   not	
   assemble	
  

into	
   functional	
   active	
   complexes,	
   as	
   assessed	
   by	
   the	
   amount	
   of	
   radioactivity	
  

released	
   into	
   the	
   TCA	
   soluble	
   supernatant	
   fraction.	
   The	
   degradation	
   was	
   also	
  

dependent	
  on	
  the	
  presence	
  of	
  divalent	
  metal	
  ions	
  and	
  ATP	
  (Pajic	
  et	
  al.,	
  1994).	
  	
  

2)	
   Chaperone-­‐like	
   activity:	
   Δyta10	
   or	
   Δyta12	
   cells	
   containing	
   proteolytically	
  

inactive	
   mutant	
   forms,	
   Yta10E559Qp	
   or	
   Yta12E614Qp	
   (mutations	
   in	
   proteolytic	
  

domain	
  in	
  yeast),	
  mediated	
  the	
  assembly	
  of	
  the	
  F0	
  ATPase	
  subunit	
  9	
  into	
  the	
  ATP	
  

synthase	
   complex	
   deciphering	
   an	
   additional	
   chaperone-­‐like	
   activity	
   of	
   the	
  

complex.	
  The	
  Yta10-­‐12	
  complex	
  also	
  degraded	
  the	
  nonassembled	
  ATPase	
  9	
  (Arlt	
  

et	
  al.,	
  1996).	
  	
  

3)	
  Mitochondrial	
   translation:	
  Point	
  mutations	
   in	
   the	
  proteolytic	
   centre	
  of	
  m-­‐

AAA	
  protease	
  subunits	
  -­‐	
  Yta10E559Q	
  and	
  Yta12E614Q	
  were	
  used	
  as	
  a	
  trap	
  for	
  finding	
  

out	
   possible	
   substrates	
   (Nolden	
   et	
   al.,	
   2005).	
   The	
  mutations	
   did	
   not	
   affect	
   the	
  

substrate	
  binding	
  capacity	
  of	
  m-­‐AAA	
  protease.	
  Using	
  affinity	
  chromatography,	
  m-­‐

AAA	
   protease	
   subunits	
   used	
   as	
   trap	
   were	
   co-­‐purified	
   along	
   with	
   prohibitins.	
  

During	
  these	
  studies,	
  MrpL32	
  (mitochondrial	
  ribosomal	
  protein	
  of	
  large	
  subunit	
  

(39S)),	
   a	
   nuclear	
   encoded	
   protein	
   of	
  mitochondrial	
   ribosomes,	
  was	
   found	
   as	
   a	
  

substrate	
   of	
  m-­‐AAA	
   protease.	
   MrpL32	
   was	
   processed	
   from	
   a	
   precursor	
   into	
   a	
  

mature	
  form	
  and	
  the	
  first	
  71	
  N-­‐terminal	
  amino	
  acid	
  residues	
  were	
  essential	
  for	
  

mitochondrial	
   targeting.	
   However,	
   amino	
   acid	
   residues	
   72-­‐77	
   were	
   crucial	
   in	
  

importing	
   any	
   protein	
   attached	
   with	
   the	
   presequence	
   of	
   MrpL32.	
   It	
   was	
  

demonstrated	
   that	
   MrpL32	
   processing	
   was	
   very	
   important	
   for	
   conferring	
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respiratory	
   competence	
   to	
   m-­‐AAA	
   protease	
   deficient	
   yeast	
   cells.	
   Analysis	
   of	
  

ribosomal	
   profiles	
   by	
   using	
   a	
   sucrose	
   gradient	
   showed	
   no	
   difference	
   in	
   the	
  

assembly	
   of	
   large	
   ribosomal	
   subunits	
   (54S	
   and	
   70S)	
   and	
   small	
   ribosomal	
  

subunits	
  (37	
  S)	
  in	
  wild	
  type,	
  Δyta10,	
  Δyta12	
  or	
  Δmrpl32	
  cells	
  suggesting	
  that	
  the	
  

ribosome	
   assembly	
   occurs	
   normally	
   and	
   is	
   protected	
   from	
   proteolytic	
  

degradation	
  (Nolden	
  et	
  al.,	
  2005).	
  How	
  does	
  the	
  protease	
  distinguish	
  if	
  it	
  has	
  to	
  

cleave	
   a	
   misfolded	
   substrate	
   or	
   it	
   has	
   to	
   process	
   MrpL32	
   (the	
   only	
   known	
  

substrate	
  till	
  date)?	
  The	
  m-­‐AAA	
  protease	
  cleaves	
  MrpL32	
  from	
  N-­‐terminus	
  until	
  

it	
   reaches	
   a	
   conserved	
   cysteine–rich	
   domain	
   resulting	
   in	
   the	
   formation	
   of	
   a	
  

mature	
  form	
  from	
  the	
  precursor.	
  Mutations	
  in	
  this	
  domain	
  destabilize	
  the	
  tightly	
  

folded	
  domain	
   resulting	
   in	
   the	
   complete	
  degradation	
  of	
  MrpL32	
  by	
   the	
  m-­‐AAA	
  

protease	
   (Bonn	
   et	
   al.,	
   2011).	
   Hence,	
  m-­‐AAA	
   protease	
   processes	
   MrpL32	
   into	
  

mature	
  forms.	
  A	
  direct	
   link	
  to	
  neurodegeneration	
  was	
  obtained	
  when	
  impaired	
  

mitochondrial	
   protein	
   synthesis	
   was	
   observed	
   in	
   organello	
   in	
   murine	
   brain	
  

tissues	
  from	
  the	
  constitutive	
  knock	
  out	
  of	
  Afg3l2	
  due	
  to	
  impaired	
  mitochondrial	
  

ribosomal	
  assembly	
  (Almajan	
  et	
  al.,	
  2012).	
  	
  

4)	
   Mitochondrial	
   dynamics:	
   In	
   MEFs	
   knocked	
   down	
   for	
   Afg3l1	
   and	
   Afg3l2,	
  

mitochondria	
   are	
   fragmented.	
   Therefore,	
   the	
   mitochondrial	
   dynamics	
   are	
  

aberrant.	
   This	
   occurs	
   due	
   to	
   accumulation	
   of	
   short	
   OPA1	
   (Optic	
   Atrophy	
   1)	
  

forms	
  mediated	
  by	
  proteolytic	
  cleavage	
  by	
  OMA1	
  (Overlapping	
  activities	
  with	
  m-­‐

AAA	
  protease)	
  (Ehses	
  et	
  al.,	
  2009;	
  Head	
  et	
  al.,	
  2009),	
  a	
  protease	
  also	
  present	
  in	
  

the	
  inner	
  mitochondrial	
  membrane.	
  OMA1	
  was	
  identified	
  as	
  a	
  peptidase	
  cleaving	
  

misfolded	
   polypeptides	
   when	
   m-­‐AAA	
   protease	
   was	
   inactivated	
   (Kaser	
   et	
   al.,	
  

2003).	
   	
   OPA1,	
   a	
   dynamin-­‐related	
   GTPase	
   responsible	
   for	
   inner	
   mitochondrial	
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membrane	
   (IMM)	
   fusion,	
   has	
   8	
   splice	
   variants	
   (Delettre	
   et	
   al.,	
   2001).	
   Two	
  

isoforms	
  ‘a’	
  and	
  ‘b’	
  are	
  abundant	
  in	
  MEFs	
  corresponding	
  to	
  long	
  forms	
  of	
  OPA1.	
  

Proteolytic	
  processing	
  at	
  S1	
  and	
  S2	
  sites	
  by	
  OMA1	
  and	
  YME1L	
  respectively	
  yield	
  

a	
  combination	
  of	
  short	
  forms	
  ‘c’,	
  ‘d’	
  and	
  ‘e’	
  (Song	
  et	
  al.,	
  2007).	
  Under	
  steady	
  state	
  

conditions,	
   all	
   forms	
   from	
   ‘a-­‐e’	
   are	
   observed.	
   When	
   AFG3L1	
   and	
   AFG3L2	
   are	
  

depleted,	
   the	
   balance	
   is	
   shifted	
   towards	
   accumulation	
   of	
   short	
   forms.	
   The	
  

proteolytic	
   site	
   to	
   cleave	
   OPA1	
   is	
   present	
   in	
   the	
   intermembrane	
   space.	
   OMA1	
  

enhances	
  conversion	
  to	
  short	
  forms	
  ‘c’	
  and	
  ‘e’	
  upon	
  treatment	
  by	
  different	
  stress	
  

conditions	
  like	
  antimycin,	
  CCCP	
  etc.	
  and	
  is	
  also	
  autocatalytically	
  degraded	
  (Baker	
  

et	
  al.,	
  2014).	
  Consistently,	
  downregulation	
  of	
  Oma1	
  in	
  m-­‐AAA	
  protease	
  depleted	
  

MEFs	
  rescues	
  mitochondrial	
  fragmentation.	
  	
  

Oma1-­‐/-­‐	
  mice	
   developed	
  normally	
   and	
  did	
   not	
   show	
  any	
  differences	
   in	
   survival	
  

rates	
  when	
  compared	
   to	
   littermates	
   (Quiros	
  et	
   al.,	
   2012).	
  Oma1-­‐/-­‐	
  mice	
   showed	
  

an	
   increase	
   in	
  body	
  weight	
   compared	
   to	
   controls	
  when	
  kept	
  on	
   a	
  high-­‐fat	
  diet	
  

due	
  to	
  adipocyte	
  hypertrophy	
  in	
  white	
  adipose	
  tissue.	
  Livers	
  from	
  Oma1-­‐/-­‐	
  mice	
  

have	
   higher	
   triglycerides	
   showing	
   steatosis.	
   Oma1-­‐/-­‐	
   mice	
   also	
   showed	
   a	
  

significant	
  decrease	
  in	
  body	
  temperature	
  compared	
  to	
  controls	
  upon	
  exposure	
  to	
  

cold	
   stress	
   (4°C)	
   pointing	
   to	
   an	
   impaired	
   adaptive	
   thermogenic	
   response	
  

mediated	
   by	
   BAT	
   (brown	
   adipose	
   tissue).	
   Under	
   these	
   conditions,	
   histological	
  

analysis	
   showed	
   reduced	
   lipid	
   droplets	
   in	
   control	
   mice	
   whereas	
   Oma-­‐/-­‐	
   mice	
  

retained	
   most	
   of	
   the	
   lipid	
   droplets.	
   Quantitative	
   PCR	
   showed	
   that	
   Oma1	
  

deficiency	
  reduces	
  expression	
  of	
  nuclear	
  genes	
  encoding	
  mitochondrial	
  proteins	
  

and	
  ß-­‐oxidation	
  genes	
  accompanied	
  by	
   increase	
   in	
   lipogenic	
  genes	
  and	
  PGC1α.	
  

Treatment	
   of	
   wild	
   type	
   (WT)	
   cells	
   with	
   CCCP,	
   oligomycin	
   (ATP	
   synthase	
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inhibitor)	
  or	
  staurosporine	
  (apoptosis	
  inducer)	
  results	
  in	
  the	
  formation	
  of	
  OPA1	
  

short	
   forms	
   (‘c’	
   –‘e’).	
   Accordingly,	
  mitochondria	
   are	
   resistant	
   to	
   fragmentation	
  

and	
   less	
  sensitive	
   to	
  apopotosis	
   in	
  Oma-­‐/-­‐	
  cells	
   (Baker	
  et	
  al.,	
  2014;	
  Quiros	
  et	
  al.,	
  

2012).	
  ß-­‐oxidation	
  of	
   fatty	
  acids	
  was	
   impaired	
  in	
   liver	
  and	
  BAT	
  in	
  Oma1-­‐/-­‐	
  mice	
  

when	
  fed	
  on	
  normal	
  or	
  high	
  fat	
  diet.	
  The	
  decreased	
  palmitate	
  oxidation	
  rates	
  in	
  

differentiated	
   adipocytes	
   obtained	
   from	
  Oma1-­‐/-­‐	
  mice	
  was	
   dependent	
   on	
   OPA1	
  

levels	
  (Quiros	
  et	
  al.,	
  2012).	
  

Conditional	
   deletion	
   of	
   AFG3L2	
   in	
   Purkinje	
   cells	
   results	
   in	
   mitochondrial	
  

fragmentation	
   and	
   altered	
   distribution	
   of	
   mitochondria	
   in	
   the	
   dendritic	
   tree	
  

(Almajan	
   et	
   al.,	
   2012).	
   EM	
   studies	
   show	
   mitochondria	
   with	
   abnormal	
   cristae.	
  

Hence,	
  the	
  contribution	
  of	
  mitochondrial	
  dynamics	
  to	
  disease	
  progression	
  upon	
  

depletion	
   of	
   AFG3L2	
   remains	
   to	
   be	
   understood.	
   In	
   polarized	
   neurons,	
   the	
  

situation	
   becomes	
   even	
   more	
   complex	
   as	
   mitochondrial	
   dynamics	
   include	
  

efficient	
   transport	
   of	
   mitochondria	
   over	
   long	
   distances.	
   This	
   led	
   to	
   the	
  

formulation	
  of	
  my	
  research	
  project,	
  which	
  will	
  be	
  discussed	
  later.	
  

How	
  do	
  the	
  different	
  subunits	
  of	
  m-­‐AAA	
  protease	
  interact	
  to	
  make	
  up	
  the	
  whole	
  

complex?	
  

Assembly	
  of	
  m-­‐AAA	
  protease	
  subunits:	
  In	
  yeast,	
  Yta10	
  and	
  Yta12	
  form	
  hetero-­‐

oligomers	
   (instead	
   of	
   homo-­‐oligomers)	
   to	
   form	
   the	
   functional	
  m-­‐AAA	
  protease	
  

complex.	
   What	
   prompts	
   the	
   hetero-­‐oligomerisation	
   of	
   this	
   complex?	
   Δyta10	
  

Δyta12	
   yeast	
   cells	
   carrying	
   Yta12	
   do	
   not	
   support	
   growth.	
   However,	
   only	
   2	
  

mutations	
   in	
   yta12	
   are	
   sufficient	
   to	
   rescue	
   the	
   growth	
   defect,	
   suggesting	
   that	
  

these	
   mutations	
   allow	
   homo-­‐oligomerization.	
   Hence,	
   minor	
   differences	
   in	
   the	
  

proteolytic	
  domain	
  are	
  required	
  to	
  promote	
  hetero-­‐oligomerization	
  of	
  Yta12	
  and	
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Yta10	
   (Lee	
  et	
   al.,	
   2011).	
  As	
  mentioned	
  before,	
  the	
  murine	
  m-­‐AAA	
  protease	
  has	
  

three	
   subunits	
   namely	
   AFG3L1,	
   AFG3L2	
   and	
   paraplegin	
   with	
   AFG3L1	
   being	
   a	
  

pseudogene	
   in	
   humans	
   (Kremmidiotis	
   et	
   al.,	
   2001).	
   AFG3L2	
   forms	
   hetero-­‐

oligomers	
   with	
   paraplegin	
   as	
   shown	
   by	
   co-­‐immunoprecipitation	
   and	
   gel	
  

filtration	
  elution	
  profiles	
  (Atorino	
  et	
  al.,	
  2003).	
  Blue	
  native	
  PAGE	
  of	
  mitochondria	
  

solubilized	
   with	
   detergent	
   in	
   fibroblasts	
   derived	
   from	
   patients	
   suffering	
   from	
  

HSP	
  also	
  showed	
  a	
  complex	
  of	
  900	
  KDa	
  similar	
  to	
  hetero-­‐oligomeric	
  complex	
  of	
  

m-­‐AAA	
   protease.	
   Hence,	
   it	
   can	
   be	
   concluded	
   that	
   AFG3L2	
   also	
   forms	
   homo-­‐

oligomers.	
  Mitochondria	
  isolated	
  from	
  murine	
  liver	
  and	
  brain	
  showed	
  pulldown	
  

of	
   AFG3L1,	
   AFG3L2	
   and	
   paraplegin	
   with	
   each	
   other	
   (Koppen	
   et	
   al.,	
   2007).	
  	
  

Interestingly,	
  AFG3L1	
  and	
  AFG3L2	
  also	
  interact	
  with	
  each	
  other	
  forming	
  hetero-­‐

oligomers	
  in	
  Spg7-­‐/-­‐	
   (paraplegin	
  deficient)	
  mice.	
  Hence,	
  different	
  subunits	
  of	
  m-­‐

AAA	
  protease	
  interact	
  in	
  different	
  combinations	
  to	
  form	
  either	
  homo-­‐oligomers	
  

or	
  hetero-­‐oligomers	
  (Koppen	
  et	
  al.,	
  2007).	
  

Domain	
   structure	
   of	
   AFG3L2	
   and	
   the	
  m-­‐AAA	
   protease	
   structure:	
   Human	
  

AFG3L2	
   consists	
   of	
   17	
   exons	
   on	
   chromosome	
  18p11.21	
   spanning	
  48	
   kilobases	
  

(Figure	
   1.2).	
   Amino	
   acids	
   1-­‐65	
   encode	
   a	
   mitochondrial	
   targeting	
   sequence	
  

(MTS),	
  whereas	
  amino	
  acids	
  146-­‐163	
  and	
  252-­‐271	
  encode	
  two	
  transmembrane	
  

domains	
  to	
   insert	
  the	
  protein	
   into	
  the	
  mitochondrial	
   inner	
  membrane	
  (Di	
  Bella	
  

et	
   al.,	
   2010).	
   The	
   AAA	
   domain	
   spanning	
   amino	
   acid	
   residues	
   343-­‐534	
   has	
   a	
  

highly	
  conserved	
  three-­‐dimensional	
  structure	
  made	
  of	
  Walker	
  A	
  motif	
  (residues	
  

348-­‐355)	
   and	
  Walker-­‐B	
  motif	
   (residues	
  403-­‐410).	
  Walker	
  A	
  motifs	
   help	
   in	
   the	
  

nucleotide	
  binding	
  whereas	
  Walker-­‐B	
  motif	
  aids	
  to	
  hydrolyze	
  ATP	
  (Hanson	
  and	
  

Whiteheart,	
   2005).	
  A	
   third	
   conserved	
   region	
   called	
   second	
   region	
  of	
  homology	
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(SRH,	
   453-­‐470)	
   helps	
   in	
   efficient	
   ATPase	
   activity	
   (Karata	
   et	
   al.,	
   1999).	
   The	
  

proteolytic	
   domain	
   spans	
   amino	
   acids	
   541-­‐744	
   (Di	
   Bella	
   et	
   al.,	
   2010).	
   	
   Cryo-­‐

Electron	
  microscopic	
   (EM)	
   studies	
   show	
   that	
   yeast	
  m-­‐AAA	
   protease	
   showed	
   a	
  

bipartite	
  structure	
  with	
  a	
  height	
  of	
  137	
  Å	
  and	
  width	
  of	
  130	
  Å.	
  The	
  upper	
  body	
  

sitting	
  on	
  the	
  lower	
  and	
  larger	
  main	
  body	
  consists	
  of	
  a	
  central	
  mass	
  from	
  which	
  

six	
  smaller	
  arms	
  project	
  out.	
  The	
  lower	
  main	
  body	
  also	
  has	
  6	
  approx.	
  25	
  Å	
  wide	
  

holes	
  through	
  which	
  cleaved	
  peptides	
  can	
  exit	
  the	
  protease	
  complex	
  (Lee	
  et	
  al.,	
  

2011).	
   	
  Elegant	
  experiments	
  showed	
  that	
  ATP	
  hydrolysis	
  within	
  the	
  subunits	
  of	
  

m-­‐AAA	
   protease	
   is	
   coordinated	
   but	
   not	
   stochastic	
   where	
   ATP	
   binding	
   to	
   a	
  

subunit	
  prevents	
  its	
  hydrolysis	
  by	
  the	
  neighboring	
  subunit	
  eg.	
  Yta10	
  by	
  Yta	
  12	
  or	
  

vice	
  versa	
  (Augustin	
  et	
  al.,	
  2009).	
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Fig 1.1: Diseases occuring due to de�ciency in m-AAA protease
Source: (Rugarli and Langer, 2012)
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Figure 1.2: Domain Structure of Human AFG3L2 showing di�erent domains and associated
mutations. The mutation sites in patients are highly conserved across di�erent species. 
Source: (Di Bella et al., 2010)
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1.2)	
  Neurodegeneration	
  associated	
  with	
  m-­‐AAA	
  protease:	
  

Mutations	
   in	
   various	
   subunits	
   of	
   m-­‐AAA	
   protease	
   cause	
   various	
  

neurodegenerative	
  diseases	
   in	
  humans.	
  As	
  mentioned	
  previously,	
  heterozygous	
  

missense	
  mutations	
   in	
  AFG3L2	
   lead	
  to	
  Spinocerebellar	
  Ataxia	
   type	
  28	
  (SCA	
  28)	
  

(Di	
   Bella	
   et	
   al.,	
   2010)	
  whereas	
  mutations	
   in	
   SPG7	
   encoding	
   paraplegin	
   lead	
   to	
  

Hereditary	
  Spastic	
  paraplegia	
  (HSP)	
  (Casari	
  et	
  al.,	
  1998).	
  Homozygous	
  mutations	
  

in	
  AFG3L2	
  lead	
  to	
  an	
  early	
  onset	
  Spastic	
  Ataxia-­‐Neuropathy	
  syndrome	
  harboring	
  

combined	
  symptoms	
  of	
  ataxia	
  and	
  paraplegia	
  (Figure	
  1.1)(Pierson	
  et	
  al.,	
  2011).	
  	
  

1)	
   Spinocerebellar	
   Ataxia	
   type	
   28:	
   Spinocerebellar	
   ataxias	
   are	
   a	
   class	
   of	
  

neurodegenerative	
   diseases	
   characterized	
   by	
   imbalance,	
   progressive	
   gait,	
   limb	
  

ataxia,	
  dysarthria	
  and	
  opthalmoparesis.	
  Loss	
  of	
  AFG3L2	
  leads	
  to	
  Spinocerebellar	
  

Ataxia	
  type	
  28.	
  SCA	
  28	
  is	
  an	
  autosomally	
  inherited	
  trait,	
  which	
  may	
  occasionally	
  

lead	
   to	
   complicated	
   disease	
   phenotype	
   characterized	
   by	
   parkinsonism	
   or	
  

spasticity	
   in	
  the	
   limbs	
  (Cagnoli	
  et	
  al.,	
  2010).	
  Owing	
  to	
  high	
  amounts	
  of	
  AFG3L2	
  

expression	
  in	
  Purkinje	
  cells,	
  the	
  patients	
  display	
  degeneration	
  of	
  the	
  cerebellum	
  

(Di	
  Bella	
  et	
  al.,	
  2010).	
  The	
  disease	
  was	
  first	
  mapped	
  in	
  a	
  four-­‐generation	
  Italian	
  

family	
  on	
  chromosome	
  18	
  at	
  18p11.22-­‐q11.2	
  spanning	
  a	
  7.9	
  Mb	
  of	
  genomic	
  DNA	
  

(Cagnoli	
  et	
  al.,	
  2006).	
  Sequencing	
  of	
  candidate	
  genes	
  led	
  to	
  the	
  identification	
  of	
  

heterozygous	
  point	
  mutation	
  in	
  this	
  region	
  (Mariotti	
  et	
  al.,	
  2008).	
  The	
  gene	
  was	
  

later	
   identified	
   as	
  AFG3L2	
   where	
  most	
   of	
   the	
  missense	
  mutations	
   in	
   the	
   gene	
  

were	
  present	
  in	
  the	
  proteolytic	
  domain	
  of	
  the	
  protein	
  (Di	
  Bella	
  et	
  al.,	
  2010).	
  

Yeast	
  cells	
  expressing	
  the	
  targeted	
  deletions	
  of	
  Yta10	
  and	
  Yta12	
  (homologous	
  to	
  

AFG3L2	
   and	
   paraplegin	
   respectively)	
   show	
   impaired	
   respiratory	
   growth	
   on	
  

glycerol,	
  a	
  nonfermentable	
  carbon	
  source	
  required	
  for	
  respiration	
  (Di	
  Bella	
  et	
  al.,	
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2010).	
   This	
   phenotype	
   can	
   be	
   suppressed	
   by	
   the	
   introduction	
   of	
   mammalian	
  

AFG3L2	
   indicating	
   evolutionary	
   conservation.	
  However,	
   variants	
   of	
   the	
   human	
  

protein,	
  harboring	
  4	
  different	
  pathological	
  mutations	
  in	
  proteolytic	
  domain	
  and	
  

one	
   mutation	
   in	
   the	
   ATPase	
   domain,	
   when	
   expressed	
   individually,	
   could	
   not	
  

rescue	
   the	
   growth	
  phenotype.	
  All	
   the	
  mutations	
   could	
  also	
  not	
   rescue	
   the	
  COX	
  

activity	
  and	
  the	
  levels	
  of	
  different	
  subunits	
  of	
  COX	
  protein	
  (Di	
  Bella	
  et	
  al.,	
  2010).	
  

It	
  is	
  noteworthy	
  to	
  observe	
  that	
  Δyta10Δyta12	
  yeast	
  cells	
  expressing	
  paraplegin	
  

and	
   carrying	
   the	
  mutant	
   AFG3L2S674L,	
   AFG3L2A694E	
  or	
   AFG3L2R702Q	
  had	
   normal	
  

respiration	
  whereas	
  the	
  mutants	
  AFG3L2E691K	
  or	
  AFG3L2E575Q	
  failed	
  to	
  rescue	
  the	
  

respiration.	
  This	
  would	
  point	
  that	
  the	
  first	
  set	
  of	
  mutations	
  namely:	
  AFG3L2S674L,	
  

AFG3L2A694Eand	
   AFG3L2R702Q	
   gave	
   rise	
   to	
   haploinsufficiency,	
   whereas	
   the	
  

mutations	
   in	
   AFG3L2E691K	
   and	
   AFG3L2E575Q	
   acted	
   as	
   dominant	
   negative	
  

mutations.	
  Consequently,	
  a	
  higher	
  number	
  of	
  patients	
  were	
  observed	
  when	
  they	
  

harbored	
   dominant	
   negative	
   mutations.	
   Thus,	
   the	
   heterozygous	
   missense	
  

mutations	
  exert	
  differential	
   effects.	
   Screening	
  of	
  366	
  Caucasian	
   families	
  having	
  

autosomal	
   dominant	
   cerebellar	
   ataxias,	
   excluded	
   for	
   those	
   suffering	
   from	
  

trinucleotide	
   expansions	
   (which	
   cause	
  most	
   part	
   of	
   ADCA),	
   concluded	
   that	
   an	
  

appreciable	
   1.5	
   %	
   of	
   Europeans	
   suffer	
   from	
   SCA	
   28	
   (Cagnoli	
   et	
   al.,	
   2010)	
  

pointing	
  out	
   the	
  widespread	
  nature	
  of	
  SCA	
  28.	
   	
  With	
   time,	
  more	
  mutations	
  are	
  

being	
  identified	
  in	
  patients	
  (Lobbe	
  et	
  al.,	
  2014;	
  Musova	
  et	
  al.,	
  2013).	
  	
  

Two	
   mouse	
   models	
   of	
   Afg3l2	
   were	
   described	
   where	
   one	
   of	
   them	
   was	
   a	
  

homozygous	
   spontaneous	
   missense	
   mutation	
   denoted	
   as	
   Afg3l2par/par	
  and	
   the	
  

other	
  was	
  denoted	
  as	
  Afg3l2Emv66/Emv66	
  (Maltecca	
  et	
  al.,	
  2008).	
  The	
  first	
  mutation	
  

namely	
   paralys	
  ́e	
   was	
   a	
   spontaneous	
   mutation,	
   which	
   occurred	
   at	
   the	
   Pasteur	
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institute.	
   The	
   second	
   mutation	
   was	
   a	
   homozygous	
   null	
   mutant	
   where	
   an	
  

ecotropic	
  murine	
  leukemia	
  virus	
  integrated	
  within	
  intron	
  14	
  of	
  the	
  Afg3l2	
  gene	
  

on	
  chromosome	
  18	
  leading	
  to	
  the	
  deletion	
  of	
  the	
  last	
  210	
  amino	
  acids	
  in	
  the	
  802	
  

amino	
   acid	
   protein.	
   Further	
   24	
   amino	
   acids	
   were	
   added	
   before	
   prematurely	
  

terminating	
   in	
   a	
   stop	
   codon	
   leading	
   to	
   no	
   detection	
   of	
   the	
   full-­‐length	
   or	
  

truncated	
   protein	
   on	
   a	
   western	
   blot	
   (Maltecca	
   et	
   al.,	
   2008).	
   Both	
   the	
   mouse	
  

models	
   display	
   significant	
   paraparesis	
   by	
   the	
   second	
  week	
   and	
  do	
   not	
   survive	
  

beyond	
   their	
   third	
   week.	
   Mice	
   have	
   reduced	
   thickness	
   of	
   the	
   spinal	
   cord,	
  

aberrant	
   myelination	
   and	
   also	
   display	
   massive	
   vacuolization	
   in	
   Purkinje	
   cells	
  

and	
  dorsal	
   root	
   ganglia.	
   The	
   sciatic	
   nerve	
  has	
   reduced	
   axonal	
   diameter.	
  At	
   the	
  

cellular	
   level,	
   the	
   brains	
   of	
   these	
  mice	
   synthetized	
   lesser	
   ATP	
   due	
   to	
   aberrant	
  

complex	
   I	
   and	
   III	
   (Maltecca	
   et	
   al.,	
   2008).	
   It	
   has	
   been	
   proposed	
   that	
  

haploinsufficiency	
   in	
  Afg3l2Emv66/+	
  mice	
   is	
   sufficient	
   to	
   induce	
  motor	
   defects	
   in	
  

mice	
   and	
   cause	
   Purkinje	
   cell	
   death	
   by	
   dark	
   degeneration.	
   Increased	
  

mitochondrial	
   ROS	
   has	
   also	
   been	
   proposed	
   to	
   play	
   a	
   role	
   in	
   the	
   pathological	
  

advancement	
   (Maltecca	
   et	
   al.,	
   2009).	
   	
   Therefore,	
   the	
   mice	
   models	
  

comprehensively	
  show	
  the	
  mechanism	
  of	
  disease	
  progression.	
  

2)	
   Hereditary	
   Spastic	
   Paraplegia:	
   Depletion	
   of	
   paraplegin	
   encoded	
   by	
   SPG7	
  

results	
   in	
  Hereditary	
   Spastic	
  Paraplegia	
   (HSP)	
   (Casari	
   et	
   al.,	
   1998).	
  HSPs	
   are	
   a	
  

diverse	
  group	
  of	
  diseases	
  characterized	
  by	
  spasticity	
   in	
   the	
   lower	
   limbs	
  due	
   to	
  

degeneration	
   of	
   long	
  motor	
   neuron	
   axons	
   in	
   the	
   corticospinal	
   tracts.	
   HSPs	
   are	
  

categorized	
  as	
  pure	
  when	
  accompanied	
  by	
  lower	
  limb	
  spasticity	
  and	
  complicated	
  

if	
  accompanied	
  by	
  other	
  clinical	
  symptoms	
  such	
  as	
  dementia,	
  ataxia	
  and	
  seizures.	
  	
  

Unlike	
  SCA	
  28,	
  HSP	
  caused	
  by	
  deficiency	
  of	
  SPG7	
  is	
  an	
  autosomal	
  recessive	
  trait.	
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A	
  study	
  that	
  examined	
  135	
  HSP	
  patients	
  found	
  approximately	
  5	
  %	
  of	
  the	
  patients	
  

(seven	
  patients)	
  harboured	
  deficiencies	
  in	
  paraplegin	
  confirming	
  the	
  magnitude	
  

of	
  its	
  pathological	
  contribution	
  (Arnoldi	
  et	
  al.,	
  2008).	
  	
  	
  

Spg7-­‐/-­‐	
  mice	
  displayed	
  motor	
  defects	
  at	
  4	
  months	
  by	
  a	
  rotarod	
  test	
  (Ferreirinha	
  et	
  

al.,	
  2004).	
  Spinal	
  cords	
  of	
  these	
  mice	
  display	
  swollen	
  mitochondria	
  characterized	
  

by	
   degenerating	
   fibers	
   in	
   the	
   anterolateral	
   funiculi	
   at	
   15	
   months	
   of	
   age.	
   In	
  

keeping	
   with	
   the	
   late	
   onset	
   neurodegeneration,	
   mitochondria	
   isolated	
   from	
  

spinal	
   cord	
   of	
   Spg7-­‐/-­‐	
  mice	
   at	
   23	
   months	
   of	
   age	
   displayed	
   reduced	
   ability	
   to	
  

synthetize	
  ATP.	
  An	
  abnormal	
  accumulation	
  of	
  neurofilaments	
  was	
  also	
  observed	
  

in	
   Spg7-­‐/-­‐	
  mice.	
   When	
   Cholera	
   toxin	
   subunit	
   B	
   (conjugated	
   with	
   a	
   fluorescent	
  

dye)	
   was	
   injected	
   into	
   the	
   gastrocnemius	
   muscle	
   of	
   Spg7-­‐/-­‐	
  mice	
   at	
   17	
   weeks,	
  

lesser	
   motor	
   neurons	
   were	
   labeled	
   when	
   compared	
   to	
   control.	
   The	
   reduction	
  

was	
  limited	
  to	
   long	
  motor	
  neuron	
  axons	
  (Ferreirinha	
  et	
  al.,	
  2004).	
  Remarkably,	
  

adenoassociated	
   virus-­‐mediated	
   intramuscular	
   delivery	
   of	
   paraplegin	
   rescued	
  

mitochondrial	
   abnormalities	
   and	
   sciatic	
   nerve	
   abnormalities	
   (Pirozzi	
   et	
   al.,	
  

2006).	
   Indeed,	
   Spg7-­‐/-­‐	
   mice	
   paved	
   the	
   way	
   for	
   deciphering	
   the	
   disease	
  

progression	
  occurring	
  in	
  HSP	
  patients.	
  

3)	
   Spastic	
   Ataxia-­‐Neuropathy	
   syndrome	
   (SPAX5):	
   Homozygous	
   missense	
  

mutation	
   in	
   AFG3L2	
   (AFG3L2Y616C)	
   lead	
   to	
   an	
   early	
   onset	
   ataxia-­‐neuropathy	
  

syndrome	
  in	
  two	
  brothers	
  born	
  from	
  a	
  consanguineous	
  marriage.	
  The	
  symptoms	
  

included	
  cerebellar	
  atrophy,	
  lower	
  limb	
  spasticity,	
  peripheral	
  neuropathy,	
  ptosis	
  

and	
   epilepsy.	
   The	
  mutation	
  was	
   found	
   in	
   the	
   exon	
   15	
   at	
   the	
   beginning	
   of	
   the	
  

proteolytic	
  domain.	
  Δyta10Δyta12	
  yeast	
  cells	
  harboring	
  human	
  AFG3L2	
  restored	
  

the	
   growth	
   and	
   processing	
   of	
   MrpL32	
   whereas	
   Δyta10Δyta12	
   cells	
   expressing	
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AFG3L2	
  having	
  mutations	
  in	
  the	
  Walker	
  A	
  motif	
  of	
  AAA	
  domain	
  (AFG3L2K354A)	
  or	
  

in	
   its	
   proteolytic	
   centre	
   (AFG3L2E575Q)	
   were	
   unable	
   to	
   do	
   so.	
   However,	
  

AFG3L2Y616C	
  mutation	
   found	
   in	
   the	
   siblings	
  was	
   able	
   to	
   rescue	
   the	
   growth	
   and	
  

MrpL32	
   processing	
   phenotype	
   suggesting	
   that	
   the	
   mutation	
   acted	
   as	
   a	
  

hypomorph.	
   This	
   could	
   also	
   explain	
   the	
   reason	
   for	
   the	
   survival	
   of	
   brothers,	
   at	
  

least	
   to	
   their	
   teens.	
   Blue	
   native	
   PAGE	
   electrophoresis	
   conducted	
   on	
   primary	
  

fibroblasts	
   from	
   a	
   patient	
   also	
   demonstrated	
   that	
   AFG3L2	
   assembled	
   less	
  

efficiently	
   with	
   itself,	
   where	
   the	
   parents’	
   samples	
   showed	
   more	
   efficient	
  

assembly	
  albeit	
   less	
  when	
  compared	
   to	
   the	
  control	
  sample.	
  The	
  same	
  was	
   true	
  

for	
  paraplegin	
  assembly	
  with	
  AFG3L2	
  (Pierson	
  et	
  al.,	
  2011).	
  

Notably,	
   Spg7-­‐/-­‐Afg3l2Emv66/+	
   mice	
   showed	
   an	
   acceleration	
   of	
   axonopathy	
   and	
  

degeneration	
  of	
  the	
  cerebellum	
  demonstrating	
  a	
  genetic	
  interaction	
  between	
  the	
  

subunits	
   of	
  m-­‐AAA	
   protease	
   (Martinelli	
   et	
   al.,	
   2009).	
   	
   Spg7-­‐/-­‐Afg3l2Emv66/+	
   mice	
  

had	
  a	
  median	
  survival	
  time	
  of	
  13	
  weeks	
  with	
  all	
  the	
  mice	
  dying	
  by	
  the	
  20th	
  week.	
  

They	
   showed	
   diminished	
   motor	
   abilities	
   beginning	
   at	
   7	
   weeks	
   of	
   age,	
   which	
  

worsened	
   very	
   rapidly	
   with	
   time.	
   Mice	
   displayed	
   uncoordinated	
   gait,	
   loss	
   of	
  

balance	
   suggesting	
   ataxia	
   and	
   also	
   developed	
   a	
   prominent	
   kyphosis.	
   Axonal	
  

swellings	
  were	
  observed	
  in	
  the	
  spinal	
  cord	
  of	
  Spg7-­‐/-­‐Afg3l2Emv66/+	
  mice.	
  A	
  number	
  

of	
   axons	
   of	
   the	
   sciatic	
   nerve	
   show	
   abnormal	
   and	
   enlarged	
  mitochondria	
   with	
  

disrupted	
   cristae	
   structure.	
   Abnormal	
   Purkinje	
   cell	
   ramification	
  was	
   observed	
  

along	
  with	
  abnormal	
  vacuolization	
  in	
  the	
  soma.	
  	
  Axonal	
  loss	
  in	
  the	
  granular	
  layer	
  

of	
   cerebellum	
   was	
   detected	
   in	
   these	
   mice.	
   The	
   mice	
   also	
   showed	
   loss	
   of	
  

mitochondrial	
  DNA	
  content	
  (Martinelli	
  et	
  al.,	
  2009).	
  	
  

	
  

18



  
 

 

The	
   m-­‐AAA	
   protease	
   corroborates	
   the	
   relationship	
   between	
   mitochondrial	
  

dynamics,	
   due	
   to	
   its	
   connection	
   with	
   OPA1	
   and	
   OMA1,	
   and	
   associated	
  

neurodegeneration	
   with	
   SCA28,	
   HSP	
   and	
   spastic	
   ataxia-­‐neuropathy	
   syndrome	
  

(SPAX5).	
   What	
   is	
   the	
   connection	
   between	
   mitochondrial	
   dynamics	
   and	
  

neurodegeneration?	
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1.3)	
  Link	
  between	
  mitochondrial	
  dynamics	
  and	
  neurodegeneration:	
  

Mitochondria	
   are	
   highly	
   dynamic	
   organelles	
   constantly	
   undergoing	
   fission	
   and	
  

fusion	
   at	
   steady	
   state	
   (Bereiter-­‐Hahn	
   and	
   Voth,	
   1994).	
   They	
   play	
   key	
   roles	
   in	
  

ATP	
   production,	
   calcium	
   buffering	
   and	
   apoptosis.	
   During	
   interphase,	
   fission	
  

helps	
   to	
   remove	
   dysfunctional	
  mitochondria	
   by	
  mitophagy	
   (Twig	
   et	
   al.,	
   2008).	
  

During	
   cell	
   division,	
   it	
   helps	
   to	
   distribute	
   mitochondria	
   to	
   daughter	
   cells	
  

(Kashatus	
   et	
   al.,	
   2011).	
   Fusion	
   helps	
   in	
   the	
   intermixing	
   of	
  mitochondrial	
   DNA	
  

and	
  proteins	
  and	
  also	
  to	
  maintain	
  mitochondrial	
  DNA	
  stability	
  (Chen	
  et	
  al.,	
  2010;	
  

Ono	
   et	
   al.,	
   2001).	
   OPA-­‐1	
   is	
   responsible	
   for	
   the	
   inner	
  mitochondrial	
  membrane	
  

(IMM)	
   fusion	
   whereas	
   Mitofusin-­‐1	
   (Mfn1)	
   and	
   Mitofusin-­‐2	
   (Mfn2)	
   are	
  

responsible	
  for	
  outer	
  mitochondrial	
  membrane	
  (OMM)	
  fusion.	
  All	
  of	
  them	
  belong	
  

to	
   dynamin	
   family	
   and	
   typically	
   contain	
   a	
   GTPase	
   domain	
   and	
   a	
   hydrophobic	
  

heptad	
   repeat	
   domain.	
   The	
  hydrophobic	
   heptad	
   repeat	
   domains	
  help	
   to	
   tether	
  

opposing	
   mitochondria	
   facilitating	
   fusion	
   (Chan,	
   2006).	
   Mitochondrial	
   fission	
  

machinery	
  mainly	
  includes	
  DRP1,	
  which	
  has	
  a	
  GTPase	
  domain,	
  a	
  central	
  domain	
  

and	
  a	
  GTPase	
  Effector	
  domain	
  (GED).	
  

Molecules	
   primarily	
   responsible	
   for	
   mitochondrial	
   fission	
   and	
   fusion	
   are	
   also	
  

associated	
  with	
  neurodegenerative	
  diseases.	
  Mutations	
  in	
  MFN-­‐2	
  cause	
  Charcot-­‐

Marie-­‐Tooth	
   Type	
   2A	
   (Zuchner	
   et	
   al.,	
   2004).	
   The	
   gene	
   was	
   mapped	
   to	
  

chromosome	
  1p36.2	
  where	
  five	
  different	
  missense	
  mutations	
  were	
  identified	
  in	
  

in	
  the	
  GTPase	
  domain	
  and	
  one	
  mutation	
  was	
  mapped	
  to	
  the	
  mitofusin	
  coiled-­‐coil	
  

domain.	
  Mice	
  knocked	
  out	
   for	
  Mfn1	
  or	
  Mfn2	
  were	
  embryonic	
   lethal	
  and	
  died	
   in	
  

midgestation	
  (Chen	
  et	
  al.,	
  2003).	
  Mfn2-­‐/-­‐	
  mice	
  embryos	
  had	
  a	
  disrupted	
  placental	
  

trophoblast	
   giant	
   cell	
   layer.	
   This	
   layer	
   is	
   especially	
   prone	
   to	
   high	
   metabolic	
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demands	
   of	
   energy	
   because	
   of	
   endoreplication.	
   Depending	
   on	
   the	
   tissue	
  

specificity,	
   it	
   was	
   found	
   that	
   Mfn1	
   and	
   Mfn2	
   form	
   homo-­‐oligomers	
   and/or	
  

hetero-­‐oligomers.	
   Mfn2	
   did	
   not	
   form	
   any	
   hetero-­‐oligomers	
   with	
   Mfn1	
   in	
   the	
  

placental	
  giant	
  cells	
  and	
  thus	
  could	
  not	
  compensate	
  for	
  the	
  loss	
  of	
  mitofusin	
  pool	
  

(Chen	
  et	
  al.,	
  2003).	
  	
  

Conditional	
   deletion	
   of	
   Mfn2	
   using	
   an	
   EN1-­‐Cre	
   (actively	
   expressed	
   in	
   the	
  

cerebellar	
   primordia	
   from	
  midgestation)	
   resulted	
   in	
   smaller	
   animals	
   unable	
   to	
  

coordinate	
  body	
  movements	
  which	
  crawled	
  on	
  their	
  abdomen	
  and	
  died	
  by	
  three	
  

weeks	
   of	
   age	
   (Chen	
   et	
   al.,	
   2007).	
   Immunohistological	
   analysis	
   confirmed	
   that	
  

area	
  of	
  the	
  mutant	
  cerebella	
  decreased	
  to	
  about	
  60	
  %	
  of	
  WT	
  by	
  P7	
  and	
  25	
  %	
  by	
  

P15-­‐17	
  accompanied	
  loss	
  of	
  Purkinje	
  cells.	
  By	
  P10,	
  there	
  is	
  an	
  extensive	
  loss	
  of	
  

arborisation	
  of	
  the	
  dendrites	
  of	
  Purkinje	
  cells	
  projecting	
  into	
  the	
  molecular	
  layer.	
  

At	
  P6,	
  an	
  increased	
  staining	
  of	
  Complex	
  V	
  is	
  observed	
  possibly	
  to	
  compensate	
  for	
  

insufficient	
   respiration.	
   Primary	
   cerebellar	
   cultures	
   depleted	
   of	
   Mfn2	
   using	
   a	
  

lentivirus	
   showed	
   loss	
   of	
   dendritic	
   branches	
   and	
   spines	
  when	
   the	
   control	
   had	
  

nicely	
   developed	
   them.	
   Mitochondrial	
   clustering	
   in	
   the	
   soma	
   of	
   cerebellar	
  

neurons	
  depleted	
  of	
  Mfn2	
  could	
  be	
  rescued	
  by	
  the	
  introduction	
  of	
  Mfn1	
  pointing	
  

out	
   that	
   the	
   overcoming	
   abnormalities	
   of	
  mitochondrial	
   fusion	
   can	
   rescue	
   the	
  

phenotype.	
   This	
   process	
   was	
   found	
   to	
   be	
   cell	
   autonomous	
   as	
   L7-­‐Cre	
   solely	
  

expressed	
  in	
  the	
  Purkinje	
  cells	
  also	
  recapitulated	
  the	
  phenotype	
  observed,	
  albeit	
  

at	
  a	
  slower	
  pace,	
  where	
  all	
  the	
  Purkinje	
  cells	
  were	
  lost	
  by	
  6	
  month	
  of	
  age.	
  As	
  the	
  

L7-­‐cre	
  is	
  expressed	
  from	
  P7,	
  it	
  can	
  also	
  exclude	
  any	
  effects	
  observed	
  because	
  of	
  

developmental	
   abnormalities.	
   Immunohistochemical	
   sections	
   also	
   reveal	
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abnormal	
  COX-­‐SDH	
  staining.	
  Mitochondria	
  also	
  lacked	
  mtDNA	
  nucleoids	
  (Chen	
  et	
  

al.,	
  2007).	
  

Dominant	
  Optic	
  Atrophy	
   (DOA)	
   is	
   a	
   hereditary	
   optic	
   neuropathy	
   characterized	
  

by	
  progressive	
  loss	
  of	
  vision	
  resulting	
  from	
  atrophy	
  of	
  the	
  optic	
  nerve.	
  Two	
  back-­‐

to-­‐back	
   studies	
   mapped	
   the	
   disease	
   to	
   aberrancies	
   in	
   the	
   mitochondrial	
   gene	
  

OPA1	
   on	
   the	
   chromosome	
   3q28-­‐q29	
   (Alexander	
   et	
   al.,	
   2000b;	
   Delettre	
   et	
   al.,	
  

2000).	
   In	
   one	
   study,	
   the	
   mutations	
   from	
   7	
   independent	
   families	
   included	
  

missense	
  mutations	
   and	
   nonsense	
   deletions	
   and	
   insertions	
   while	
   in	
   the	
   other	
  

study	
   frameshift	
   and	
   missense	
   mutations	
   were	
   found.	
   Although	
   ubiquitously	
  

expressed,	
  the	
  susceptibility	
  of	
  the	
  patients	
  is	
  due	
  to	
  a	
  high	
  expression	
  of	
  OPA1	
  

in	
  the	
  retina.	
  A	
  mouse	
  model	
  of	
  OPA1	
  was	
  obtained	
  when	
  a	
  splice	
  site	
  mutation	
  

in	
  Opa1	
  led	
  to	
  the	
  deletion	
  of	
  exon	
  10	
  encoding	
  part	
  of	
  the	
  GTPase	
  domain	
  (Alavi	
  

et	
   al.,	
   2007).	
   Homozygous	
   mutations	
   in	
   Opa1	
  were	
   embryonic	
   lethal	
   whereas	
  

heterozygous	
   mutations	
   were	
   viable	
   but	
   display	
   progressive	
   loss	
   of	
   retinal	
  

ganglion	
   cells	
   (RGCs),	
   reduction	
   in	
   the	
   number	
   of	
   axons	
   in	
   optic	
   nerves	
   and	
  

axonal	
  swelling.	
  Mitochondria	
  also	
  had	
  disorganized	
  cristae	
  in	
  these	
  axons	
  (Alavi	
  

et	
   al.,	
   2007).	
   	
   Another	
   mouse	
   model	
   also	
   recapitulated	
   the	
   symptoms	
   where	
  	
  	
  

Opa1-­‐/-­‐	
   animals	
   were	
   embryonic	
   lethal	
   at	
   13.5	
   and	
   heterozygous	
   animals	
  

displayed	
   impaired	
  vision	
  around	
  6	
  months	
  of	
  age	
  showing	
  a	
  slow	
  onset	
  of	
   the	
  

disease	
  (Davies	
  et	
  al.,	
  2007).	
  

Drp1	
  is	
  responsible	
  for	
  mitochondrial	
  fission	
  (Smirnova	
  et	
  al.,	
  2001).	
  An	
  isolated	
  

case	
   of	
   neonatal	
   death	
   was	
   observed	
   at	
   37	
   days	
   where	
   the	
   infant	
   developed	
  

microcephaly,	
  optic	
  atrophy	
  and	
  hypoplasia.	
  The	
  mutation	
  A395D	
  was	
  found	
  in	
  

the	
  middle	
  domain	
  of	
  DRP1	
  and	
  was	
  characterized	
  as	
  a	
  de	
  novo	
  mutation	
  as	
  none	
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of	
  the	
  parents	
  possessed	
  it	
  (Waterham	
  et	
  al.,	
  2007).	
  Defective	
  mitochondrial	
  and	
  

peroxisomal	
   fission	
   were	
   observed	
   in	
   human	
   skin	
   fibroblasts.	
   Because	
   of	
   the	
  

ability	
  of	
  the	
  mutant	
  DRP1	
  to	
  induce	
  mitochondrial	
  and	
  peroxisomal	
  elongation	
  

in	
   control	
   cells,	
   it	
  was	
   characterized	
  as	
  dominant	
  negative.	
   	
  This	
  mutation	
  was	
  

shown	
   to	
   impair	
   intermolecular	
   interactions,	
   as	
   tested	
   by	
   yeast	
   two-­‐hybrid	
  

assays.	
   The	
   stimulation	
   of	
   DRP1	
   GTPase	
   activity	
   dependent	
   on	
   higher	
   order	
  

assembly	
  was	
  also	
  reduced	
  (Chang	
  et	
  al.,	
  2010).	
  Knocking	
  out	
  Drp1	
  in	
  mice	
  leads	
  

to	
  embryonic	
  lethality	
  (Ishihara	
  et	
  al.,	
  2009;	
  Kageyama	
  et	
  al.,	
  2012;	
  Wakabayashi	
  

et	
   al.,	
   2009).	
   	
   In	
   primary	
   cultured	
   neurons,	
   there	
   are	
   decreased	
   number	
   of	
  

neurites	
  and	
  defective	
  synapse	
  formation.	
  	
  

The	
   intricate	
   relationship	
   between	
   mitochondrial	
   dynamics	
   and	
  

neurodegenerative	
  diseases	
  is	
  further	
  highlighted	
  in	
  Parkinson’s	
  disease	
  (PD)	
  as	
  

the	
  parkinsonian	
  mimetic,	
  MPP+	
  specifically	
   impairs	
  mitochondrial	
   transport	
   in	
  

dopamine	
   axons	
   (Kim-­‐Han	
   et	
   al.,	
   2011).	
   Further,	
   mutations	
   in	
   PINK1	
   (PTEN-­‐

induced	
  kinase	
  1)	
  and	
  parkin	
  cause	
  familial	
  form	
  of	
  PD	
  in	
  an	
  autosomal	
  recessive	
  

inheritance.	
   PINK1	
   is	
   a	
   mitochondrially-­‐targeted	
   molecule,	
   which	
   is	
  

proteolytically	
  degraded	
  from	
  a	
  63	
  KDa	
  fragment	
  into	
  52	
  KDa	
  by	
  the	
  proteasome	
  

under	
  physiological	
   conditions	
   in	
  healthy	
  cells	
   (Beilina	
  et	
  al.,	
  2005;	
  Zhou	
  et	
  al.,	
  

2008).	
   Presenilin-­‐associated	
   rhomboid-­‐like	
   protein	
   (PARL)	
   was	
   found	
   to	
  

proteolytically	
  cleave	
  PINK1	
   into	
  a	
  52	
  KDa	
  band	
  after	
   its	
   import	
   into	
   the	
   inner	
  

mitochondrial	
   membrane	
   (Jin	
   et	
   al.,	
   2010),	
   which	
   is	
   rapidly	
   degraded	
   by	
   an	
  

unknown	
   peptidase.	
   	
   Loss	
   of	
  mitochondrial	
  membrane	
   potential	
   compromises	
  

the	
  health	
  of	
  cells	
   that	
  stabilizes	
  the	
  PINK1	
  on	
  the	
  surface	
  of	
  mitochondria	
  and	
  

recruits	
  parkin	
  (Narendra	
  et	
  al.,	
  2010).	
  Parkin	
  is	
  known	
  to	
  mediate	
  the	
  turnover	
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of	
  damaged	
  mitochondria	
  by	
  mitophagy	
  (Narendra	
  et	
  al.,	
  2008).	
  Deletion	
  of	
  Mfn2	
  

in	
  mouse	
  cardiac	
  myocytes	
  abolished	
  depolarization-­‐induced	
  Parkin	
  recruitment	
  

on	
  to	
  the	
  mitochondrial	
  membrane	
  suggesting	
  that	
  PINK1	
  phosphorylated	
  Mfn2	
  

acts	
   an	
   anchor	
   to	
   recruit	
   Parkin	
   on	
   to	
   the	
   surface	
   of	
  mitochondria	
   (Chen	
   and	
  

Dorn,	
  2013).	
  However,	
  it	
  is	
  also	
  proposed	
  that	
  PINK1	
  phosphorylation	
  of	
  parkin	
  

promotes	
   its	
  mitochondrial	
   translocation	
  via	
  a	
   linker	
   region	
   (Kim	
  et	
  al.,	
   2008).	
  

Mitochondria	
   are	
   distributed	
   away	
   from	
   the	
   axons	
   in	
   pyramidal	
   neurons	
   in	
  

Alzheimer’s	
   disease	
   (AD)	
   (Wang	
   et	
   al.,	
   2008).	
   Mice	
   overexpressing	
   human	
  

huntington	
   (Htt)	
   in	
   hippocampal	
   neurons	
   also	
   displayed	
   mitochondrial	
  

anterograde	
   transport	
   defects	
   (Shirendeb	
   et	
   al.,	
   2012).	
   	
   Indeed,	
   there	
   is	
   ample	
  

evidence	
   indicating	
   the	
   importance	
   of	
   mitochondrial	
   dynamics	
   in	
  

neurodegeneration.	
  As	
  there	
  is	
  additional	
  burden	
  to	
  transport	
  mitochondria	
  over	
  

long	
   distances	
   in	
   neurons,	
   mitochondrial	
   transport	
   is	
   nevertheless	
   linked	
   to	
  

neurodegeneration.	
   What	
   are	
   the	
   mechanisms	
   of	
   mitochondrial	
   transport	
   in	
  

neurons?	
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1.4)	
  Mitochondrial	
  transport	
  and	
  neurodegeneration:	
  

Neurons	
   are	
   highly	
   polarized	
   cells	
   with	
   three	
   distinct	
   compartments:	
   a	
   soma,	
  

dendritic	
  compartment	
  and	
  an	
  axon	
  that	
  can	
  be	
  as	
  long	
  as	
  1	
  m	
  in	
  a	
  human	
  adult.	
  

It	
   is	
   generally	
   thought	
   that	
   most	
   of	
   the	
   biosynthetic	
   as	
   well	
   as	
   degradative	
  

machineries	
  like	
  DNA	
  replication,	
  translation	
  and	
  autophagy	
  occurs	
  in	
  the	
  soma	
  

of	
   neurons.	
   Therefore,	
   neurons	
   have	
   an	
   additional	
   level	
   of	
   complexity	
   to	
  

transport	
  all	
  organelles	
  including	
  mitochondria	
  over	
  long	
  distances	
  from	
  time	
  to	
  

time.	
   All	
   the	
   long-­‐range	
   transport	
   of	
   organelles	
   occurs	
   using	
   microtubules	
   as	
  

tracks	
  whereas	
  short-­‐range	
  transport	
  uses	
  actin.	
  Short-­‐range	
  transport	
  mediated	
  

by	
   actin	
   is	
   active	
   in	
   the	
   pre-­‐synaptic,	
   post-­‐synaptic	
   compartments	
   and	
   in	
   the	
  

growth	
   cones	
   of	
   neurons.	
  Motors	
   belonging	
   to	
   kinesin	
   superfamily	
   (KIFs)	
   and	
  

cytoplasmic	
   dynein	
   are	
   the	
   main	
   microtubule-­‐based	
   motor	
   proteins.	
   Myosin	
  

motors	
  drive	
  the	
  actin-­‐based	
  transport.	
  However,	
  the	
  directionality	
  of	
  motors	
  is	
  

based	
   on	
   the	
   polarity	
   of	
   the	
   compartments.	
   Axons	
   have	
   a	
   defined	
   polarity	
   of	
  

microtubules	
   whereas	
   dendrites	
   have	
   a	
   mixed	
   polarity.	
   In	
   the	
   axons,	
  

microtubules	
   are	
   uniformly	
   arranged	
   with	
   the	
   growing	
   ends	
   (+	
   ends	
   of	
  

microtubules)	
   towards	
   the	
   distal	
   regions,	
   whereas	
  minus	
   ends	
   lie	
   in	
   proximal	
  

position	
   near	
   the	
   soma	
   (Duncan	
   and	
   Goldstein,	
   2006;	
   Hirokawa	
   et	
   al.,	
   2010;	
  

Sheng	
   and	
   Cai,	
   2012).	
   In	
   congruence,	
   kinesins	
   being	
   plus-­‐end	
   driven	
   motors	
  

transport	
   cargoes	
   like	
   mitochondria	
   and	
   vesicles	
   in	
   an	
   anterograde	
   manner,	
  

whereas	
  the	
  minus-­‐end	
  driven	
  dynein	
  motors	
  transport	
  cargoes	
  in	
  a	
  retrograde	
  

manner	
  (Sheng	
  and	
  Cai,	
  2012).	
  As	
  dendrites	
  exhibit	
  mixed	
  polarity,	
  both	
  kinesin	
  

and	
   dynein	
   motors	
   can	
   drive	
   cargo	
   like	
   mitochondria	
   in	
   either	
   retrograde	
   or	
  

anterograde	
  direction.	
  Axonal	
  transport	
  is	
  classified	
  as	
  slow	
  or	
  fast	
  depending	
  on	
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the	
   kinetics	
   of	
   cargo	
   transport.	
   Cargo	
   speeds	
   of	
   0.5-­‐10	
   µm/sec	
   occurring	
   both	
  

anterogradely	
   and	
   retrogradely	
   include	
   membrane-­‐bound	
   organelles,	
  

neurotransmtters,	
  endosomes	
  etc.	
  Slow	
  axonal	
  transport	
  possesses	
  cargo	
  speeds	
  

of	
   0.01-­‐0.001	
   µm/sec	
   where	
   the	
   cargo	
   includes	
   neurofilaments,	
   tubulin,	
   actin,	
  

clathrin,	
  enzymes	
  etc	
  (Goldstein	
  and	
  Yang,	
  2000).	
  

Kinesin	
  proteins	
  encoded	
  by	
  45	
  genes	
  are	
  divided	
  into	
  14	
  superfamilies	
  based	
  on	
  

phylogenetic	
  classification	
   in	
  mammals	
   (Hirokawa	
  et	
  al.,	
  2010;	
  Lawrence	
  et	
  al.,	
  

2004).	
   Kinesin	
   superfamily	
   proteins	
   are	
   made	
   up	
   of	
   a	
   motor	
   domain	
   and	
   a	
  

coiled-­‐coil	
  domain	
  .	
  Additionally,	
  the	
  tail	
  region	
  possesses	
  a	
  pleckstrin	
  homology	
  

(PH)	
  domain,	
  CAP	
  domain,	
  PX	
  domain	
  and	
  a	
  region	
  consisting	
  of	
  WD40	
  repeats.	
  

However,	
  they	
  are	
  mainly	
  classified	
  based	
  on	
  the	
  location	
  of	
  motor	
  domain	
  in	
  the	
  

protein	
  (present	
  C-­‐terminally,	
  N-­‐terminally	
  or	
  in	
  the	
  middle	
  region).	
  The	
  motor	
  

domains	
  hydrolyze	
  ATP	
  and	
  move	
  on	
  the	
  microtubules	
  whereas	
  the	
  tail	
  regions	
  

recognize	
   different	
   cargoes.	
   Most	
   of	
   the	
   KIFs	
   have	
   motor	
   domain	
   in	
   the	
   N-­‐

terminal	
  region	
  while	
  only	
  3	
  proteins	
  belong	
  to	
  groups	
  where	
  motor	
  domain	
  is	
  

present	
   either	
   in	
   the	
   middle	
   region	
   or	
   C-­‐terminally.	
   There	
   is	
   a	
   significant	
  

homology	
   (30-­‐60%)	
   in	
   the	
   motor	
   domain	
   while	
   other	
   domains	
   exhibit	
  

considerable	
   variance	
   (Hirokawa	
   and	
   Noda,	
   2008).	
   Different	
   kinesins	
   carry	
  

different	
  kind	
  of	
  cargo	
  like	
  mitochondria,	
  vesicles,	
  mRNA	
  and	
  plasma	
  membrane	
  

precursors.	
   What	
   confers	
   the	
   selectivity	
   of	
   different	
   cargoes	
   to	
   kinesins?	
   The	
  

selectivity	
   of	
   different	
   cargo	
   is	
   conferred	
   at	
   two	
   levels:	
   1)	
   Differential	
  

organization	
   of	
   different	
   domains	
   namely	
   motor	
   domain,	
   coiled-­‐coil	
   and	
   tail	
  

domain,	
   based	
   on	
   which	
   they	
   are	
   divided	
   into	
   different	
   families;	
   2)	
   Variable	
  

assembly	
   pattern	
   to	
   form	
   a	
   functional	
   unit	
   of	
   specificity.	
   For	
   example,	
   a	
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functional	
   kinesin	
   motor	
   eg.	
   Kinesin	
   1	
   consists	
   of	
   two	
   KIF5s	
   and	
   two	
   KLCs	
  

(kinesin	
   light	
   chain).	
   Members	
   of	
   the	
   kinesin-­‐1	
   superfamily	
   including	
   KIF5A,	
  

KIF5B	
   and	
   KIF5C	
   are	
   responsible	
   for	
  mitochondrial	
   transport.	
  While	
   KIF5B	
   is	
  

expressed	
   in	
   most	
   cell	
   types,	
   KIF5A	
   and	
   KIF5C	
   are	
   found	
   only	
   in	
   neurons.	
  

Mutations	
   in	
  kinesin	
  motor	
  (KIF5A)	
  encoded	
  by	
  SPG10	
  cause	
  hereditary	
  spastic	
  

paraplegia	
  (HSP),	
  a	
  neurodegenerative	
  disease	
  accompanied	
  by	
  degeneration	
  of	
  

long	
   corticospinal	
   axons	
   leading	
   to	
   lower	
   limb	
  weakness	
   (Reid	
  et	
   al.,	
   2002).	
   In	
  

mice,	
   constitutive	
   knockout	
   of	
   KIF5A	
  was	
   leading	
   to	
   lethality	
   soon	
   after	
   birth.	
  

Conditional	
  knockout	
  of	
  KIF5A	
  in	
  neurons	
  resulted	
  in	
  75%	
  lethality	
  accompanied	
  

by	
   seizures	
   along	
   with	
   accumulation	
   of	
   neurofilaments	
   in	
   the	
   dorsal	
   root	
  

ganglion	
   (DRG)	
   sensory	
   axons.	
   The	
   transport	
   profiles	
   of	
   other	
   cargoes	
   such	
   as	
  

Amyloid	
   Precursor	
   protein	
   (APP),	
   Rab3	
   and	
   synaptophysin	
   were	
   not	
   altered.	
  

This	
  indicates	
  that	
  KIF5A	
  apart	
  from	
  carrying	
  mitochondria	
  also	
  transports	
  slow	
  

cargoes	
   like	
  neurofilaments	
  eliciting	
  an	
  additional	
  role	
  of	
  KIF5A	
  in	
  pathological	
  

advancement	
   of	
   the	
   disease	
   (Xia	
   et	
   al.,	
   2003).	
   KIF5B-­‐/-­‐	
  mice	
   were	
   embryonic	
  

lethal	
   (Tanaka	
   et	
   al.,	
   1998).	
   There	
   are	
   various	
   other	
   pathological	
   symptoms	
  

associated	
  with	
  deletion	
  of	
  kinesin	
  super	
  family	
  (KIFs)	
  proteins	
  (Hirokawa	
  et	
  al.,	
  

2010).	
  	
  

Dyneins	
   are	
   a	
   smaller	
   family	
   of	
   motor	
   proteins	
   (compared	
   to	
   kinesins)	
   that	
  

comprise	
   two	
  dynein	
  heavy	
  chain	
  motor	
  subunits	
  and	
   few	
   light	
  chain	
  subunits.	
  

Even	
   so,	
   what	
   confers	
   the	
   selectivity	
   of	
   different	
   cargoes	
   to	
   dyneins?	
   Since,	
  

isoforms	
  of	
  each	
  component	
  of	
  different	
  subunit	
  chains	
  can	
  recognize	
  different	
  

cargoes,	
  one	
  cytoplasmic	
  dynein	
  can	
  transport	
  many	
  types	
  of	
  cargoes	
  (Hirokawa	
  

et	
   al.,	
   2010).	
   Murine	
   embryonic	
   knockouts	
   of	
   dynein	
   heavy	
   chain	
   were	
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embryonic	
   lethal.	
   When	
   the	
   blastocysts	
   were	
   cultured	
   in	
   vitro,	
   they	
   showed	
  

fragmented	
   Golgi	
   spread	
   throughout	
   the	
   cytoplasm	
   accompanied	
   by	
   abnormal	
  

endosomal	
  and	
  lysosomal	
  distribution	
  (Harada	
  et	
  al.,	
  1998).	
  Dyneins	
  are	
  linked	
  

to	
  cargo	
  by	
  means	
  of	
  an	
  adaptor	
  called	
  dynactin.	
  Dynactin	
  is	
  made	
  up	
  of	
  subunits	
  

namely,	
   dynamitin	
   and	
   p150Glued	
   (Karki	
   and	
   Holzbaur,	
   1999).	
   Single	
   base-­‐pair	
  

substitution	
  in	
  a	
  conserved	
  motif	
  of	
  the	
  p150Glued,	
  responsible	
  for	
  binding	
  to	
  the	
  

microtubules,	
  resulted	
  in	
  human	
  lower	
  motor	
  neuron	
  disease	
  (Puls	
  et	
  al.,	
  2003).	
  

In	
  addition,	
  disruption	
  of	
  murine	
  dynactin,	
  by	
  overexpressing	
  dynamitin,	
  led	
  to	
  a	
  

motor	
  neuron	
  degeneration	
  characterized	
  by	
  hind	
  limb	
  weakness,	
  abnormal	
  gait	
  

and	
  decreased	
  forelimb	
  strength	
  (LaMonte	
  et	
  al.,	
  2002).	
  Fluoro-­‐gold	
  neurotracer	
  

was	
   injected	
   into	
   the	
   muscles	
   and	
   its	
   accumulation	
   was	
   traced	
   in	
   the	
   motor	
  

neuron	
  pools	
  that	
  innervate	
  the	
  injected	
  muscle.	
  Transgenic	
  mice	
  only	
  displayed	
  

few	
  neurons	
  with	
  accumulation	
  of	
   the	
  dye	
  at	
  a	
   time	
  point	
  when	
  all	
   the	
  control	
  

neurons	
  had	
   the	
  dye	
   suggesting	
  delayed	
   retrograde	
   transport.	
  Degeneration	
  of	
  

motor	
  neurons	
  was	
  observed	
  in	
  the	
  ventral	
  horns	
  of	
  the	
  transgenic	
  mice	
  around	
  

17	
  weeks	
  of	
  age	
  (LaMonte	
  et	
  al.,	
  2002).	
   Indeed,	
  affecting	
   the	
   transport	
  motors,	
  

kinesins	
   or	
   dynein,	
   detrimentally	
   influences	
   widespread	
   functions	
   leading	
   to	
  

lethality	
  or	
  pathological	
  conditions.	
  

Between	
   the	
   motors	
   and	
   cargoes,	
   there	
   are	
   specific	
   adaptors.	
   Kinesins	
   are	
  

connected	
   to	
   mitochondria	
   by	
   TRAK1	
   and	
   TRAK2	
   in	
   mammals.	
   TRAK1	
   is	
  

localized	
   mainly	
   in	
   the	
   axons	
   and	
   is	
   capable	
   of	
   binding	
   to	
   kinesin-­‐1	
   and	
  

dynein/dynactin	
   whereas	
   TRAK2	
   capable	
   of	
   binding	
   to	
   dynein/dynactin	
   is	
  

predominantly	
   present	
   in	
   the	
   dendrites	
   aiding	
   in	
   dendritic	
   development	
   (van	
  

Spronsen	
   et	
   al.,	
   2013).	
   Knockdown	
   of	
   TRAK1	
   by	
   shRNA	
   in	
   rat	
   hippocampal	
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neurons	
   causes	
   impaired	
   mitochondrial	
   transport	
   (Brickley	
   and	
   Stephenson,	
  

2011).	
  A	
  genetic	
  screen	
  to	
  decipher	
  mutants	
  defective	
  in	
  photoreceptor	
  function	
  

identified	
  milton	
   as	
   a	
   novel	
   candidate	
   in	
   Drosophila.	
  Milton	
   mutant	
   flies	
   had	
  

impaired	
  mitochondrial	
  transport	
  to	
  the	
  synapses	
  resulting	
  in	
  defective	
  synaptic	
  

transmission	
   (Stowers	
   et	
   al.,	
   2002).	
   The	
   adaptors	
   (TRAKs	
   in	
   mammals	
   and	
  

Milton	
   in	
  Drosophila)	
   are	
   connected	
   to	
   the	
  mitochondria	
   by	
   a	
  mitochondrially	
  

targeted	
  protein	
  namely	
  Miro.	
   In	
  mammals,	
   there	
  are	
   two	
  GTPases,	
  Miro	
  1	
  and	
  

Miro	
   2,	
   the	
   role	
   of	
   which	
   has	
   not	
   been	
   elucidated	
   hitherto.	
   Mitochondria	
  

enriched	
  fractions	
  from	
  HEK293	
  cells	
  expressing	
  human	
  PINK1	
  (FLAG	
  tag)	
  were	
  

immunoisolated	
   and	
  analyzed	
  by	
  mass	
   spectrometry.	
  Miro2	
  was	
   found	
   to	
  be	
   a	
  

strong	
  candidate	
  interacting	
  with	
  PINK1.	
  PINK1	
  also	
  interacted	
  with	
  Miro1	
  and	
  

Milton	
  (Weihofen	
  et	
  al.,	
  2009).	
  PINK1	
  is	
  known	
  to	
  phosphorylate	
  Miro	
  and	
  target	
  

its	
  degradation	
  via	
  parkin,	
  an	
  ubiquitin	
  ligase	
  (Wang	
  et	
  al.,	
  2011).	
  So,	
  dysfunction	
  

at	
  all	
  three	
  levels	
  –	
  motors	
  (kinesins	
  and	
  dynein),	
  adaptors	
  (TRAKs	
  or	
  Milton	
  and	
  

dynactin)	
   and	
   Miro	
   lead	
   to	
   pathological	
   conditions	
   conferring	
   a	
   high	
   level	
   of	
  

complexity	
  and	
  control	
  for	
  mitochondrial	
  transport.	
  

Microtubules	
   serve	
   as	
   tracks	
   to	
   transport	
   mitochondria.	
   Therefore,	
   it	
   is	
  

absolutely	
   essential	
   that	
   microtubules	
   are	
   in	
   a	
   perfect	
   condition	
   to	
   transport	
  

mitochondria.	
   Tau	
   (a	
   microtubule–associated	
   protein	
   (MAP))	
   is	
   essential	
   for	
  

microtubule	
  assembly	
  and	
  stabilization	
   (Morris	
  et	
  al.,	
  2011).	
  What	
  does	
   tau	
  do	
  

and	
  how	
  is	
  it	
  involved	
  in	
  neurodegeneration?	
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1.5)	
  The	
  role	
  of	
  tau	
  in	
  neurodegeneration	
  and	
  development:	
  

Tau	
   was	
   discovered	
   around	
   forty	
   years	
   ago	
   when	
   microtubules	
   isolated	
   from	
  

porcine	
   brains	
   had	
   bound	
   tau.	
   It	
   was	
   found	
   that	
   tau	
   was	
   essential	
   for	
  

microtubule	
  assembly	
  and	
  the	
  capacity	
  of	
  microtubule	
  growth	
  was	
  restored	
  by	
  

the	
  addition	
  of	
   tau	
  (Weingarten	
  et	
  al.,	
  1975;	
  Witman	
  et	
  al.,	
  1976).	
  Later,	
   it	
  was	
  

demonstrated	
   that	
   neurofibrillary	
   tangles	
   in	
   Alzheimer’s	
   disease	
   patients	
  

consisted	
   of	
   hyperphosphorylated,	
   insoluble	
   tau	
   (Grundke-­‐Iqbal	
   et	
   al.,	
   1986;	
  

Kosik	
   et	
   al.,	
   1986).	
   	
   Hence,	
   neurodegenerative	
   disorders	
   consisting	
   of	
   tau	
  

inclusions	
   are	
   collectively	
   called	
   tauopathies.	
   Some	
   of	
   the	
   tauopathies	
   include	
  

Frontotemporal	
   dementia	
   and	
   parkinsonism	
   linked	
   to	
   chromosome	
   17	
   (FTDP-­‐

17),	
  Pick’s	
  disease,	
  down’s	
  syndrome	
  and	
  corticobasal	
  degeneration.	
  	
  

The	
   domain	
   structure	
   of	
   tau	
   consists	
   of	
   a	
   N-­‐terminal	
   projection	
   domain,	
   a	
  

proline-­‐rich	
   domain,	
   a	
   microtubule-­‐binding	
   domain	
   and	
   a	
   C-­‐terminal	
   region.	
  

Alternative	
   splicing	
   at	
   the	
   N-­‐terminal	
   region	
   and	
  microtubule-­‐binding	
   domain	
  

generates	
  different	
  isoforms.	
  The	
  microtubule-­‐binding	
  domain	
  consists	
  of	
  repeat	
  

domains	
   (Morris	
   et	
   al.,	
   2011).	
   Human	
   adult	
   harbors	
   6	
   isoforms	
   of	
   tau,	
   which	
  

form	
   proteins	
   of	
   sizes	
   ranging	
   from	
   352-­‐441	
   amino	
   acids.	
   Only	
   three	
   tau	
  

isoforms	
  are	
  present	
   in	
  adult	
  rodents.	
  The	
  isoforms	
  of	
  tau	
  change	
  from	
  shorter	
  

ones	
   to	
   longer	
   ones	
   from	
   fetal	
   through	
   adult	
   stages	
   (Bullmann	
   et	
   al.,	
   2009;	
  

Takuma	
  et	
  al.,	
  2003).	
  Number	
  of	
  N-­‐terminal	
  projection	
  domains	
  (which	
  could	
  be	
  

0,1	
  or	
  2)	
  and	
  the	
  presence	
  of	
  three	
  or	
  four	
  repeat	
  domains	
  characterize	
  different	
  

tau	
  isoforms.	
  Tau	
  is	
  modified	
  by	
  a	
  variety	
  of	
  post-­‐translational	
  modifications	
  like	
  

phosphorylation	
   (Martin	
   et	
   al.,	
   2013),	
   acetylation	
   (Min	
   et	
   al.,	
   2010)	
   and	
   O-­‐

GlcNAcylation	
   (Arnold	
   et	
   al.,	
   1996).	
   Pathologically,	
   tau	
  phosphorylation	
   attains	
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the	
   prominence	
   as	
   it	
   is	
   found	
   in	
   Alzheimer’s	
   patients.	
   The	
   positive	
   charges	
   of	
  

amino	
  acids	
  in	
  the	
  repeat	
  domain	
  of	
  microtubule	
  binding	
  region	
  help	
  tau	
  to	
  bind	
  

to	
   negatively	
   charged	
   residues	
   on	
   tubulin.	
   Phosphorylation	
   of	
   tau	
   affects	
   the	
  

positive	
   charges	
  of	
   repeat	
  domain	
   and	
   interferes	
  with	
  binding	
   to	
  microtubules	
  

(Jho	
  et	
  al.,	
  2010).	
  This	
  causes	
  tau	
  to	
  dissociate	
  from	
  the	
  microtubules	
  leading	
  to	
  

accumulation	
  of	
  phosphorylated	
  tau	
  in	
  the	
  form	
  of	
  neurofibrillary	
  tangles	
  (NFTs)	
  

and	
  microtubule	
  instability	
  (Lee	
  et	
  al.,	
  2001;	
  Mandelkow	
  et	
  al.,	
  1996).	
  	
  

Overexpression	
   of	
   tau40	
   (longest	
   isoform	
   of	
   tau)	
   in	
   Chinese	
   hamster	
   ovary	
  

(CHO)	
  cells	
   resulted	
   in	
   the	
  accumulation	
  of	
  mitochondria	
  near	
   the	
  microtubule	
  

organizing	
  centre	
  (MTOC)	
  (Ebneth	
  et	
  al.,	
  1998).	
  The	
  specificity	
  was	
  confirmed	
  by	
  

injecting	
  a	
  recombinant	
  tau	
  protein.	
  Mitochondrial	
  clustering	
  near	
  the	
  MTOC	
  was	
  

dependent	
   on	
   microtubules	
   as	
   destabilization	
   of	
   microtubules	
   (by	
   using	
  

nocodazole)	
   inhibited	
   the	
   mitochondrial	
   clustering.	
   Tau	
   overexpression	
   also	
  

leads	
  to	
   lesser	
  branching	
  and	
  shrinkage	
  of	
  endoplasmic	
  reticulum.	
  Inhibition	
  of	
  

dynein	
   (by	
   overexpressing	
   dynamitin),	
   a	
   ‘-­‐‘	
   end	
   driven	
   motor,	
   rescued	
   the	
  

mitochondrial	
   clustering	
   near	
   MTOC	
   pointing	
   out	
   that	
   kinesin	
   was	
   inhibited	
  

upon	
  tau	
  overexpression.	
  Moreover,	
  transport	
  of	
  mitochondria	
  to	
  the	
  neurites	
  of	
  

differentiated	
  neuroblastoma	
  N2	
  cells	
  was	
  impaired	
  leading	
  to	
  shorter	
  neurites	
  

(Ebneth	
  et	
  al.,	
  1998).	
  Acute	
  reduction	
  of	
  tau	
  in	
  the	
  developing	
  embryonic	
  brains	
  

at	
  E14.5	
  in	
  utero	
  resulted	
  in	
  slower	
  migration	
  of	
  layer	
  II/III	
  pyramidal	
  neurons	
  to	
  

the	
   superficial	
   layers	
   of	
   the	
   cortex.	
   Organotypic	
   slices	
   from	
   tau	
   shRNA	
  

electroporated	
   brain	
   sections	
   revealed	
   that	
   mitochondria	
   were	
   present	
   to	
   a	
  

lesser	
   extent	
   in	
   the	
   axons	
   (Sapir	
   et	
   al.,	
   2012).	
   Thus,	
   overexpression	
   as	
  well	
   as	
  

depletion	
  of	
   tau	
   is	
  not	
  healthy	
  for	
  neurons.	
   	
  A	
  study	
  also	
  proposes	
  that	
  tau	
  can	
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act	
  as	
  cargo	
  and	
  thus	
  compete	
  with	
  other	
  cargo	
  like	
  neurofilaments	
  transported	
  

into	
  axon.	
  This	
  would	
  lead	
  to	
  retarded	
  growth	
  of	
  the	
  axons	
  (Dubey	
  et	
  al.,	
  2008).	
  

Tau-­‐/-­‐	
   mice	
   display	
   normality	
   in	
   the	
   brains	
   upon	
   histological	
   examination.	
  

However,	
   small	
   calibre	
   cerebellar	
   parallel	
   fibers	
   show	
   decreased	
   microtubule	
  

stability	
  and	
  organization	
  (Harada	
  et	
  al.,	
  1994).	
   	
  Primary	
  hippocampal	
  neuronal	
  

culture	
  from	
  tau-­‐/-­‐	
  mice	
  show	
  delayed	
  axogenesis	
  rescued	
  by	
  introduction	
  of	
  tau.	
  

This	
   study	
   also	
   reported	
   that	
   tau+/-­‐	
   and	
   tau-­‐/-­‐	
   mice	
   were	
   phenotypically	
  

indistinguishable	
   from	
   their	
   littermates	
   (Dawson	
   et	
   al.,	
   2001).	
   To	
   eliminate	
   a	
  

possible	
   compensation	
   of	
   tau	
   deletion	
   by	
   other	
   possible	
   MAPs,	
   tau+/-­‐map1b+/-­‐	
  

mice	
  were	
  crossed	
  to	
  obtain	
  double	
  knockout	
  of	
  tau	
  and	
  MAP1B.	
  Tau+/+map1b-­‐/-­‐	
  

mice	
  displayed	
  only	
  a	
  mild	
  reduction	
  in	
  corpus	
  callosum,	
  forebrain	
  commissural	
  

fiber	
   bundles,	
   anterior	
   and	
   hippocampal	
   commissure.	
   This	
   condition	
   was	
  

exacerbated	
   severely	
   in	
   tau-­‐/-­‐map1b-­‐/-­‐	
  mice.	
   Defects	
   were	
   also	
   observed	
   in	
   the	
  

pyramidal	
   layer	
   formation	
   in	
   the	
   hippocampus	
   accompanied	
   by	
   a	
   marked	
  

reduction	
   in	
   the	
   axonal	
   area	
   and	
   microtubule	
   number	
   in	
   the	
   anterior	
  

commissure.	
  Primary	
  cultured	
  hippocampal	
  neurons	
  depleted	
  of	
  tau	
  and	
  MAP1B	
  

exhibited	
  growth	
  defects	
  (Takei	
  et	
  al.,	
  2000).	
  	
  

Mice	
  deficient	
  for	
  superoxide	
  dismutase	
  2	
  (SOD2)	
  die	
  within	
  first	
  week	
  of	
  life	
  by	
  

developing	
   mitochondrial	
   dysfunction	
   and	
   oxidative	
   stress.	
   Antioxidant	
  

treatment	
   increases	
   the	
   lifespan	
   of	
   these	
   mice	
   to	
   3	
   months.	
   Mitochondrial	
  

oxidative	
   stress	
   can	
   also	
   give	
   rise	
   to	
   tau	
   hyperphosphorylation	
   (Melov	
   et	
   al.,	
  

2007;	
   Melov	
   et	
   al.,	
   2001).	
   Deletion	
   of	
   kinesin	
   light	
   chain	
   motor	
   subunit,	
   a	
  

component	
   of	
   kinesin-­‐1	
   complex	
   causes	
   abnormal	
   tau	
   hyperphosphorylation	
  

mediated	
  by	
  JNK.	
  Deletion	
  of	
  murine	
  KLC	
  (kinesin	
  light	
  chain)	
  did	
  not	
  affect	
  the	
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polarization	
  of	
  neurons	
  nor	
  mitochondrial	
  transport.	
  However,	
  the	
  anterograde	
  

movement	
   of	
   APP	
   into	
   axons	
   was	
   impaired	
   accompanied	
   by	
   an	
   increased	
  

retrograde	
  APP	
  transport.	
  KLC-­‐/-­‐	
  mice	
  were	
  normal	
  at	
  young	
  age	
  but	
  developed	
  

axonal	
   pathologies	
   like	
   increased	
   APP	
   accumulation,	
   phosphorylation	
   of	
  

neurofilaments	
   in	
   hippocampus	
   and	
   spinal	
   cord	
   (Falzone	
   et	
   al.,	
   2009).	
   Thus,	
  

either	
   oxidative	
   stress	
   or	
   transport	
   defects	
   are	
   also	
   sufficient	
   to	
   cause	
   tau	
  

hyperphosphorylation.	
  	
  

Transfection	
   of	
   tau	
   in	
   CHO	
   cells	
   disrupted	
   the	
   organization	
   of	
   microtubules,	
  

which	
  normally	
  emanate	
   from	
  MTOC.	
  These	
  cells	
  display	
  microtubule	
  bundling	
  

forming	
  a	
  spiral	
  around	
  the	
  cell	
  circumference.	
  Cells	
  co-­‐transfected	
  with	
  both	
  tau	
  

and	
   GSK3-­‐ß	
   (Glycogen	
   synthase	
   kinase-­‐3	
   ß)	
   showed	
   normal	
   microtubule	
  

morphology	
   as	
   untransfected	
   cells	
   suggesting	
   that	
   GSK3-­‐ß	
   mediated	
  

phosphorylation	
   of	
   tau	
   dissociated	
   tau	
   from	
   the	
   microtubules	
   (Wagner	
   et	
   al.,	
  

1996).	
   GSK3-­‐ß	
   overexpression	
   increases	
   the	
   number	
   of	
   anterogradely	
   and	
  

retrogradely	
  moving	
  mitochondria	
  while	
  dominant	
  negative	
   version	
  of	
  GSK3-­‐ß	
  

decreased	
  the	
  number	
  of	
  motile	
  mitochondria.	
  GSK3-­‐ß	
  mediated	
  increase	
  in	
  the	
  

number	
  of	
  motile	
  mitochondria	
  was	
  abolished	
   in	
   tau-­‐/-­‐	
  neurons	
  saying	
   that	
   the	
  

phenomenon	
   is	
   dependent	
   on	
   tau.	
   To	
   add	
   to	
   this,	
   GSK3-­‐ß	
   also	
   increased	
   the	
  

formation	
  of	
  paired	
  helical	
  filaments	
  (PHFs)	
  reflecting	
  hyperphosphorylation	
  of	
  

tau	
   in	
   the	
   axons	
   of	
   primary	
   neurons	
   (Llorens-­‐Martin	
   et	
   al.,	
   2011).	
   Hence,	
  

transport	
   defects	
   can	
   cause	
   tau	
   hyperphosphorylation	
   and	
   reduction	
   of	
   tau	
  

phosphorylation	
  can	
   increase	
  mitochondrial	
  motility.	
   Indeed,	
  a	
  number	
  of	
  sites	
  

are	
  phosphorylated	
  by	
  tau	
  (Querfurth	
  and	
  LaFerla,	
  2010).	
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Overexpression	
   of	
   tau	
   can	
   also	
   effect	
   mitochondrial	
   fission	
   by	
   preventing	
   the	
  

localization	
   of	
   DRP1	
   onto	
   the	
  mitochondrial	
   surface.	
   Increasing	
  mitochondrial	
  

fission	
  by	
  depleting	
  Marf	
  (Drosophila	
  Mitofusin)	
  or	
  overexpressing	
  DRP1	
  rescued	
  

the	
  mitochondrial	
  length,	
  neurotoxicity	
  (TUNEL	
  staining)	
  and	
  also	
  ROS	
  levels	
  in	
  

neurons	
   of	
   Drosophila	
   (DuBoff	
   et	
   al.,	
   2012).	
   Prevention	
   of	
   tau	
   mediated	
  

stabilization	
   of	
   actin	
   by	
   expressing	
   an	
   actin	
   severing	
   protein	
   gelsolin	
   (UAS	
  

transgene	
   in	
  Drosophila)	
   rescued	
  mitochondrial	
   length,	
  neurodegeneration	
  and	
  

ROS	
   levels	
   associated	
   with	
   increased	
   localization	
   of	
   DRP1	
   to	
   mitochondria.	
  

Concurrently,	
   actin	
   stabilization	
   in	
   flies	
   overexpressing	
   WASP	
   increased	
  

mitochondrial	
  length	
  by	
  decreasing	
  DRP1	
  recruitment	
  in	
  mitochondrial	
  fractions	
  

as	
   assessed	
  by	
  western	
  blots.	
  This	
   study	
  places	
   tau	
   action	
  upstream	
  of	
   altered	
  

mitochondrial	
   dynamics.	
   Therefore,	
   the	
   mechanisms	
   connecting	
   tau,	
  

mitochondrial	
  dynamics	
  and	
  neurodegeneration	
  are	
  rather	
  interconnected.	
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METHODS:	
  

2.1)	
  Primary	
  murine	
  cortical	
  neuronal	
  culture	
  and	
  transfection	
  

The	
   E18.5	
   CD1	
   pregnant	
   mouse	
   was	
   sacrificed	
   according	
   to	
   standard	
   animal	
  

procedures	
  and	
  the	
  abdominal	
  region	
  was	
  sterilized.	
  The	
  skin	
  was	
  cut	
  to	
  access	
  

the	
  embryonic	
  sac	
  containing	
  the	
  embryos	
  and	
  the	
  embryos	
  were	
  placed	
  in	
  fresh	
  

ice-­‐cold	
   sterile	
   phosphate	
   buffer	
   saline	
   (PBS).	
   The	
   embryos	
   were	
   decapitated	
  

and	
  the	
  heads	
  were	
  transferred	
  to	
  fresh	
  ice-­‐cold	
  dissection	
  medium	
  (a	
  solution	
  

made	
   up	
   of	
   30	
   ml	
   EBSS	
   (Earle’s	
   Balanced	
   salt	
   solution)	
   (Gibco),	
   15	
   ml	
   horse	
  

serum	
  (Gibco),	
  6	
  ml	
  glucose	
   (30	
  %),	
  1.5	
  ml	
  hepes	
  Buffer	
   (1	
  M,	
  Gibco))	
  and	
   the	
  

brains	
   of	
   the	
   embryos	
   were	
   dissected	
   out.	
   A	
   stereomicroscope	
   was	
   used	
   to	
  

separate	
  out	
  the	
  cerebellum	
  and	
  hippocampus.	
  After	
  removing	
  the	
  meninges,	
  the	
  

cortices	
   were	
   collected	
   and	
   cut	
   into	
   smaller	
   pieces.	
   All	
   further	
   steps	
   were	
  

performed	
  under	
  sterile	
  conditions.	
  Very	
  gently,	
  the	
  small	
  pieces	
  of	
  cortices	
  were	
  

transferred	
  to	
  a	
  falcon	
  and	
  washed	
  twice	
  with	
  5	
  ml	
  of	
  pre-­‐warmed	
  (37°	
  C)	
  EBSS.	
  

The	
  supernatant	
  was	
  removed	
  (leaving	
  little	
  EBSS	
  so	
  that	
  the	
  cells	
  were	
  not	
  dry)	
  

and	
  1	
  ml	
  of	
  complete	
  neuronal	
  medium	
  (a	
  solution	
  containing	
  500	
  ml	
  neurobasal	
  

medium	
   (Gibco),	
   B-­‐27	
   (10	
  ml	
   solution,	
   Gibco)	
   and	
   glutamine	
   (0.5	
  mM,	
   Gibco)	
  

was	
   added.	
   The	
   cortices	
   were	
   gently	
   dissociated	
   with	
   a	
   glass	
   Pasteur	
   pipette	
  

(Volac)	
  for	
  10-­‐12	
  times	
  (where	
  the	
  speed	
  of	
  dissociation	
  is	
  very	
  critical).	
  A	
  small	
  

fire-­‐polished	
  Pasteur	
  pipette	
  having	
  almost	
  half	
   the	
  diameter	
  of	
  the	
  original	
  tip	
  

was	
  obtained	
  (by	
  pulling	
  the	
  tip	
  in	
  the	
  middle	
  after	
  heating	
  with	
  fire).	
  With	
  the	
  

modified	
  Pasteur	
  pipette,	
  neurons	
  were	
  gently	
  dissociated	
  6-­‐8	
  times	
  again.	
  Later,	
  

the	
   neurons	
  were	
   spun	
   for	
   5	
  min	
   at	
   100g	
   and	
   the	
   supernatant	
  was	
   discarded.	
  

The	
  pellet	
  was	
  resuspended	
  in	
  3	
  ml	
  of	
  neuronal	
  medium	
  and	
  the	
  neurons	
  were	
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filtered	
  	
  through	
  a	
  100	
  µM	
  mesh	
  to	
  avoid	
  clumps.	
  After	
  making	
  1	
  in	
  10	
  dilution,	
  

the	
  viable	
  cells	
  were	
  counted	
  by	
  using	
  Trypan	
  Blue	
  (1:20	
  dilution	
  of	
  standard	
  0.4	
  

%	
  standard	
  solution	
  in	
  PBS	
  was	
  used).	
  

500	
  ng	
  of	
  mito-­‐mCherry	
  was	
  used	
  to	
   transfect	
  125,000	
  neurons	
  using	
  a	
  micro-­‐

electroporation	
  system	
  (Microporator	
  MP-­‐100	
  apparatus,	
  Digital	
  Bio).	
  The	
  mito-­‐

mCherry	
   was	
   co-­‐transfected	
   together	
   with	
   100	
   nM	
   of	
   control	
   or	
   appropriate	
  

siRNA	
   to	
   downregulate	
   the	
   respective	
   genes.	
   The	
   transfected	
   neurons	
   were	
  

gently	
  mixed	
   in	
  an	
  eppendorf	
  and	
  plated	
  on	
  microwell	
   area	
  of	
   the	
  dish	
   (P35G-­‐

1.5-­‐14-­‐C,	
   MatTek	
   corporation),	
   coated	
   with	
   poly-­‐D-­‐lysine	
   hydrobromide	
   (0.1	
  

mg/ml,	
  	
  (Sigma)),	
  in	
  300	
  µl	
  of	
  complete	
  neuronal	
  medium,	
  for	
  at	
  least	
  1	
  hour	
  to	
  

allow	
  efficient	
  attachment	
  to	
  the	
  dish,	
  a	
  process	
  known	
  as	
  seeding.	
  After	
  an	
  hour,	
  

the	
  volume	
  of	
  the	
  neuronal	
  medium	
  was	
  made	
  up	
  to	
  2	
  ml	
  and	
  the	
  neurons	
  were	
  

grown	
   for	
   72	
   hours	
   in	
   the	
   incubator	
   at	
   37°	
   C	
   and	
   5	
   %	
   CO2.	
   For	
   harvesting	
  

neurons	
  for	
  western	
  blots,	
  at	
  least	
  250,000	
  neurons	
  were	
  plated	
  in	
  35	
  mm	
  wells.	
  

2.2)	
  Imaging	
  and	
  transfection	
  of	
  parkin-­‐mCherry	
  

200	
  ng	
  of	
  mito-­‐GFP	
  and	
  400	
  ng	
  of	
  parkin-­‐mCherry	
  were	
  co-­‐transfected	
  with	
  100	
  

nM	
   of	
   the	
   respective	
   siRNA	
   in	
   primary	
   cortical	
   neuronal	
   cultures	
   by	
  

electroporation	
   as	
   mentioned	
   previously.	
   As	
   a	
   positive	
   control,	
   neurons	
   were	
  

treated	
  with	
  100	
  µM	
  of	
  antimycin	
  A,	
  a	
  mitochondrial	
  complex	
  III	
  inhibitor	
  (Wang	
  

et	
   al.,	
   2011).	
  Axons	
  were	
   imaged	
  at	
   excitation	
  wavelength	
  of	
  488	
  nm	
   for	
  mito-­‐

GFP	
  and	
  561	
  nm	
  for	
  parkin-­‐mCherry.	
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2.3)	
  Live-­‐cell	
  imaging	
  

After	
  72	
  hours	
  of	
  plating	
  the	
  neurons,	
  mitochondria	
  were	
  imaged	
  in	
  the	
  axons	
  as	
  

they	
  were	
   identified	
  morphologically	
  as	
  processes	
  arising	
   from	
  the	
  soma	
   twice	
  

or	
   thrice	
   longer	
   than	
   other	
   processes.	
   Axons	
   selected	
   for	
   analyses	
   had	
   a	
  

minimum	
  length	
  of	
  200	
  µm	
  and	
  were	
  imaged	
  at	
  least	
  50	
  µm	
  distal	
  to	
  the	
  soma.	
  

Video	
  recordings	
  were	
  acquired	
  at	
  1000	
  X	
  1000	
  pixel	
  resolution	
  every	
  10	
  sec	
  for	
  

a	
   period	
   of	
   10	
  min	
   (61	
   image	
   stacks/movie)	
   using	
   a	
   Perkin-­‐Elmer	
   Ultra	
   View	
  

spinning	
   disc	
   confocal	
  microscope,	
   equipped	
  with	
   a	
   CCD	
   camera	
   (Hamamatsu,	
  

C9100-­‐50),	
   at	
   60X	
   magnification	
   (oil-­‐immersion	
   objective,	
   N.A	
   =	
   1.49,	
  

illumination	
  wavelength	
   =	
   561	
   nm).	
   The	
   stage	
   enclosing	
   the	
   dishes	
  was	
   set	
   to	
  

37°C	
  and	
  5	
  %	
  CO2	
  to	
  imitate	
  the	
  viable	
  conditions	
  in	
  an	
  incubator.	
  

2.4)	
  Immunofluorescence	
  analysis	
  

Two-­‐thirds	
  of	
  the	
  complete	
  medium	
  covering	
  the	
  neurons	
  was	
  drained	
  out	
  using	
  

a	
  Pasteur	
  pipette.	
  The	
  neurons	
  were	
  fixed	
  in	
  4	
  %	
  PBS	
  for	
  30	
  min,	
  permeabilized	
  

using	
  0.2	
  %	
  Triton-­‐X	
  100	
  for	
  10	
  min	
  and	
  blocked	
  in	
  PBS	
  having	
  10	
  %	
  goat	
  serum	
  

for	
   a	
   further	
   10	
   min.	
   Appropriate	
   dilution	
   of	
   primary	
   antibody	
   (1:1000	
   for	
  

MAP2)	
  was	
  used	
  to	
  incubate	
  in	
  PBS	
  containing	
  1	
  %	
  goat	
  serum	
  for	
  3	
  hours.	
  The	
  

neurons	
   were	
   washed	
   thrice	
   for	
   5	
   min	
   and	
   incubated	
   with	
   appropriate	
  

secondary	
   antibody	
   conjugated	
   with	
   Alexa-­‐fluor	
   488	
   for	
   1	
   hour	
   and	
   again	
  

washed	
  thrice	
  for	
  5	
  min.	
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2.5)	
   TMRM	
   staining	
   and	
   quantification	
   of	
   mitochondrial	
   membrane	
  

potential	
  	
  

TMRM	
   (Tetramethylrhodamine	
   methyl	
   ester	
   perchlorate)	
   (sigma),	
   is	
   a	
   cell-­‐

permeable,	
  cationic	
  dye,	
  which	
  is	
  taken	
  up	
  by	
  the	
  mitochondria	
  depending	
  on	
  the	
  

membrane	
   potential	
   (Ehrenberg	
   et	
   al.,	
   1988)	
   and	
   is	
   extensively	
   used	
   in	
  

mitochondrial	
   biology	
   research.	
   	
   It	
   is	
   used	
   to	
   qualitatively	
   compare	
   the	
  

mitochondrial	
   membrane	
   potential.	
   10	
   nM	
   TMRM	
   was	
   applied	
   to	
   primary	
  

murine	
  cortical	
  neuron	
  cultures	
  for	
  3	
  hours.	
  The	
  neurons	
  were	
  imaged	
  in	
  a	
  time	
  

window	
  of	
  30	
  min	
   for	
  each	
  condition	
   in	
   the	
   same	
  medium.	
  No	
  washing	
  step	
   is	
  

necessary.	
   Images	
   were	
   obtained	
   at	
   excitation	
   wavelength	
   of	
   561	
   nm	
   and	
  

average	
   pixel	
   intensities	
   of	
   all	
   optical	
   planes	
   were	
   quantified	
   in	
   the	
   soma	
   of	
  

neurons	
  by	
  using	
  Volocity	
  6.1	
   (Perkin-­‐Elmer).	
   20	
  µM	
  CCCP	
   (sigma)	
  was	
   added	
  

after	
   one	
   hour	
   of	
   adding	
   TMRM	
   to	
   the	
   primary	
   neurons	
   and	
   was	
   used	
   as	
   a	
  

control	
  to	
  avoid	
  TMRM	
  accumulation	
  inside	
  primary	
  neurons.	
  

2.6)	
  Measurement	
  of	
  cellular	
  ROS	
  levels	
  

Cellular	
   ROS	
   levels	
   were	
   measured	
   qualitatively	
   using	
   CellRox	
   green	
   dye	
   (life	
  

technologies),	
  a	
  cell-­‐permeable	
  probe	
  which	
  fluoresces	
  brighter	
  upon	
  oxidation	
  

by	
  ROS.	
  Upon	
   oxidation,	
   the	
   dye	
   binds	
   to	
  DNA	
   in	
  mitochondrial	
   nucleoids	
   and	
  

nucleus.	
  Primary	
  cortical	
  neurons	
  were	
  stained	
  with	
  2.5	
  µM	
  CellROX	
  green	
  for	
  30	
  

min.	
  The	
  neurons	
  were	
  washed	
  twice	
  with	
  pre-­‐conditioned	
  medium	
  and	
  imaged	
  

in	
   the	
   pre-­‐conditioned	
   medium	
   after	
   15	
   min	
   to	
   allow	
   some	
   time	
   to	
   stabilize.	
  

Images	
   of	
   the	
   soma	
   were	
   obtained	
   at	
   excitation	
   wavelength	
   of	
   488	
   nm	
   and	
  

average	
  pixel	
   intensities	
  of	
  all	
  the	
  optical	
  planes	
  were	
  quantified	
  using	
  Volocity	
  

6.1	
   (Perkin-­‐Elmer).	
   For	
   the	
   menadione	
   experiment,	
   average	
   intensity	
   of	
   the	
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nuclear	
   staining	
  of	
   CellRox	
   green	
  was	
  quantified.	
   To	
   compare	
  ROS	
   levels	
   upon	
  

AFG3L2	
  depletion	
  with	
  the	
  mock,	
  average	
  soma	
  intensity	
  was	
  quantified.	
  

2.7)	
  Assessment	
  of	
  mitochondrial	
  length,	
  occupancy	
  and	
  transport	
  	
  	
  

Mitochondrial	
  length	
  was	
  quantified	
  from	
  the	
  first	
  image	
  of	
  the	
  video	
  recordings,	
  

by	
   drawing	
   a	
   line	
   along	
   the	
   major	
   axis	
   or	
   along	
   the	
   diameter	
   of	
   circular	
  

mitochondria.	
  The	
  analysis	
  was	
  performed	
  in	
  Volocity	
  6.1	
  (Perkin-­‐Elmer).	
  All	
  the	
  

mitochondrial	
   lengths	
   from	
  different	
   axons	
   in	
   an	
   experiment	
  were	
  pooled	
   into	
  

uniform	
   length	
   bins	
   of	
   0.5	
   µm	
   till	
   2.5	
   µm.	
   All	
   the	
   mitochondria	
   having	
   a	
   size	
  

greater	
   than	
   2.5	
   µm	
   were	
   pooled	
   into	
   a	
   single	
   bin.	
   The	
   percentage	
   of	
  

mitochondria	
  belonging	
  to	
  a	
  given	
  mitochondrial	
   length	
  bin	
  was	
  then	
  averaged	
  

from	
  different	
  experiments.	
  

Mitochondrial	
  occupancy	
  was	
  calculated	
  as	
  the	
  total	
  length	
  of	
  all	
  mitochondria	
  in	
  

an	
  axon	
  divided	
  by	
  total	
  axonal	
   length.	
  For	
  each	
  axon,	
  a	
  value	
  of	
  mitochondrial	
  

occupancy	
   was	
   calculated	
   and	
   then	
   averaged	
   for	
   the	
   experiment.	
   Average	
   of	
  

averages	
  from	
  different	
  experiments	
  was	
  then	
  plotted.	
  	
  

Over	
   a	
   timespan	
   of	
   10	
   min,	
   mitochondrial	
   transport	
   was	
   quantified	
   into	
  

anterograde,	
  retrograde	
  and	
  oscillatory	
  modes	
  of	
  transport.	
  Mitochondria	
  were	
  

defined	
  as	
  oscillatory	
  if	
  they	
  changed	
  direction	
  to	
  move	
  a	
  distance	
  greater	
  than	
  5	
  

µm,	
  while	
  they	
  were	
  considered	
  stationary	
  if	
  they	
  moved	
  less	
  than	
  5	
  µm	
  during	
  

the	
   video	
   recordings.	
   The	
   number	
   of	
   stationary	
  mitochondria	
  was	
   deduced	
   as	
  

the	
   number	
   of	
   motile	
   mitochondria	
   subtracted	
   from	
   the	
   total	
   number	
   of	
  

mitochondria.	
   Calculation	
   of	
   mitochondrial	
   transport	
   is	
   complicated	
   when	
  

mitochondria	
  undergo	
  fission	
  and	
  fusion.	
  When	
  mitochondria	
  undergo	
  a	
  fission	
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event,	
   the	
   resulting	
   daughter	
  mitochondria	
   were	
   considered	
   as	
   separate	
   from	
  

the	
   parent	
   mitochondrion.	
   When	
   two	
   mitochondria	
   undergo	
   a	
   fusion	
   event,	
  

daughter	
  mitochondrion	
  after	
  fusion	
  was	
  considered	
  as	
  separate	
  from	
  the	
  parent	
  

mitochondria.	
   Classification	
   of	
   mitochondrial	
   movements	
   was	
   manually	
  

performed	
  from	
  the	
  video	
  recordings	
  obtained	
  in	
  Volocity	
  6.1	
  (Perkin-­‐Elmer)	
  as	
  

the	
  position	
  of	
  soma	
  was	
  noted	
  while	
  image	
  acquisition.	
  

2.8)	
  Calculation	
  of	
  mitochondrial	
  velocities	
  

Mitochondrial	
  velocity	
  was	
  calculated	
  between	
  two	
  frames	
  (10	
  sec	
  timespan)	
  in	
  

all	
  the	
  timeframes	
  where	
  a	
  mitochondrion	
  was	
  moving.	
  After	
  putting	
  all	
  the	
  split	
  

velocities	
   of	
   a	
   particular	
  mitochondrion	
   together,	
   a	
   velocity	
   cutoff	
   of	
   0.1	
   µ/sec	
  

was	
   used	
   and	
   velocity	
   averaged.	
   Each	
   mitochondrion	
   was	
   represented	
   by	
   an	
  

averaged	
  velocity	
  value.	
  All	
   the	
  velocities	
  of	
  mitochondria	
  were	
  averaged	
   for	
   a	
  

particular	
   experiment	
   and	
   the	
   average	
   mitochondrial	
   velocity	
   calculated	
   from	
  

the	
  respective	
  number	
  of	
  experiments.	
  	
  

2.9)	
  Statistical	
  analysis	
  

Mitochondrial	
   length	
   was	
   obtained	
   from	
   at	
   least	
   3	
   independent	
   experiments	
  

where	
  each	
  experiment	
  had	
  8-­‐10	
  axons.	
  Data	
  were	
  classified	
  into	
  different	
  bins	
  

after	
  calculating	
  the	
  average	
  across	
  all	
  the	
  experiments	
  and	
  were	
  represented	
  as	
  

mean	
   ±	
   standard	
   error	
   (SEM).	
   The	
   p-­‐values	
   were	
   calculated	
   using	
   Graphpad	
  

Prism	
  software	
  (Version	
  6.02),	
  and	
  are	
  indicated	
  when	
  lower	
  than	
  0.05.	
  

Mitochondrial	
   length:	
   Statistical	
   evaluation	
   of	
   the	
   difference	
   of	
   frequency	
  

distribution	
  of	
   different	
  mitochondrial	
   length	
  bins	
  was	
  performed	
  using	
   the	
   χ2	
  

test.	
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Mitochondrial	
   occupancy,	
   transport	
   and	
   velocity:	
   Unpaired	
   two-­‐tailed	
  

Student’s	
  t	
  test	
  was	
  used	
  for	
  statistical	
  comparison	
  of	
  mitochondrial	
  occupancy,	
  

transport	
  and	
  average	
  velocity.	
  	
  

2.10)	
  Quantification	
  of	
  proteins,	
  SDS	
  PAGE	
  and	
  Western	
  blot	
  analysis	
  	
  

The	
  protein	
  amounts	
  were	
  measured	
  using	
  the	
  classical	
  and	
  widely	
  established	
  

Bradford’s	
   method.	
   Whole	
   cell	
   lysates	
   containing	
   the	
   cellular	
   proteins	
   were	
  

mixed	
   with	
   Bradford’s	
   reagent	
   and	
   the	
   absorbance	
   was	
   measured	
   by	
   using	
   a	
  

spectrophotometer	
  at	
  595	
  nm	
  (Bradford,	
  1976).	
  Using	
  known	
  concentrations	
  of	
  

Bovine	
  Serum	
  Albumin	
  (BSA),	
  a	
  standard	
  curve	
  was	
  plotted.	
  The	
  standard	
  curve	
  

was	
   used	
   to	
   infer	
   the	
   amount	
   of	
   proteins	
   from	
   the	
   absorbance	
   obtained	
   for	
  

different	
  samples.	
  	
  

Proteins	
  were	
  suspended	
   in	
  SDS	
  sample	
  buffer	
  containing	
  20	
  mM	
  Tris-­‐HCl	
   (pH	
  

6.8),	
  2	
  %	
  SDS,	
  5	
  %	
  mercaptoethanol,	
  2.5	
  %	
  glycerol	
  and	
  2.5	
  %	
  bromophenol	
  blue.	
  

The	
  solution	
  was	
  denatured	
  for	
  3	
  min	
  at	
  100°C.	
  30	
  µg	
  of	
  proteins	
  were	
  loaded	
  in	
  

all	
  cases.	
  The	
  gels	
  were	
  run	
  at	
  30	
  mA,	
  using	
  SDS	
  PAGE	
  running	
  buffer	
  having	
  25	
  

mM	
  Tris,	
  192	
  mM	
  glycine	
  and	
  0.1%	
  SDS.	
  Commercially	
  available	
  protein	
  weight	
  

markers	
   (Thermo	
   Scientific	
   PAGE	
   ruler	
   plus	
   prestained	
   protein	
   ladder)	
   were	
  

used	
  to	
  identify	
  the	
  size	
  of	
  proteins.	
  Biorad	
  gel	
  apparatus	
  were	
  used	
  to	
  run	
  the	
  

SDS	
  PAGE.	
  

The	
   proteins	
   resolved	
   on	
   a	
   SDS	
   PAGE	
  were	
   transferred	
   onto	
   a	
   polyvinylidene	
  

fluoride	
  (PVDF)	
  membrane	
  (Amersham)	
  using	
  a	
  wet	
  blotter	
  (biorad)	
  at	
  300	
  mA	
  

for	
  90	
  min	
   in	
  a	
  blotting	
  buffer	
   comprising	
  of	
  25	
  mM	
  Tris,	
  192	
  mM	
  glycine	
  and	
  

20%	
  Methanol.	
  	
  To	
  prevent	
  non-­‐specific	
  binding	
  of	
  antibodies	
  to	
  the	
  membrane,	
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they	
  were	
  blocked	
   in	
  Tris-­‐buffered	
   saline	
   (TBS)	
   solution	
   (20	
  mM	
  tris,	
  150	
  mM	
  

NaCl,	
  pH	
  7.4)	
  containing	
  5	
  %	
  milk	
  powder	
  and	
  0.1	
  %	
  tween-­‐20	
  for	
  30	
  min.	
  The	
  

membrane	
  was	
  then	
  incubated	
  with	
  primary	
  antibodies	
  overnight	
  at	
  4°C.	
  	
  Later,	
  

the	
  membrane	
  was	
  washed	
  3	
   times,	
   for	
   a	
   duration	
   of	
   10	
  min	
   each,	
  with	
  TBST	
  

(TBS	
   solution	
   with	
   0.1	
   %	
   tween-­‐20).	
   The	
   membranes	
   (containing	
   the	
   bound	
  

primary	
   antibodies)	
   were	
   then	
   incubated	
   for	
   1	
   hour	
   with	
   respective	
   Horse-­‐

radish	
   peroxidase	
   conjugated	
   secondary	
   antibodies	
   depending	
   on	
   the	
   host	
  

species	
   in	
   which	
   the	
   primary	
   antibody	
   was	
   raised.	
   Again,	
   the	
   membrane	
   was	
  

washed	
  3	
   times,	
   for	
  a	
  duration	
  of	
  10	
  min	
  each,	
  with	
  TBST.	
  The	
  membrane	
  was	
  

then	
   exposed	
   to	
   ECL	
   reagents	
   (Amersham)	
   according	
   to	
   the	
   manufacturer’s	
  

protocols	
  and	
  developed	
  after	
  optimum	
  exposure	
  time	
  on	
  X-­‐ray	
  film.	
  

2.11)	
  Cell	
  treatments	
  

NAC	
   treatment:	
   1mM	
   of	
   NAC	
   (Sigma-­‐Aldrich)	
   was	
   used	
   to	
   supplement	
   the	
  

complete	
  neuronal	
  medium	
  for	
  growing	
  primary	
  neurons.	
  

Vitamin	
   E	
   treatment:	
   	
   200	
   µM	
   of	
   vitamin	
   E	
   (Sigma-­‐Aldrich)	
   was	
   used	
   to	
  

supplement	
   the	
   complete	
   neuronal	
   medium	
   for	
   growing	
   primary	
   neurons.	
  

Vitamin	
  E	
  was	
  replenished	
  every	
  24	
  hours.	
  	
  

	
  

	
  

	
  

	
  

	
  

43



  
 

 

MATERIALS:	
  

2.12)	
  siRNA	
  oligonucleotides	
  used	
  in	
  the	
  study	
  

Stealth	
  small	
  interfering	
  RNAs	
  (siRNAs)	
  were	
  synthesized	
  by	
  Invitrogen,	
  with	
  the	
  

following	
  sequences	
  to	
  knockdown	
  Afg3l2:	
  

siRNA	
  A	
  (used	
  in	
  most	
  of	
  the	
  study):	
  	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  5’-­‐CCUGCCUCCGUACGCUCUAUCAAUA-­‐3’	
  

siRNA	
  B:	
  5’-­‐GCGUUCUCUGCUGAGGGAUGUAAUU-­‐3’	
  

siRNA	
  C:	
  5’-­‐GGUUGAUGGGCAAUACGUCUGGUUU-­‐3’	
  

To	
  downregulate	
  Opa1,	
  we	
  used	
  Stealth	
  siRNAs	
  synthesized	
  by	
  Invitrogen	
  

with	
  the	
  following	
  sequences:	
  

siRNA	
  A:	
  5’-­‐CAAGAGCAGUGUGUUCACAACGAAA-­‐3’	
  

siRNA	
  B:	
  5’-­‐	
  CAGUGUUCUGUAUUCAGGAACGCUU-­‐3’	
  

To	
  downregulate	
  Mapt,	
  we	
  used	
  Stealth	
  siRNAs	
  synthesized	
  by	
  Invitrogen	
  

with	
  the	
  following	
  sequence:	
  

siRNA	
  36:	
  5’-­‐CAGUCGAAGAUUGGCUCCUUGGAUA-­‐3’	
  

siRNA	
  37:	
  5’-­‐CAGGAGGUGGCAAGGUGCAGAUAAU-­‐3’	
  

siRNA	
  38:	
  5’-­‐CAGGAGGUGGCCAGGUGGAAGUAAA-­‐3'	
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The	
   medium	
   GC	
   stealth-­‐negative	
   control	
   (Invitrogen)	
   was	
   used	
   for	
   all	
  

experiments.	
  

2.13)	
  Plasmids	
  used	
  in	
  the	
  study	
  

1)	
  Mito-­‐GFP	
  or	
  Su9-­‐GFP	
  (Eura	
  et	
  al.,	
  2003)	
  	
  

2)	
   Mito-­‐mCherry	
   (The	
   coding	
   sequence	
   of	
   mitochondrial	
   targeting	
   sequence	
  

from	
  Su9-­‐GFP	
  was	
  amplified	
  by	
  PCR	
  using	
  the	
  primers:	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  

5’-­‐CCGGAATTCATGGCCTCCACTCGTGTC-­‐3’	
  	
  

5’-­‐GCGGGATCCGGAAGAGTAGGCGCGC-­‐3’).	
   	
  The	
  PCR	
  fragment	
  was	
  digested	
  with	
  

EcoRI	
   	
  and	
  BamHI,	
  and	
  inserted	
  in-­‐frame	
  before	
  the	
  N3-­‐mCherry.	
  The	
  construct	
  

was	
  confirmed	
  by	
  sequencing.	
  

3)	
  Mito-­‐pAcGFP	
  (Zunino	
  et	
  al.,	
  2007)	
  

4)	
  Murine	
  parkin-­‐mCherry	
  (a	
  kind	
  gift	
  of	
  Prof.	
  Nils-­‐Göran	
  Larsson)	
  

5)	
  Rat	
  Tau	
  Plasmid	
  (A	
  construct	
  containing	
  the	
  full	
  length	
  sequence	
  of	
  rat	
  Mapt	
  

cDNA	
  (Accession	
  No:	
  BC126095)	
  in	
  the	
  vector	
  pExpress-­‐1	
  (kind	
  gift	
  of	
  Dr.	
  Walter	
  

Becker).	
  

2.14)	
  Antibodies	
  for	
  Western	
  blot	
  analysis	
  

S.No	
   Antibody	
  name	
   Source	
   Dilution	
  used	
  

1	
   Anti-­‐tau1	
   Mouse	
   1:1000	
  

2	
   Anti-­‐GAPDH	
   Mouse	
   1:2000	
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3	
   Anti-­‐MAP2	
   Mouse	
   1:1000	
  

4	
   Anti-­‐ß	
  3	
  tubulin	
   Mouse	
   1:2000	
  

5	
   Anti-­‐GFAP	
   Rabbit	
   1:2000	
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3.0)	
  Formulation	
  of	
  the	
  research	
  project:	
  

AFG3L2	
   depletion	
   in	
   Purkinje	
   cells	
   leads	
   to	
   mitochondrial	
   fragmentation	
   and	
  

altered	
  distribution	
  of	
  mitochondria	
   in	
  the	
  dendritic	
  tree	
  (Almajan	
  et	
  al.,	
  2012)	
  

pointing	
  out	
   to	
  aberrant	
  mitochondrial	
  dynamics.	
  Given	
  the	
  general	
  connection	
  

between	
   mitochondrial	
   dynamics	
   and	
   neurodegeneration	
   and	
   the	
   specific	
  

connection	
   between	
  m-­‐AAA	
   protease	
   and	
   OPA1	
   and	
   OMA1,	
   it	
   is	
   interesting	
   to	
  

study	
  the	
  role	
  of	
  mitochondrial	
  dynamics	
  and	
  transport	
  in	
  the	
  patients	
  suffering	
  

from	
  neurodegeneration	
  of	
  Spinocerebellar	
  Ataxia	
   type	
  28	
  (SCA28).	
  Hence,	
  our	
  

project	
   aims	
   to	
   uncover	
   the	
   contribution	
   of	
   mitochondrial	
   dynamics	
   and	
  

transport	
   in	
   SCA28	
   disease	
   by	
   using	
   murine	
   primary	
   cortical	
   neurons	
   as	
   the	
  

model	
  system.	
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RESULTS:	
  

3.1)	
  Impaired	
  mitochondrial	
  fusion	
  in	
  Afg3l2Emv66/Emv66	
  MEFs	
  

Mitochondria	
   constantly	
   undergo	
   fusion	
   and	
   fission	
   at	
   steady	
   state	
   (Bereiter-­‐

Hahn	
   and	
   Voth,	
   1994).	
   Mitochondrial	
   fragmentation	
   occurs	
   in	
   MEFs	
   knocked	
  

down	
   for	
   Afg3l1	
   and	
   Afg3l2	
   (Ehses	
   et	
   al.,	
   2009).	
   Mitochondria	
   could	
   be	
  

fragmented	
   because	
   of	
   increase	
   in	
   fission	
   or	
   decrease	
   in	
   fusion.	
   A	
   decrease	
   in	
  

mitochondrial	
   fusion	
   can	
   be	
   inferred	
   by	
   performing	
   a	
   mitochondrial	
  

photoactivation	
   assay.	
   In	
   this	
   method,	
   a	
   mitochondrial	
   matrix-­‐targeted	
  

photoactivable	
  GFP	
  when	
  illuminated	
  with	
  a	
  405	
  nm	
  laser	
  fluoresces	
  100	
  times	
  

brighter.	
  Therefore,	
  when	
  certain	
  mitochondria	
  in	
  a	
  cell	
  are	
  photoactivated,	
  the	
  

GFP	
  fluorescence	
  would	
  spread	
  as	
  non-­‐photoactivated	
  mitochondria	
  would	
  fuse	
  

with	
  photoactivated	
  mitochondria	
  due	
  to	
  mixing	
  of	
  matrix	
  contents.	
  The	
  extent	
  

of	
   GFP	
   spread	
   between	
   the	
   mitochondria	
   can	
   be	
   used	
   as	
   an	
   index	
   of	
  

mitochondrial	
   fusion	
   (Zunino	
   et	
   al.,	
   2007).	
   Photoactivation	
   assay	
   clearly	
  

indicated	
   that	
   Afg3l2	
   knockout	
   MEFs	
   (Afg3l2Emv66/Emv66	
   MEFs)	
   have	
   defective	
  

mitochondrial	
  fusion	
  (Figure	
  3.1).	
  Figure	
  3.1A	
  shows	
  an	
  increased	
  redistribution	
  

of	
   mitochondrially	
   targeted	
   photoactivable	
   GFP	
   (pAcGFP)	
   in	
   wild	
   type	
   (WT)	
  

MEFs	
   compared	
   to	
   the	
   Afg3l2Emv66/Emv66	
   MEFs	
   after	
   45	
   min.	
   Consistently,	
   the	
  

pseudocoloured	
  images	
  also	
  show	
  a	
  greater	
  decrease	
  in	
  high-­‐intensity	
  pixels	
   in	
  

WT	
  MEFs	
   compared	
   to	
  Afg3l2Emv66/Emv66	
  MEFs	
   confirming	
   that	
   Afg3l2Emv66/Emv66	
  

MEFs	
   have	
   impaired	
   fusion.	
   After	
   45	
   min,	
   the	
   increase	
   in	
   number	
   of	
  

mitochondrial	
  pixels	
  per	
  cell	
  having	
  photoactivable	
  GFP	
  was	
  quantified	
  in	
  all	
  the	
  

optical	
  planes,	
  as	
  shown	
   in	
  Figure	
  3.1B,	
  where	
  Afg3l2Emv66/Emv66	
  MEFs	
  showed	
  a	
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lesser	
   spread	
  of	
  photoactivable	
  GFP.	
  We	
  were	
   interested	
   in	
   the	
  mechanisms	
  of	
  

neurodegeneration	
   mediated	
   by	
   mitochondrial	
   dynamics	
   occuring	
   in	
   AFG3L2	
  

deficient	
   neurons.	
   Due	
   to	
   strong	
   connection	
   between	
   mitochondrial	
   dynamics	
  

and	
   neurodegeneration	
   (as	
   mentioned	
   in	
   the	
   introduction),	
   we	
   investigate	
  

mitochondrial	
   dynamics	
   and	
   transport	
   in	
   polarised	
   cells	
   like	
   neurons	
   upon	
  

AFG3L2	
   depletion.	
   Therefore,	
   we	
   standardised	
   the	
   preparation	
   of	
   primary	
  

murine	
  cortical	
  neuronal	
  culture.	
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FIGURE	
  LEGENDS	
  

Figure	
  3.1:	
  Afg3l2Emv66/Emv66	
  MEFs	
  display	
  reduced	
  mitochondrial	
  fusion	
  

A)	
  After	
  45	
  min,	
  WT	
  MEFs	
  show	
  a	
  greater	
  spread	
  of	
  mito-­‐pAcGFP	
  compared	
  to	
  

the	
  Afg3l2Emv66/Emv66	
  MEFs.	
  This	
  is	
  also	
  inferred	
  by	
  a	
  greater	
  reduction	
  in	
  pseudo-­‐

colour	
  pixel	
  intensities.	
  Scale	
  bar:	
  10	
  µm.	
  

B)	
   Quantification	
   of	
   pixel	
   increase	
   of	
   mito-­‐pAcGFP	
   in	
   WT	
   MEFs	
   (n	
   =	
   8)	
   and	
  

Afg3l2Emv66/Emv66	
   MEFs	
   (n	
   =	
   10)	
   after	
   45	
   min	
   as	
   shown	
   by	
   a	
   representative	
  

experiment.	
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3.2)	
  Characterization	
  of	
  primary	
  murine	
  cortical	
  neuronal	
  culture	
  

To	
  understand	
  how	
  mitochondrial	
  dynamics	
  contribute	
  to	
  neurodegeneration	
  in	
  

patients	
   suffering	
   from	
   spinocerebellar	
   ataxia,	
   we	
   established	
   primary	
  murine	
  

cortical	
  neuronal	
  cultures	
  from	
  embryos	
  at	
  E18.5	
  stage	
  (Figure	
  3.2A	
  &	
  B).	
  In	
  all	
  

the	
  experimental	
  conditions,	
  the	
  neurons	
  were	
  cultured	
  for	
  3	
  days	
  in	
  vitro	
  (DIV).	
  	
  

The	
   neurons	
  were	
   characterized	
   by	
   checking	
   different	
  markers	
   on	
   2-­‐week-­‐old	
  

cultures.	
   	
   MAP2	
   antibody	
   labeling	
   dendrites	
   was	
   shown	
   to	
   stain	
   the	
   neuronal	
  

culture	
   by	
   immunofluorescence	
   (Figure	
   3.2C).	
   Western	
   blots	
   showed	
   the	
  

neuronal	
   lysate	
   stained	
   for	
   antibodies	
   against	
   ß-­‐3	
   tubulin	
   	
   (marking	
   whole	
  

neurons)	
   and	
   tau	
   (present	
   in	
   axons)	
   (Figure	
   3.2D).	
   We	
   also	
   detected	
   the	
  

presence	
  of	
  astrocytes	
  by	
  checking	
  with	
  antibody	
  against	
  GFAP,	
  which	
  confirmed	
  

the	
   mixed	
   nature	
   of	
   neuronal	
   culture.	
   However,	
   when	
   examined	
  

morphologically,	
  they	
  were	
  present	
  to	
  a	
  much	
  lesser	
  extent	
  than	
  the	
  neurons.	
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FIGURE	
  LEGENDS	
  

Figure	
  3.2:	
  Characterization	
  of	
  primary	
  murine	
  cortical	
  neuronal	
  culture	
  	
  

A)	
  E18.5	
  embryos	
  from	
  wild	
  type	
  CD1	
  dam.	
  	
  

B)	
   Dissected	
   mice	
   brains	
   from	
   the	
   embryos	
   used	
   for	
   collecting	
   the	
   primary	
  

cortical	
  neurons.	
  

C)	
   Immunofluorescent	
   image	
   of	
  MAP2	
   showing	
   the	
   dendrite	
   of	
   a	
   neuron	
   from	
  

two-­‐week	
  old	
  cortical	
  neuronal	
  culture.	
  

D)	
   Western	
   blots	
   of	
   two-­‐week	
   old	
   primary	
   neuronal	
   cortical	
   culture	
   showing	
  

different	
   neuronal	
   markers:	
   β-­‐3	
   tubulin	
   (whole	
   neurons)	
   and	
   tau	
   (axons).	
  

Presence	
  of	
  glia	
  shown	
  by	
  Glial	
  fibrillary	
  acidic	
  protein	
  (GFAP)	
  staining	
  indicates	
  

mixed	
  nature	
  of	
  culture.	
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3.3)	
   Aberrant	
   mitochondrial	
   dynamics	
   in	
   neurons	
   downregulated	
   for	
  

Afg3l2	
  

	
  We	
  co-­‐transfected	
  100	
  nM	
  of	
  control	
   siRNA	
  oligonucleotides	
  or	
   three	
  different	
  

siRNA	
   oligonucleotides	
   against	
   Afg3l2	
   together	
   with	
   500	
   ng	
   of	
   mitochondrial	
  

targeted	
   Cherry	
   (called	
   as	
   mito-­‐mCherry	
   from	
   now	
   onwards)	
   to	
   study	
  

mitochondrial	
   morphology,	
   occupancy,	
   transport	
   and	
   velocities	
   in	
   the	
   axons.	
  

Axons	
   were	
   distinguished	
   morphologically	
   and	
   always	
   imaged	
   at	
   least	
   50	
   µm	
  

distal	
  to	
  the	
  soma	
  of	
  the	
  neurons	
  where	
  the	
  axons	
  had	
  a	
  minimum	
  length	
  of	
  200	
  

µm.	
  

3.3.1)	
  Neurons	
  depleted	
  for	
  AFG3L2	
  have	
  fragmented	
  mitochondrial	
  morphology	
  

While	
   the	
   mitochondrial	
   morphology	
   in	
   the	
   axons	
   of	
   control	
   neurons	
   was	
  

composed	
   of	
   long	
   and	
   short	
   tubules,	
   neurons	
   downregulated	
   for	
   Afg3l2	
  

predominantly	
   had	
   only	
   short	
   tubules	
   or	
   spheres	
   (Figure	
   3.3A).	
   A	
   detailed	
  

quantification	
   of	
  mitochondrial	
   length	
  was	
   done.	
  Mitochondria	
  were	
   classified	
  

into	
   bins	
   of	
   different	
   lengths	
   from	
   each	
   individual	
   experiment	
   and	
   data	
   were	
  

averaged	
   from	
   different	
   experiments.	
   Figures	
   3.3B	
   and	
   3.3C	
   show	
   a	
   higher	
  

percentage	
   of	
   mitochondria	
   belonging	
   to	
   shorter	
   length	
   bins	
   and	
   lesser	
  

percentage	
   of	
   mitochondria	
   belonging	
   to	
   longer	
   length	
   bins	
   in	
   neurons	
  

downregulated	
   for	
   Afg3l2	
   when	
   compared	
   to	
   control	
   neurons.	
   Moreover,	
  

comparison	
   of	
   the	
   frequency	
   distribution	
   of	
   bins	
   of	
   mitochondrial	
   length	
   in	
  

control	
   neurons	
   and	
   neurons	
   downregulated	
   for	
   Afg3l2	
   show	
   a	
   statistical	
  

difference	
  by	
  chi-­‐square	
  test.	
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3.3.2)	
  Neurons	
  depleted	
  for	
  AFG3L2	
  have	
  reduced	
  mitochondrial	
  occupancy	
  	
  

Mitochondrial	
  occupancy	
  is	
  described	
  as	
  the	
  sum	
  length	
  of	
  all	
  mitochondria	
  put	
  

together	
   in	
   an	
   axon	
   per	
   unit	
   length	
   of	
   axon.	
   For	
   instance,	
   a	
   mitochondrial	
  

occupancy	
  of	
  20	
  %	
  would	
  mean	
  that	
  one-­‐fifth	
  of	
  the	
  axonal	
  length	
  is	
  occupied	
  by	
  

the	
   mitochondria.	
   Neurons	
   depleted	
   for	
   AFG3L2	
   have	
   lesser	
   mitochondrial	
  

occupancy	
   than	
   control	
   neurons.	
   Quantification	
   of	
   average	
   mitochondrial	
  

occupancy	
   from	
   3	
   different	
   experiments	
   clearly	
   show	
   a	
   reduction	
   in	
   AFG3L2	
  

depleted	
   neurons	
   (Figure	
   3.4A)	
   with	
   statistical	
   significance	
   attained	
   in	
   most	
  

cases	
  (Figure	
  3.4B).	
  	
  	
  

3.3.3)	
  The	
   reduced	
  mitochondrial	
   occupancy	
   in	
  Afg3l2	
  downregulated	
  neurons	
   is	
  

independent	
  of	
  parkin-­‐mediated	
  mitophagic	
  clearance	
  

One	
  of	
  the	
  plausible	
  hypothesis	
  for	
  reduced	
  mitochondrial	
  occupancy	
  in	
  neurons	
  

downregulated	
  for	
  Afg3l2	
  could	
  be	
  parkin-­‐mediated	
  mitophagy	
  (Narendra	
  et	
  al.,	
  

2008).	
  Therefore,	
  we	
  checked	
  if	
  parkin-­‐mCherry	
  was	
  targeted	
  to	
  mitochondria	
  in	
  

AFG3L2	
  depleted	
  neurons.	
  However,	
  we	
  could	
  not	
  find	
  any	
  recruitment	
  of	
  parkin	
  

onto	
   the	
  mitochondria	
   in	
   such	
   conditions	
   (Figure	
  3.5).	
   In	
  order	
   to	
   validate	
   the	
  

assay,	
   a	
   positive	
   control	
   was	
   used	
   where	
   control	
   neurons	
   were	
   treated	
   with	
  

antimycin,	
  a	
  complex	
  III	
  inhibitor	
  of	
  electron	
  transport	
  chain	
  (ETC).	
  Treatment	
  of	
  

neurons	
  with	
  antimycin	
  resulted	
   in	
  a	
  shift	
  of	
  parkin-­‐mCherry	
   from	
  cytosolic	
   to	
  

punctate	
   distribution	
   colocalising	
   with	
   mitochondria	
   as	
   shown	
   by	
   arrows	
  

(Figure	
  3.5).	
  	
  Antimycin	
  was	
  previously	
  shown	
  to	
  recruit	
  parkin	
  on	
  the	
  surface	
  of	
  

mitochondria	
   and	
  mediate	
  mitophagy	
   (Wang	
   et	
   al.,	
   2011).	
  Hence,	
  we	
   conclude	
  

that	
   the	
   reduced	
   mitochondrial	
   occupancy	
   in	
   AFG3L2	
   depleted	
   neurons	
   is	
  

independent	
  of	
  parkin-­‐mediated	
  mitophagy.	
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3.3.4)	
  Kymographic	
  analysis	
  of	
  neurons	
  downregulated	
  for	
  Afg3l2	
  

Control	
  neurons	
  and	
  neurons	
  deficient	
  for	
  AFG3L2	
  were	
  extensively	
  analyzed	
  by	
  

classifying	
   different	
   kinds	
   of	
  mitochondrial	
   transport.	
  Movies	
   of	
  mitochondrial	
  

transport	
  were	
  acquired	
  for	
  10	
  min	
  with	
  a	
  frame	
  rate	
  of	
  10	
  Sec	
  per	
  frame	
  where	
  

the	
  mitochondria	
  were	
  moving	
  anterogradely	
  or	
  retrogradely.	
  If	
  a	
  mitochondria	
  

moving	
   in	
   anterograde	
   direction	
   changed	
   course	
   and	
   moved	
   retrogradely	
   or	
  

vice-­‐versa,	
  it	
  was	
  classified	
  as	
  oscillatory.	
  The	
  percentage	
  of	
  motile	
  mitochondria	
  

was	
   in	
   accordance	
   with	
   previous	
   literature	
   (Brickley	
   and	
   Stephenson,	
   2011)	
  

where	
  one-­‐third	
  of	
  the	
  mitochondria	
  are	
  motile.	
  	
  

A	
  representative	
  kymograph	
  of	
  control	
  neurons	
  and	
  neurons	
  downregulated	
  for	
  

Afg3l2	
  is	
  shown	
  (Figure	
  3.6).	
  Here,	
  the	
  soma	
  can	
  be	
  extrapolated	
  to	
  be	
  present	
  on	
  

the	
  left	
  side	
  of	
  the	
  respective	
  kymographs.	
  	
  If	
  the	
  kymograph	
  is	
  represented	
  as	
  a	
  

graph,	
   the	
   X-­‐axis	
   represents	
   the	
   distance	
   in	
   the	
   axons	
   whereas	
   the	
   Y-­‐axis	
  

represents	
   the	
   time	
   period	
   of	
   acquiring	
   the	
   movie	
   (tracing	
   the	
   mitochondrial	
  

motility).	
  Consequentially,	
   the	
  negative	
  slope	
  represents	
  anterograde	
   transport	
  

whereas	
  positive	
  slope	
  represents	
  retrograde	
  transport.	
  The	
  perpendicular	
  lines	
  

represent	
   immotile	
  mitochondria.	
  Hence,	
   the	
  kymographs	
  have	
  been	
  used	
  as	
   a	
  

two-­‐dimensional	
  pictorial	
  depiction	
  of	
  objects	
  moving	
   through	
   space	
  and	
   time.	
  

The	
   kymographs	
   of	
   control	
   neurons	
   show	
   a	
   healthy	
   mix	
   of	
   anterograde	
   and	
  

retrograde	
   transport	
   whereas	
   axons	
   of	
   neurons	
   depleted	
   for	
   AFG3L2	
   show	
  

impaired	
  anterograde	
  transport	
  and	
  normal	
  retrograde	
  transport.	
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3.3.5)	
   AFG3L2	
   depleted	
   neurons	
   have	
   impaired	
   anterograde	
   transport	
   of	
  

mitochondria	
  but	
  unchanged	
  mitochondrial	
  velocities	
  

The	
  percentage	
  of	
  mitochondria	
  moving	
   in	
  different	
  directions	
  was	
  extensively	
  

quantified.	
   It	
   was	
   very	
   interesting	
   to	
   observe	
   that	
   neurons	
   downregulated	
   for	
  

Afg3l2	
   had	
   impaired	
   anterograde	
   mitochondrial	
   transport	
   (Figure	
   3.7A	
   &	
   B).	
  

Approximately	
  10%	
  of	
  mitochondria	
  moved	
  anterogradely	
   in	
  AFG3L2	
  depleted	
  

neurons	
  (using	
  3	
  different	
  siRNA	
  oligonucleotides)	
  compared	
  to	
  around	
  20%	
  in	
  

control	
   neurons	
   	
   (Figure	
   3.7A	
   &	
   B).	
   Owing	
   to	
   similar	
   observation	
   of	
  

mitochondrial	
   anterograde	
   transport	
   defects	
   with	
   3	
   different	
   siRNA	
  

oligonucleotides	
   for	
   depleting	
   AFG3L2,	
   it	
   can	
   be	
   concluded	
   that	
   observed	
  

transport	
   defects	
   are	
   not	
   a	
   result	
   of	
   off-­‐target	
   effects	
   of	
   the	
   siRNA	
  

oligonucleotides.	
   	
  The	
  percentage	
  of	
  mitochondria	
  moving	
   in	
   the	
   retrograde	
  or	
  

oscillatory	
   direction	
   did	
   not	
   show	
   a	
   statistical	
   difference.	
   However,	
   it	
   was	
  

noteworthy	
   that	
   in	
   some	
   cases	
   where	
  Afg3l2	
   was	
   downregulated,	
   we	
   found	
   a	
  

statistical	
  increase	
  in	
  the	
  number	
  of	
  stationary	
  mitochondria	
  (table	
  1,	
  p.105).	
  

We	
   also	
   checked	
   if	
   the	
   mitochondrial	
   velocities	
   changed	
   upon	
   Afg3l2	
  

downregulation.	
   The	
   average	
   velocities	
   of	
   mitochondria	
   moving	
   in	
   the	
  

retrograde	
  or	
  anterograde	
  direction	
  were	
  calculated.	
   	
  Quantification	
  of	
  average	
  

mitochondrial	
   velocities	
   revealed	
   no	
   differences	
   in	
   either	
   anterogradely	
   or	
  

retrogradely	
  moving	
  mitochondria	
  in	
  AFG3L2	
  depleted	
  neurons	
  (Figure	
  3.7C).	
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3.3.6)	
  The	
  mitochondrial	
  membrane	
  potential	
  in	
  Afg3l2	
  downregulated	
  neurons	
  is	
  

unchanged	
  	
  

It	
  was	
  previously	
  suggested	
  that	
  mitochondrial	
  membrane	
  potential	
  and	
  axonal	
  

transport	
  are	
  correlated	
  (Miller	
  and	
  Sheetz,	
  2004).	
  Mitochondria	
  having	
  higher	
  

membrane	
   potential	
   were	
   preferentially	
   transported	
   anterogradely	
   whereas	
  

those	
   having	
   lower	
   membrane	
   potential	
   were	
   transported	
   retrogradely.	
   As	
   a	
  

corollary,	
   it	
   is	
   possible	
   that	
   the	
   impaired	
   anterograde	
   transport	
   observed	
   in	
  

AFG3L2	
   depleted	
   neurons	
   is	
   due	
   to	
   reduced	
   membrane	
   potential.	
   	
   In	
   other	
  

words,	
  mitochondrial	
  membrane	
  potential	
  might	
   act	
   as	
   a	
   sensor	
   for	
   regulating	
  

the	
   anterograde	
   transport	
   of	
   mitochondria.	
   Therefore,	
   we	
   qualitatively	
  

measured	
  the	
  mitochondrial	
  membrane	
  potential	
  by	
  using	
  TMRM.	
  Pseudo-­‐colour	
  

images	
   of	
   TMRM	
   intensities	
   do	
   not	
   show	
   any	
   appreciable	
   difference	
   between	
  

control	
  neurons	
  and	
  AFG3L2	
  depleted	
  neurons	
  (Figure	
  3.8A).	
  Negligible	
  TMRM	
  

staining	
  was	
   observed	
   by	
   the	
   addition	
   of	
   CCCP	
   (used	
   to	
   abolish	
  mitochondrial	
  

membrane	
  potential)	
  in	
  control	
  neurons	
  validating	
  the	
  TMRM	
  assay.	
  Descriptive	
  

analysis	
  by	
  means	
  of	
  a	
  boxplot	
  clearly	
  indicated	
  that	
  only	
  few	
  neurons	
  had	
  very	
  

low	
  membrane	
  potential	
  in	
  AFG3L2	
  depleted	
  neurons	
  while	
  such	
  neurons	
  were	
  

not	
  observed	
  in	
  the	
  control	
  neurons	
  (Figure	
  3.8B).	
  This	
  would	
  argue	
  against	
  the	
  

mechanism	
   of	
   coordinated	
   control	
   of	
   mitochondrial	
   membrane	
   potential	
   and	
  

transport.	
   However,	
   few	
   neurons	
   having	
   very	
   less	
   mitochondrial	
   membrane	
  

potential	
  in	
  AFG3L2	
  depleted	
  neurons	
  also	
  suggests	
  that	
  all	
  is	
  not	
  well	
  with	
  the	
  

mitochondrial	
  membrane	
  potential	
  in	
  all	
  the	
  neurons	
  depleted	
  for	
  AFG3L2.	
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FIGURE	
  LEGENDS	
  

Figure	
   3.3:	
  Neurons	
   depleted	
   for	
   AFG3L2	
   have	
   fragmented	
  mitochondrial	
  

morphology	
  

A)	
  Mitochondrial	
  morphology	
   shown	
   in	
   axons	
   of	
   control	
   neurons	
   and	
  neurons	
  

downregulated	
  for	
  Afg3l2	
  with	
  three	
  different	
  siRNA	
  oligonucleotides	
  (A,	
  B	
  and	
  

C).	
  

B)	
   Quantification	
   of	
   mitochondrial	
   length,	
   comparing	
   siRNA	
   oligonucleotides	
  

against	
   control	
   and	
  Afg3l2	
   (oligo	
  A),	
   shown	
  as	
   the	
  percentage	
   of	
  mitochondria	
  

belonging	
  to	
  a	
  given	
  length	
  bin,	
  averaged	
  from	
  3	
  independent	
  experiments	
  (120-­‐

150	
  mitochondria	
  were	
  measured	
  in	
  each	
  experiment).	
  Bars	
  represent	
  SEM.	
  Chi-­‐

square	
  test:	
  p	
  =	
  0.002.	
  	
  

C)	
   Quantification	
   of	
   mitochondrial	
   length,	
   comparing	
   siRNA	
   oligonucleotides	
  

against	
   control	
   and	
   Afg3l2	
   (oligo	
   B	
   and	
   oligo	
   C),	
   shown	
   as	
   the	
   percentage	
   of	
  

mitochondria	
   belonging	
   to	
   a	
   given	
   length	
   bin,	
   averaged	
   from	
   3	
   independent	
  

experiments	
   (124-­‐167	
  mitochondria	
  were	
  measured	
   in	
  each	
  experiment).	
  Bars	
  

represent	
   SEM.	
   p	
   values	
   were	
   calculated	
   with	
   the	
   Chi-­‐square	
   test.	
   Control	
   vs.	
  

Afg3l2	
  (oligo	
  B):	
  p	
  =	
  0.008;	
  Control	
  vs.	
  Afg3l2	
  (oligo	
  C):	
  p	
  =0.009.	
  	
  

Figure	
   3.4:	
   Neurons	
   depleted	
   for	
   AFG3L2	
   have	
   reduced	
   mitochondrial	
  

occupancy	
  

A)	
   Histogram	
   showing	
   quantification	
   of	
   mitochondrial	
   occupancy	
   of	
   axons	
   of	
  

control	
   neurons	
   and	
   neurons	
   downregulated	
   for	
   Afg3l2	
   (Oligo	
   A),	
   (n	
   =	
   3	
  

experiments;	
  7-­‐8	
  axons	
  per	
  experiment).	
  



  
 

 

B)	
   Histogram	
   showing	
   quantification	
   of	
   mitochondrial	
   occupancy	
   of	
   axons	
   of	
  

control	
   neurons	
   and	
   neurons	
   downregulated	
   for	
   Afg3l2	
   (Oligo	
   B	
   &	
   C),	
   (n	
   =	
   3	
  

experiments;	
   at	
   least	
  8	
   axons	
  per	
  experiment).	
  p	
   values	
  were	
  determined	
  with	
  

Student’s	
  t-­‐test.	
  

Figure	
  3.5:	
  Reduced	
  mitochondrial	
  occupancy	
  in	
  AFG3L2	
  depleted	
  neurons	
  

is	
  independent	
  of	
  parkin-­‐mediated	
  mitophagic	
  clearance	
  

Cytosolic	
  staining	
  of	
  parkin-­‐mCherry	
  observed	
   in	
  control	
  and	
  AFG3L2	
  depleted	
  

neurons	
   (top	
   two	
   panels),	
   whereas	
   control	
   neurons	
   treated	
   with	
   antimycin	
   A	
  

show	
   punctate	
   parkin-­‐mCherry	
   staining	
   colocalising	
   with	
   mitochondria	
  

(arrows).	
  

Figure	
  3.6:	
  Kymographic	
  analysis	
  of	
  neurons	
  downregulated	
  for	
  Afg3l2	
  

Axons	
   showing	
   representative	
   kymographs	
   from	
   neurons	
   co-­‐transfected	
   with	
  

mito-­‐mCherry	
  and	
  control	
  or	
  Afg3l2	
  siRNAs.	
  Schematic	
  of	
  different	
  color-­‐coded	
  

transport	
  types	
  is	
  shown	
  below.	
  Scale	
  bars:	
  10	
  µm.	
  

Figure	
   3.7:	
   Neurons	
   depleted	
   for	
   AFG3L2	
   have	
   impaired	
   anterograde	
  

transport	
  of	
  mitochondria	
  but	
  unchanged	
  mitochondrial	
  velocities	
  

(A)	
  Quantification	
  of	
  mitochondrial	
   transport	
   types	
   in	
   the	
  axon	
   (Control	
   siRNA	
  

Vs	
   siRNA	
   oligonucleotide	
   A	
   against	
   Afg3l2).	
   Data	
   represent	
   mean	
   ±	
   SEM	
   of	
   3	
  

independent	
  experiments.	
  7-­‐8	
  axons	
  from	
  each	
  experiment	
  were	
  analyzed.	
  

(B)	
  Quantification	
  of	
  mitochondrial	
   transport	
   types	
   in	
   the	
  axon	
   (Control	
   siRNA	
  

Vs	
  siRNA	
  oligonucleotides	
  B	
  &	
  C	
  against	
  Afg3l2).	
  Data	
  represent	
  mean	
  ±	
  SEM	
  of	
  3	
  

independent	
  experiments.	
  At	
  least	
  8	
  axons	
  from	
  each	
  experiment	
  were	
  analyzed.	
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(C)	
  Average	
  mitochondrial	
  velocity	
  (from	
  at	
  least	
  5	
  axons	
  per	
  experiment)	
  in	
  the	
  

anterograde	
   and	
   retrograde	
   direction.	
   Data	
   represent	
   mean	
   ±	
   SEM	
   of	
   3	
  

independent	
  experiments.	
  p	
  values	
  in	
  A,	
  B	
  and	
  C	
  were	
  determined	
  with	
  Student’s	
  

t-­‐test.	
  

Figure	
  3.8:	
  The	
  mitochondrial	
  membrane	
  potential	
  in	
  Afg3l2	
  downregulated	
  

neurons	
  is	
  unchanged	
  

(A)	
  Representative	
  TMRM	
  images	
  as	
  shown	
  by	
  pseudo-­‐colour	
  coded	
  intensities	
  

along	
  with	
  mitochondrial	
  staining	
  by	
  mito-­‐GFP.	
  

(B)	
  Quantification	
  of	
  TMRM	
  staining	
  from	
  two	
  different	
  experiments.	
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3.4)	
  Depletion	
  of	
  OPA1	
  does	
  not	
  impair	
  mitochondrial	
  transport	
  	
  

It	
   is	
   entirely	
   possible	
   that	
   mere	
   fragmentation	
   of	
   mitochondria	
   can	
   lead	
   to	
  

disrupted	
   mitochondrial	
   transport.	
   Therefore,	
   we	
   tested	
   if	
   induction	
   of	
  

mitochondrial	
  fragmentation	
  by	
  depleting	
  OPA1,	
  a	
  protein	
  responsible	
  for	
  inner	
  

mitochondrial	
   membrane	
   fusion,	
   could	
   lead	
   to	
   disrupted	
   mitochondrial	
  

transport	
   in	
   the	
   axons.	
   In	
   our	
   primary	
   murine	
   cortical	
   neurons	
   cultures,	
   we	
  

knocked	
  down	
  Opa1	
  using	
  two	
  different	
  siRNA	
  oligonucleotides.	
  

3.4.1)	
  Neurons	
  depleted	
  for	
  OPA1	
  have	
  fragmented	
  mitochondrial	
  morphology	
  and	
  

reduced	
  mitochondrial	
  occupancy	
  

We	
   found	
   that	
   mitochondria	
   were	
   fragmented	
   in	
   OPA1	
   depleted	
   neurons,	
   as	
  

expected.	
   The	
   mitochondrial	
   distribution	
   in	
   to	
   different	
   length	
   bins	
   clearly	
  

shifted	
   towards	
   the	
   left	
   i.e	
   shorter	
   length	
   bins,	
   by	
   using	
   two	
   siRNA	
  

oligonucleotides	
   against	
   Opa1	
   when	
   compared	
   to	
   control	
   (Figure	
   3.9A).	
  

Consistently,	
   the	
   frequency	
   distribution	
   of	
  mitochondria	
   belonging	
   to	
   different	
  

bins	
  was	
  different	
  by	
  statistical	
  significance	
  as	
  attested	
  by	
  Chi-­‐square	
  test.	
  	
  

We	
  also	
  checked	
  the	
  mitochondrial	
  occupancy	
  in	
  the	
  axons	
  of	
  neurons	
  depleted	
  

for	
   OPA1.	
   The	
   mitochondrial	
   occupancies	
   also	
   reduced	
   with	
   two	
   siRNA	
  

oligonucleotides	
   with	
   statistical	
   significance	
   attained	
   only	
   with	
   one	
   siRNA	
  

oligonucleotide	
  against	
  Opa1	
  (Figure	
  3.9B).	
  This	
  shows	
  that	
  mere	
  mitochondrial	
  

fragmentation	
  can	
  also	
   lead	
  to	
  reduced	
  mitochondrial	
  occupancy	
  depending	
  on	
  

the	
  extent	
  of	
  knockdown	
  of	
  Opa1.	
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3.4.2)	
  Mitochondrial	
  transport	
  analysis	
  of	
  neurons	
  downregulated	
  for	
  Opa1	
  

Video	
   recordings	
   of	
   control	
   and	
   neurons	
   knocked	
   down	
   for	
   Opa1	
   were	
  

represented	
   on	
   a	
   kymograph.	
   The	
   axons	
   clearly	
   show	
   mitochondrial	
  

fragmentation	
  in	
  neurons	
  depleted	
  for	
  OPA1	
  when	
  compared	
  to	
  control.	
  Both	
  the	
  

control	
   and	
   OPA1	
   depleted	
   neurons	
   have	
   normal	
   levels	
   of	
   anterograde	
   and	
  

retrograde	
  transport	
  (Figure	
  3.10A).	
  	
  

Quantification	
   of	
   mitochondrial	
   transport	
   further	
   indicated	
   that	
   there	
   is	
   no	
  

difference	
  in	
  any	
  kind	
  of	
  mitochondrial	
  transport	
  upon	
  downregulation	
  of	
  Opa1	
  	
  

(Figure	
  3.10B).	
  Therefore,	
  mitochondrial	
  fragmentation	
  is	
  not	
  sufficient	
  to	
  cause	
  

mitochondrial	
  transport	
  defects	
  as	
  was	
  observed	
  previously	
  (Misko	
  et	
  al.,	
  2010).	
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FIGURE	
  LEGENDS	
  

Figure	
   3.9:	
   Neurons	
   depleted	
   for	
   OPA1	
   have	
   fragmented	
   mitochondrial	
  

morphology	
  and	
  reduced	
  mitochondrial	
  occupancy	
  

(A)	
   Quantification	
   of	
   mitochondrial	
   length,	
   comparing	
   siRNA	
   oligonucleotides	
  

against	
  control	
  and	
  Opa1	
  (oligo	
  A	
  &	
  B),	
  shown	
  as	
  the	
  percentage	
  of	
  mitochondria	
  

belonging	
  to	
  a	
  given	
  length	
  bin,	
  averaged	
  from	
  3	
  independent	
  experiments	
  (131-­‐

211	
  mitochondria	
  were	
  measured	
   in	
   each	
   experiment).	
   Bars	
   represent	
   SEM.	
  p	
  

values	
  were	
  calculated	
  with	
   the	
  Chi-­‐square	
   test.	
  Control	
  vs.	
  Opa1	
   (oligo	
  A):	
  p	
  =	
  

10-­‐4;	
  Control	
  vs.	
  Opa1	
  (oligo	
  B):	
  p	
  =	
  1.4X10-­‐6.	
  

(B)	
   Histogram	
   showing	
   quantification	
   of	
   mitochondrial	
   occupancy	
   of	
   axons	
   of	
  

control	
   neurons	
   and	
   neurons	
   downregulated	
   for	
   Opa1	
   (Oligo	
   A	
   &	
   B),	
   (n	
   =	
   3	
  

experiments;	
   at	
   least	
   8	
   axons	
   per	
   experiment).	
   p	
   value	
   was	
   determined	
   with	
  

Student’s	
  t-­‐test.	
  

Figure	
  3.10:	
  Mitochondrial	
  transport	
  analysis	
  of	
  neurons	
  downregulated	
  for	
  

Opa1	
  

	
  (A)	
   Axons	
   showing	
   representative	
   kymographs	
   from	
   neurons	
   co-­‐transfected	
  

with	
   mito-­‐mCherry	
   and	
   control	
   or	
   Opa1	
   siRNAs.	
   Schematic	
   of	
   different	
   color-­‐

coded	
  transport	
  types	
  is	
  shown	
  below.	
  Scale	
  bars:	
  10	
  µm.	
  

(B)	
   Quantification	
   of	
   mitochondrial	
   transport	
   types	
   in	
   the	
   axon	
   (Control	
   Vs	
  

siRNA	
   oligonucleotide	
   A	
   &	
   B	
   against	
  Opa1).	
   Data	
   represent	
   mean	
   ±	
   SEM	
   of	
   3	
  

independent	
  experiments.	
  At	
  least	
  8	
  axons	
  from	
  each	
  experiment	
  were	
  analyzed.	
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3.5)	
  Aberrant	
  mitochondrial	
   transport	
   in	
  neurons	
  depleted	
   for	
  AFG3L2	
   is	
  

independent	
  of	
  OMA1	
  activation	
  

OPA1,	
  the	
  molecule	
  responsible	
  for	
  inner	
  mitochondrial	
  membrane	
  fusion	
  has	
  5	
  

forms	
   (a-­‐e)	
   based	
   on	
   proteolytic	
   cleavage	
   of	
   isoforms	
   ‘a’	
   and	
   ‘b’	
   by	
   proteases	
  

OMA1	
   and	
   YME1L	
   at	
   sites	
   S1	
   and	
   S2	
   respectively	
   (Song	
   et	
   al.,	
   2007).	
   Upon	
  

depletion	
   of	
   the	
   m-­‐AAA	
   protease	
   subunits:	
   AFG3L1	
   and	
   AFG3L2,	
   OMA1	
   is	
  

activated	
   and	
   long	
   forms	
   of	
   OPA1-­‐	
   ‘a’	
   and	
   ‘b’	
   are	
   proteolytically	
   cleaved	
   into	
  

short	
  forms-­‐	
  ‘c’	
  and	
  ‘e’	
  (Ehses	
  et	
  al.,	
  2009;	
  Head	
  et	
  al.,	
  2009).	
  Consistently,	
  MEFs	
  

concurrently	
   depleted	
   of	
   OMA1	
   and	
  m-­‐AAA	
   protease	
   subunits	
   do	
   not	
   exhibit	
  

mitochondrial	
   fragmentation.	
  OMA1	
  has	
  been	
  proposed	
   to	
  sense	
  mitochondrial	
  

abnormalities	
  like	
  reduced	
  ATP	
  levels	
  or	
  mitochondrial	
  membrane	
  potential	
  and	
  

process	
  the	
  conversion	
  of	
  long	
  forms	
  into	
  short	
  forms.	
  Therefore,	
  OMA1	
  could	
  be	
  

the	
   sensor	
   for	
   abnormal	
  mitochondrial	
   dynamics	
   in	
  m-­‐AAA	
   protease	
   deficient	
  

cells	
  and	
  this	
  sensing	
  could	
  further	
  lead	
  to	
  conversion	
  of	
  long	
  forms	
  of	
  OPA1	
  to	
  

short	
  forms.	
  Can	
  it	
  occur	
  that	
  deletion	
  of	
  this	
  possible	
  mitochondrial	
  dysfunction	
  

sensor,	
   i.e	
   OMA1,	
   can	
   eventually	
   rescue	
   aberrant	
   mitochondrial	
   dynamics	
   in	
  

AFG3L2	
  depleted	
  neurons?	
  

3.5.1)	
   Mitochondrial	
   morphology	
   and	
   occupancy	
   in	
   Oma1-­‐/-­‐	
   neurons	
  

downregulated	
  for	
  Afg3l2	
  	
  

Primary	
   murine	
   cortical	
   neurons	
   from	
   Oma1-­‐/-­‐	
   mice	
   were	
   harvested	
   and	
  

downregulated	
   for	
   Afg3l2.	
   	
   We	
   examined	
   the	
   mitochondrial	
   morphology	
   and	
  

found	
   that	
   there	
   is	
   mitochondrial	
   fragmentation	
   in	
   Oma1-­‐/-­‐	
   neurons	
  

downregulated	
   for	
   Afg3l2	
   compared	
   to	
   Oma1-­‐/-­‐	
   neurons.	
   However,	
   it	
   is	
   not	
  

statistically	
   significant	
   upon	
   comparison	
  of	
   frequency	
  distribution	
  bins	
   by	
  Chi-­‐
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square	
   test	
   (Figure	
  3.11A).	
  There	
   is	
   an	
   increase	
   in	
  percentage	
  of	
  mitochondria	
  

only	
  in	
  the	
  0.5-­‐1	
  µM	
  bin	
  with	
  no	
  changes	
  in	
  the	
  remaining	
  bins.	
  

Oma1-­‐/-­‐	
  neurons	
  downregulated	
  for	
  Afg3l2	
  also	
  do	
  not	
  indicate	
  any	
  difference	
  in	
  

the	
  mitochondrial	
  occupancy	
  when	
  compared	
  to	
  Oma1-­‐/-­‐	
  neurons	
  (Figure	
  3.11B).	
  

Therefore,	
   mitochondrial	
   morphology	
   and	
   occupancy	
   remain	
   unaffected	
   upon	
  

double	
   depletion	
   of	
   AFG3L2	
   and	
  OMA1	
  when	
   compared	
   to	
   depletion	
   of	
   OMA1	
  

alone.	
  

3.5.2)	
  Mitochondrial	
  transport	
  in	
  Oma1-­‐/-­‐	
  neurons	
  downregulated	
  for	
  Afg3l2	
  	
  

Representative	
   kymographs	
   of	
   Oma1-­‐/-­‐	
   neurons	
   downregulated	
   with	
   control	
  

siRNA	
  oligonucleotides	
  and	
  siRNA	
  oligonucleotides	
  against	
  Afg3l2	
  are	
  shown	
  in	
  

figure	
   3.12A.	
   Oma1-­‐/-­‐	
   neurons	
   show	
   normal	
   transport	
   of	
   all	
   kinds.	
   	
   However,	
  

when	
   there	
   is	
  double	
  depletion	
  of	
  both	
  OMA1	
  and	
  AFG3L2,	
  we	
  do	
  not	
  observe	
  

any	
   rescue	
   of	
   anterograde	
   mitochondrial	
   transport	
   defect	
   indicating	
   that	
  

mitochondrial	
   transport	
   defects	
   are	
   independent	
   of	
  OMA1	
  activation.	
   In	
   fact,	
   a	
  

detailed	
  quantification	
  of	
  the	
  same	
  confirmed	
  this	
  observation	
  (Figure	
  3.12B).	
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FIGURE	
  LEGENDS	
  

Figure	
   3.11:	
   Oma1-­‐/-­‐	
   neurons	
   downregulated	
   for	
   Afg3l2	
   do	
   not	
   show	
   a	
  

significant	
  difference	
  in	
  mitochondrial	
  morphology	
  and	
  occupancy	
  

(A)	
  Quantification	
  of	
  mitochondrial	
  length	
  in	
  Oma1-­‐/-­‐	
  neurons,	
  comparing	
  siRNA	
  

oligonucleotides	
  against	
  control	
  and	
  Afg3l2	
  (oligo	
  A),	
  shown	
  as	
  the	
  percentage	
  of	
  

mitochondria	
   belonging	
   to	
   a	
   given	
   length	
   bin,	
   averaged	
   from	
   3	
   independent	
  

experiments.	
  (105-­‐200	
  mitochondria	
  were	
  measured	
  in	
  each	
  experiment).	
  Bars	
  

represent	
  SEM.	
  

(B)	
   Histogram	
   showing	
   quantification	
   of	
   mitochondrial	
   occupancy	
   in	
   Oma1-­‐/-­‐	
  

neurons	
   and	
   Oma1-­‐/-­‐	
   neurons	
   downregulated	
   for	
   Afg3l2	
   (Oligo	
   A),	
   (n	
   =	
   3	
  

experiments;	
  at	
  least	
  8	
  axons	
  per	
  experiment)	
  

Figure	
   3.12:	
   Oma1-­‐/-­‐	
   neurons	
   downregulated	
   for	
   Afg3l2	
   do	
   not	
   rescue	
  

impaired	
  anterograde	
  transport	
  of	
  mitochondria	
  

(A)	
   Axons	
   showing	
   representative	
   kymographs	
   from	
   Oma1-­‐/-­‐	
   neurons	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  

co-­‐transfected	
   with	
   mito-­‐mCherry	
   and	
   control	
   or	
   Afg3l2	
   siRNAs.	
   Schematic	
   of	
  

different	
  color-­‐coded	
  transport	
  types	
  is	
  shown	
  below.	
  Scale	
  bars:	
  10	
  µm	
  

(B)	
  Quantification	
  of	
  mitochondrial	
  transport	
  types	
  in	
  Oma1-­‐/-­‐	
  neurons	
  (Control	
  

Vs	
   siRNA	
   oligonucleotide	
   A	
   against	
   Afg3l2).	
   Data	
   represent	
   mean	
   ±	
   SEM	
   of	
   3	
  

independent	
  experiments.	
  At	
  least	
  8	
  axons	
  from	
  each	
  experiment	
  were	
  analyzed.	
  

p	
  value	
  was	
  determined	
  with	
  Student’s	
  t-­‐test.	
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3.6)	
  Tau	
  affects	
  mitochondrial	
  dynamics	
  in	
  neurons	
  deficient	
  for	
  AFG3L2	
  

Afg3l2Emv66/Emv66	
  (Constitutive	
  knockout	
  of	
  Afg3l2)	
  mice	
  displayed	
  higher	
  levels	
  of	
  

tau	
  hyperphosphorylation	
  in	
  their	
  brains	
  (Kondadi	
  et	
  al.,	
  2014).	
  These	
  mice	
  also	
  

have	
   smaller	
   cortices	
   with	
   neuronal	
   loss,	
   as	
   shown	
   by	
   Nissl	
   staining,	
   and	
  

aberrancies	
  of	
  axonal	
  growth	
  and	
  myelination.	
  Tau	
  knockdown	
  rescues	
  milton	
  or	
  

miro	
  mediated	
   neurodegeneration	
   in	
  Drosophila	
   (Iijima-­‐Ando	
   et	
   al.,	
   2012).	
   On	
  

the	
   contrary,	
  overexpression	
  of	
   tau	
   causes	
   impaired	
   transport	
  of	
  mitochondria	
  

into	
   the	
  axons	
   (Stamer	
  et	
  al.,	
  2002).	
  Therefore,	
  we	
   tested	
   if	
  depletion	
  of	
   tau	
   in	
  

AFG3L2	
   deficient	
   neurons	
   could	
   rescue	
   aberrant	
   mitochondrial	
   dynamics	
  

including	
  transport.	
  	
  

3.6.1)	
  Characterization	
  of	
  siRNA	
  oligonucleotides	
  directed	
  against	
  tau	
  	
  

We	
   overexpressed	
   rat	
   tau	
   plasmid	
   in	
   MEFs	
   and	
   used	
   siRNA	
   oligonucleotides	
  

directed	
   against	
   tau	
   to	
   check	
   the	
   efficacy	
   of	
   3	
   commercially	
   available	
   siRNA	
  

oligonucleotides.	
  All	
  the	
  siRNA	
  oligonucleotides	
  against	
  tau	
  were	
  able	
  to	
  deplete	
  

the	
   levels	
   of	
   overexpressed	
   tau.	
   However,	
   the	
   most	
   efficient	
   siRNA	
  

oligonucleotide	
   (Mapt	
   siRNA	
   36)	
   was	
   used	
   for	
   successive	
   experiments	
   (Figure	
  

3.13).	
  

3.6.2)	
  Mitochondrial	
  morphology	
  and	
  occupancy	
   in	
  neurons	
  depleted	
   for	
  AFG3L2	
  

and	
  tau	
  

As	
  observed	
  before,	
  detailed	
  quantification	
  of	
  mitochondrial	
  length	
  revealed	
  that	
  

AFG3L2	
  depletion	
  lead	
  to	
  mitochondrial	
  fragmentation.	
  Interestingly,	
  concurrent	
  

depletion	
   of	
   AFG3L2	
   and	
   tau	
   rescued	
   mitochondrial	
   fragmentation	
   when	
  

compared	
  to	
  AFG3L2	
  depletion	
  alone	
  (Figure	
  3.14A).	
  This	
  was	
  corroborated	
  by	
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statistical	
  comparison	
  of	
  frequency	
  distribution	
  differences	
  by	
  a	
  Chi-­‐square	
  test.	
  

Neurons	
  downregulated	
  for	
  Afg3l2	
  had	
  decreased	
  mitochondrial	
  occupancies	
  as	
  

observed	
   previously.	
   However,	
   decreasing	
   the	
   tau	
   levels	
   in	
   AFG3L2	
   depleted	
  

neurons	
  did	
  not	
  rescue	
  the	
  mitochondrial	
  occupancy	
  when	
  compared	
  to	
  AFG3L2	
  

depletion	
  alone	
  (Figure	
  3.14B).	
  Thus,	
  decreasing	
  tau	
   levels	
   in	
  AFG3L2	
  depleted	
  

neurons	
  rescued	
  mitochondrial	
  fragmentation	
  but	
  not	
  mitochondrial	
  occupancy.	
  

3.6.3)	
  Mitochondrial	
  transport	
  in	
  neurons	
  depleted	
  for	
  AFG3L2	
  and	
  tau	
  

However,	
   the	
   most	
   tempting	
   assumption	
   to	
   implicate	
   the	
   role	
   of	
   tau	
   in	
  

neurodegeneration	
  would	
  be	
  its	
  role	
  in	
  mitochondrial	
  transport.	
  Comprehensive	
  

quantification	
   of	
   mitochondrial	
   transport	
   revealed	
   a	
   decrease	
   in	
   anterograde	
  

transport	
   of	
   mitochondria	
   in	
   AFG3L2	
   depleted	
   neurons	
   as	
   observed	
   before.	
  

Although	
  partially,	
  it	
  was	
  observed	
  that	
  concurrent	
  depletion	
  of	
  AFG3L2	
  and	
  tau	
  

rescued	
   mitochondrial	
   anterograde	
   transport	
   when	
   compared	
   to	
   AFG3L2	
  

depletion	
   alone	
   (Figure	
   3.15A).	
   We	
   also	
   checked	
   if	
   the	
   partial	
   rescue	
   in	
  

anterograde	
   transport	
   was	
   observed	
   due	
   to	
   an	
   increase	
   in	
   the	
   mitochondrial	
  

velocities.	
   However,	
   we	
   do	
   not	
   find	
   any	
   significant	
   change	
   in	
   the	
   velocities	
   of	
  

mitochondria	
   moving	
   anterogradely	
   (Figure	
   3.15B).	
   Similarly,	
   the	
   retrograde	
  

mitochondrial	
  velocities	
  did	
  not	
  differ	
  under	
  any	
  condition	
  (Figure	
  3.15C).	
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FIGURE	
  LEGENDS	
  

Figure	
  3.13:	
  Characterization	
  of	
  siRNA	
  oligonucleotides	
  directed	
  against	
  tau	
  	
  

Western	
   blot	
   analysis	
   of	
   efficiency	
   of	
   different	
   siRNA	
   oligonucleotides	
   (Mapt	
  

siRNAs)	
   against	
   overexpressed	
   tau	
   in	
   MEFs.	
  Mapt	
   siRNA	
   36	
   was	
   selected	
   for	
  

further	
  studies.	
  

Figure	
   3.14:	
   Neurons	
   depleted	
   for	
   AFG3L2	
   and	
   tau,	
   when	
   compared	
   to	
  

AFG3L2	
  alone,	
  show	
  a	
  rescue	
  in	
  fragmented	
  mitochondrial	
  morphology	
  but	
  

not	
  occupancy	
  

(A)	
   Quantification	
   of	
   mitochondrial	
   length	
   in	
   axons,	
   in	
   respective	
   conditions,	
  

shown	
   as	
   the	
   percentage	
   of	
   mitochondria	
   belonging	
   to	
   a	
   given	
   length	
   bin,	
  

averaged	
   from	
   3	
   independent	
   experiments.	
   (120-­‐210	
   mitochondria	
   were	
  

measured	
   in	
   each	
   experiment).	
   Bars	
   represent	
   SEM.	
   p	
   values	
   were	
   calculated	
  

with	
   the	
   Chi-­‐square	
   test.	
   Control	
   vs.	
   Afg3l2/control:	
   p	
   =	
   7X10-­‐4,	
   control	
   vs.	
  

Afg3l2/Mapt:	
  p	
  =	
  9X10-­‐3,	
  Afg3l2/control	
  vs.	
  Afg3l2/Mapt:	
  p	
  =	
  5X10-­‐5.	
  

(B)	
  Histogram	
  showing	
  quantification	
  of	
  mitochondrial	
  occupancy	
  of	
  respective	
  

axons,	
  (n	
  =	
  3	
  experiments;	
  7-­‐9	
  axons	
  per	
  experiment).	
  p	
  value	
  was	
  determined	
  

with	
  Student’s	
  t-­‐test.	
  

Figure	
  3.15:	
  Neurons	
  depleted	
  for	
  AFG3L2	
  and	
  tau	
  partially	
  rescue	
  impaired	
  

anterograde	
   transport	
   of	
   mitochondria	
   but	
   not	
   mitochondrial	
   velocities	
  

when	
  compared	
  to	
  AFG3L2	
  depletion	
  alone	
  

(A)	
  Quantification	
  of	
  mitochondrial	
   transport	
   types	
   in	
   the	
  axon.	
  Data	
  represent	
  

mean	
  ±	
  SEM	
  of	
  3	
   independent	
  experiments.	
  7-­‐9	
  neurons	
  from	
  each	
  experiment	
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were	
  analyzed.	
  p	
  values	
  were	
  determined	
  with	
  Student’s	
  t-­‐test.	
  

(B	
  &	
  C)	
  Average	
  mitochondrial	
  velocity	
  in	
  the	
  anterograde	
  (B)	
  and	
  retrograde	
  (C)	
  

direction.	
   Data	
   represent	
   mean	
   ±	
   SEM	
   of	
   3	
   independent	
   experiments.	
   The	
  

velocity	
  of	
  mitochondria	
  was	
  analyzed	
  from	
  3	
  axons	
  per	
  experiment.	
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3.7)	
  NAC	
  rescues	
  mitochondrial	
  defects	
  observed	
   in	
  neurons	
  depleted	
   for	
  

AFG3L2	
  

Genotypic	
   oxidative	
   stress	
   such	
   mutations	
   in	
   superoxide	
   dismutase	
   2	
   (SOD2)	
  

(Melov	
  et	
  al.,	
  2007)	
  or	
  axonal	
  transport	
  defects	
  caused	
  by	
  deleting	
  kinesin	
  light	
  

chain	
   can	
   lead	
   to	
   tau	
   hyperphosphorylation	
   (Falzone	
   et	
   al.,	
   2009).	
   Chemotoxic	
  

oxidative	
   stress	
   such	
   as	
   treatment	
   with	
   hydrogen	
   peroxide	
   can	
   also	
   cause	
  

mitochondrial	
   transport	
  defects	
  (Fang	
  et	
  al.,	
  2012).	
   	
  Therefore,	
  oxidative	
  stress	
  

can	
   be	
   a	
   possible	
   cause	
   of	
   axonal	
   transport	
   defects.	
   We	
   sought	
   to	
   check	
   if	
  

interfering	
   with	
   ROS	
   levels	
   in	
   the	
   neurons	
   can	
   have	
   any	
   effect	
   on	
   the	
  

mitochondrial	
   transport.	
   N-­‐acetyl	
   cysteine	
   (NAC)	
   is	
   widely	
   used	
   as	
   an	
  

antioxidant.	
  In	
  fact,	
  it	
  acts	
  by	
  regulating	
  the	
  amount	
  of	
  glutathione	
  in	
  cells	
  and	
  is	
  

efficient	
  as	
  a	
  ROS	
  scavenger	
  (Arakawa	
  and	
  Ito,	
  2007).	
  

3.7.1)	
   Mitochondrial	
   morphology	
   and	
   occupancy	
   in	
   AFG3L2	
   depleted	
   neurons	
  

grown	
  in	
  the	
  presence	
  of	
  NAC	
  

Analysis	
  of	
  mitochondrial	
  length	
  into	
  different	
  length	
  bins	
  clearly	
  indicated	
  that	
  

mitochondrial	
   fragmentation	
   observed	
   upon	
   AFG3L2	
   depletion	
   was	
   rescued	
  

when	
   the	
   neurons	
   were	
   grown	
   in	
   the	
   presence	
   of	
   NAC.	
   This	
   was	
   further	
  

confirmed	
  by	
  a	
  Chi-­‐square	
   test	
   that	
  yielded	
  high	
  statistical	
   significance	
   (Figure	
  

3.16A).	
   	
   As	
   observed	
   previously	
   and	
   in	
   this	
   experiment,	
   downregulation	
   of	
  

Afg3l2	
   lead	
   to	
   a	
   decreased	
  mitochondrial	
   occupancy,	
  which	
  was	
   rescued	
  when	
  

the	
   neurons	
   were	
   grown	
   in	
   the	
   presence	
   of	
   NAC	
   (Figure	
   3.16B).	
   Therefore,	
  

AFG3L2	
  depleted	
  neurons	
  grown	
  in	
  the	
  presence	
  of	
  NAC	
  show	
  a	
  robust	
  rescue	
  in	
  

mitochondrial	
  morphology	
  and	
  occupancy.	
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3.7.2)	
   Kymographic	
   analysis	
   of	
   neurons	
   downregulated	
   for	
   Afg3l2	
   grown	
   in	
   the	
  

presence	
  of	
  NAC	
  

Representative	
  kymographs	
  of	
  AFG3L2	
  depleted	
  neurons	
  grown	
  in	
  the	
  absence	
  

and	
   presence	
   of	
   NAC	
   respectively	
   are	
   shown	
   in	
   figure	
   3.17.	
   	
   As	
  was	
   observed	
  

before,	
   AFG3L2	
   depleted	
   neurons	
   show	
   reduced	
   anterograde	
   transport	
   as	
  

highlighted	
   by	
   the	
   reduced	
   number	
   of	
   green	
   lines.	
   Surprisingly,	
   anterograde	
  

transport	
  was	
  restored	
  to	
  normal	
  when	
  the	
  neurons	
  were	
  grown	
  in	
  the	
  presence	
  

of	
  NAC.	
  

	
  3.7.3)	
  Mitochondrial	
  transport	
  and	
  velocity	
  in	
  AFG3L2	
  depleted	
  neurons	
  grown	
  in	
  

the	
  presence	
  of	
  NAC	
  

Quantification	
   of	
   mitochondrial	
   transport	
   clearly	
   showed	
   that	
   when	
   AFG3L2	
  

depleted	
   neurons	
   were	
   grown	
   in	
   the	
   presence	
   of	
   NAC,	
   impaired	
   anterograde	
  

mitochondrial	
   transport	
   was	
   rescued	
   (Figure	
   3.18A).	
   In	
   AFG3L2	
   depleted	
  

neurons,	
   approximately	
   6	
   %	
   of	
   anterograde	
   transport	
   was	
   observed.	
   When	
  

AFG3L2	
   depleted	
   neurons	
   were	
   grown	
   in	
   the	
   presence	
   of	
   NAC,	
   the	
   impaired	
  

anterograde	
  transport	
  increased	
  in	
  the	
  realm	
  of	
  control	
  neurons	
  asserting	
  that	
  a	
  

very	
  robust	
  total	
  rescue	
  of	
  anterograde	
  transport	
  was	
  observed.	
  Interestingly,	
  a	
  

significant	
   increase	
   in	
   mitochondria	
   possessing	
   oscillatory	
   motion	
   was	
   also	
  

observed	
  (Figure	
  3.18A).	
  

Increased	
  mitochondrial	
  velocities	
  could	
  be	
  a	
  possible	
  explanation	
  by	
  which	
  such	
  

a	
   robust	
   increase	
   in	
   the	
  percentage	
  of	
   anterogradely	
  moving	
  mitochondria	
   can	
  

be	
  observed.	
  However,	
  we	
  could	
  not	
  find	
  any	
  increase	
  in	
  the	
  average	
  velocity	
  of	
  

anterogradely	
  moving	
  mitochondria	
  in	
  AFG3L2	
  depleted	
  neurons.	
  	
  Interestingly,	
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the	
  average	
  anterograde	
  velocity	
  of	
  mitochondria	
   increased	
   in	
  control	
  neurons	
  

indicating	
   that	
   quenching	
   the	
   basal	
   ROS	
   levels	
   even	
   in	
   control	
   neurons	
   can	
   be	
  

beneficial	
  by	
  increasing	
  mitochondrial	
  transport	
  (Figure	
  3.18B).	
  The	
  retrograde	
  

velocities	
  of	
  mitochondria	
  remain	
  unchanged	
  in	
  all	
  the	
  scenarios	
  (Figure	
  3.18C).	
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FIGURE	
  LEGENDS	
  

Figure	
   3.16:	
   NAC	
   rescues	
   fragmented	
   mitochondrial	
   morphology	
   and	
  

occupancy	
  in	
  AFG3L2	
  depleted	
  neurons	
  	
  

(A)	
   Quantification	
   of	
   mitochondrial	
   length,	
   comparing	
   siRNA	
   oligonucleotides	
  

against	
   control	
   and	
  Afg3l2	
   (oligo	
  A),	
   grown	
   in	
  medium	
  with	
   and	
  without	
  NAC,	
  

shown	
   as	
   the	
   percentage	
   of	
   mitochondria	
   belonging	
   to	
   a	
   given	
   length	
   bin,	
  

averaged	
   from	
   4	
   independent	
   experiments.	
   (78-­‐195	
   mitochondria	
   were	
  

measured	
   in	
   each	
   experiment).	
   Bars	
   represent	
   SEM.	
   p	
   values	
   were	
   calculated	
  

with	
   the	
   Chi-­‐square	
   test.	
   Control	
   vs.	
  Afg3l2:	
   p	
   =	
   8X10-­‐9;	
  Afg3l2	
   vs.	
  Afg3l2	
   with	
  

NAC:	
  p	
  =	
  1X10-­‐12.	
  

(B)	
   Histogram	
   showing	
   quantification	
   of	
   mitochondrial	
   occupancy	
   of	
   axons	
   of	
  

control	
   neurons	
   and	
   neurons	
   downregulated	
   for	
   Afg3l2	
   (Oligo	
   A),	
   grown	
   in	
  

medium	
  with	
  and	
  without	
  NAC. (n	
  =	
  4	
  experiments;	
  8-­‐10	
  axons	
  per	
  experiment).	
  

p	
  values	
  were	
  determined	
  with	
  Student’s	
  t-­‐test.	
  

Figure	
   3.17:	
   Kymographic	
   analysis	
   of	
   neurons	
   downregulated	
   for	
   Afg3l2	
  

grown	
  in	
  the	
  presence	
  of	
  NAC	
  

Axons	
   showing	
   representative	
   kymographs	
   from	
   neurons	
   co-­‐transfected	
   with	
  

mito-­‐mCherry	
  and	
  control	
  or	
  Afg3l2	
  siRNAs,	
  grown	
  in	
  the	
  absence	
  or	
  presence	
  of	
  

NAC.	
   Schematic	
   of	
   different	
   color-­‐coded	
   transport	
   types	
   is	
   shown	
  below.	
   Scale	
  

bars:	
  10	
  µm.	
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Figure	
   3.18:	
   NAC	
   rescues	
   impaired	
   anterograde	
   transport	
   in	
   AFG3L2	
  

depleted	
   neurons	
   and	
   increases	
   the	
   velocity	
   of	
   anterogradely	
   moving	
  

mitochondria	
  in	
  control	
  neurons	
  	
  

(A)	
   Quantification	
   of	
   mitochondrial	
   transport	
   types	
   in	
   the	
   axon	
   grown	
   in	
   the	
  

absence	
  or	
  presence	
  of	
  NAC	
  (Control	
  Vs	
  oligonucleotide	
  A	
  against	
  Afg3l2).	
  Data	
  

represent	
   mean	
   ±	
   SEM	
   of	
   4	
   independent	
   experiments.	
   8-­‐10	
   axons	
   from	
   each	
  

experiment	
  were	
  analyzed.	
  

(B)	
  Average	
  mitochondrial	
  velocity	
  (from	
  at	
  least	
  3	
  axons	
  per	
  experiment)	
  in	
  the	
  

anterograde	
   direction.	
   Data	
   represent	
   mean	
   ±	
   SEM	
   of	
   4	
   independent	
  

experiments.	
  

(C)	
  Average	
  mitochondrial	
  velocity	
  (from	
  at	
  least	
  3	
  axons	
  per	
  experiment)	
  in	
  the	
  

retrograde	
  direction.	
  Data	
  represent	
  mean	
  ±	
  SEM	
  of	
  4	
  independent	
  experiments.	
  

p	
  values	
  in	
  A	
  and	
  B	
  were	
  determined	
  with	
  Student’s	
  t-­‐test.	
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3.8)	
   Vitamin	
   E	
   rescues	
   mitochondrial	
   transport	
   defects	
   observed	
   in	
  

AFG3L2	
  deficient	
  neurons	
  	
  

To	
  strengthen	
  the	
  observation	
  that	
  NAC	
  rescues	
  the	
  anterograde	
  mitochondrial	
  

transport	
   in	
   AFG3L2	
   depleted	
   neurons	
   because	
   of	
   its	
   antioxidant	
   activity,	
   we	
  

used	
  another	
  antioxidant	
  in	
  vitamin	
  E.	
  	
  

3.8.1)	
   Mitochondrial	
   morphology	
   and	
   occupancy	
   in	
   AFG3L2	
   depleted	
   neurons	
  

grown	
  in	
  the	
  presence	
  of	
  vitamin	
  E	
  

Mitochondrial	
   fragmentation	
   observed	
   in	
   AFG3L2	
   depleted	
   neurons	
   was	
   not	
  

rescued	
  when	
  neurons	
  were	
  grown	
  in	
  the	
  presence	
  of	
  vitamin	
  E	
  (Figure	
  3.19A).	
  

Vitamin	
  E	
  induced	
  fragmentation	
  in	
  control	
  neurons	
  because	
  of	
  some	
  unknown	
  

reason	
  as	
  attested	
  by	
  statistical	
  significance	
  by	
  Chi-­‐square	
  test.	
  Nevertheless,	
  we	
  

did	
   not	
   observe	
   this	
   fragmentation	
   in	
   AFG3L2	
   depleted	
   neurons	
   exposed	
   to	
  

vitamin	
  E.	
  Consistent	
  with	
  mitochondrial	
   fragmentation,	
  vitamin	
  E	
  also	
  did	
  not	
  

rescue	
   the	
   mitochondrial	
   occupancy	
   in	
   neurons	
   downregulated	
   for	
   Afg3l2	
  

(Figure	
  3.19B).	
  

3.8.2)	
  Mitochondrial	
  transport	
  in	
  AFG3L2	
  depleted	
  neurons	
  grown	
  in	
  the	
  presence	
  

of	
  vitamin	
  E	
  

When	
   AFG3L2	
   depleted	
   neurons	
   were	
   grown	
   in	
   the	
   presence	
   of	
   vitamin	
   E,	
  

impaired	
   anterograde	
   transport	
   was	
   rescued	
   to	
   the	
   level	
   of	
   control	
   neurons	
  

(Figure	
  3.20A).	
   	
  The	
  retrograde	
  and	
  oscillatory	
  motion	
  of	
  mitochondria	
  did	
  not	
  

show	
  any	
   change	
  as	
  before.	
   In	
   summary,	
  we	
  were	
  able	
   to	
   show	
   that	
  both	
  NAC	
  

and	
  vitamin	
  E	
  could	
  rescue	
  the	
  decreased	
  anterograde	
  mitochondrial	
   transport	
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in	
   AFG3L2	
   deficient	
   neurons.	
   Mitochondrial	
   velocities	
   were	
   unaffected	
   in	
  

neurons	
  treated	
  with	
  vitamin	
  E	
  (Figure	
  3.20B	
  &	
  C)	
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FIGURE	
  LEGENDS	
  

Figure	
  3.19:	
  AFG3L2	
  deficient	
  neurons	
  do	
  not	
  show	
  a	
  significant	
  difference	
  

in	
  mitochondrial	
  morphology	
  and	
  occupancy	
  when	
  grown	
  in	
  the	
  presence	
  

of	
  vitamin	
  E	
  

(A)	
   Quantification	
   of	
   mitochondrial	
   length,	
   comparing	
   siRNA	
   oligonucleotides	
  

against	
  control	
  and	
  Afg3l2	
  (oligo	
  A),	
  grown	
  in	
  medium	
  with	
  and	
  without	
  vitamin	
  

E,	
   shown	
   as	
   the	
   percentage	
   of	
   mitochondria	
   belonging	
   to	
   a	
   given	
   length	
   bin,	
  

averaged	
   from	
   3	
   independent	
   experiments.	
   (130-­‐218	
   mitochondria	
   were	
  

measured	
   in	
   each	
   experiment).	
   Bars	
   represent	
   SEM.	
   p	
   values	
   were	
   calculated	
  

with	
  the	
  Chi-­‐square	
  test.	
  Control	
  vs.	
  control	
  with	
  Vitamin	
  E:	
  p	
  =	
  0.01,	
  control	
  vs.	
  

Afg3l2:	
  p	
  =	
  5X10-­‐7.	
  

(B)	
   Histogram	
   showing	
   quantification	
   of	
   mitochondrial	
   occupancy	
   of	
   axons	
   of	
  

control	
   neurons	
   and	
   neurons	
   downregulated	
   for	
   Afg3l2	
   (Oligo	
   A),	
   grown	
   in	
  

medium	
  with	
   and	
  without	
   vitamin	
   E. (n	
   =	
   3	
   experiments;	
   atleast	
   8	
   axons	
   per	
  

experiment).	
  p values were determined with Student’s t-test.	
  

Figure	
   3.20:	
   Neurons	
   depleted	
   for	
   AFG3L2	
   rescue	
   impaired	
   anterograde	
  

transport	
  of	
  mitochondria	
  when	
  grown	
  in	
  the	
  presence	
  of	
  vitamin	
  E	
  

(A)	
   Quantification	
   of	
   mitochondrial	
   transport	
   types	
   in	
   the	
   axon	
   grown	
   in	
   the	
  

absence	
   or	
   presence	
   of	
   vitamin	
   E	
   (Control	
   Vs	
   siRNA	
   oligonucleotide	
   A	
   against	
  

Afg3l2).	
   Data	
   represent	
  mean	
   ±	
   SEM	
   of	
   3	
   independent	
   experiments.	
   At	
   least	
   8	
  

axons	
   from	
   each	
   experiment	
   were	
   analyzed.	
   p	
   values	
   were	
   determined	
   with	
  

Student’s	
  t-­‐test.	
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(B)	
  Average	
  mitochondrial	
  velocity	
  (from	
  at	
  least	
  3	
  axons	
  per	
  experiment)	
  in	
  the	
  

anterograde	
   direction.	
   Data	
   represent	
   mean	
   ±	
   SEM	
   of	
   3	
   independent	
  

experiments.	
  

(C)	
  Average	
  mitochondrial	
  velocity	
  (from	
  at	
  least	
  3	
  axons	
  per	
  experiment)	
  in	
  the	
  

retrograde	
  direction.	
  Data	
  represent	
  mean	
  ±	
  SEM	
  of	
  3	
  independent	
  experiments.	
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3.9)	
   Evaluation	
   of	
   cellular	
   ROS	
   levels	
   in	
   AFG3L2	
   deficient	
   neurons	
   by	
  

CellRox	
  green	
  

The	
   fact	
   that	
   treatment	
   of	
   AFG3L2	
   depleted	
   neurons	
  with	
   NAC	
   and	
   vitamin	
   E	
  

rescues	
   impaired	
   anterograde	
   transport	
   heavily	
   suggests	
   that	
   there	
   could	
   be	
  

increased	
  ROS	
   levels	
   in	
   these	
   neurons.	
   CellRox	
   green	
   is	
   a	
   fluorogenic	
   dye	
   that	
  

fluoresces	
  brightly	
  upon	
  oxidation	
  and	
  binding	
   to	
  DNA.	
   	
  Results	
   from	
  different	
  

experiments	
  do	
  not	
  suggest	
  consistent	
  inferences.	
  We	
  only	
  detected	
  an	
  increase	
  

in	
  CellRox	
  green	
  intensity	
  in	
  the	
  soma	
  of	
  neurons	
  in	
  one	
  of	
  the	
  three	
  experiments	
  

when	
  Afg3l2	
  was	
  downregulated	
  (Figure	
  3.21A	
  &	
  B).	
  A	
  possible	
  reason	
  could	
  be	
  

the	
  level	
  of	
  downregulation	
  achieved	
  in	
  this	
  experiment	
  might	
  be	
  over	
  a	
  critical	
  

threshold	
   to	
   cause	
   increased	
   ROS	
   levels.	
   However,	
   since	
   we	
   could	
   not	
   find	
  

consistent	
  increase	
  in	
  ROS	
  levels,	
  a	
  representative	
  pseudo-­‐color	
  coded	
  image	
  of	
  

intensities	
  showing	
  no	
  difference	
   in	
  the	
  CellRox	
  green	
   intensities	
   is	
  depicted	
   in	
  

figure	
  3.21A.	
  

We	
  then	
  wanted	
  to	
  directly	
  demonstrate	
  that	
  NAC	
  and	
  vitamin	
  E	
  were	
  acting	
  as	
  

antioxidants.	
  For	
  this	
  purpose,	
  CellRox	
  green	
  was	
  used.	
  Neurons	
  were	
  exposed	
  to	
  

menadione,	
  a	
  chemical	
  which	
  causes	
  oxidative	
  stress	
  by	
   increasing	
   futile	
  redox	
  

cyling	
   (Criddle	
   et	
   al.,	
   2006).	
   The	
   pseudo-­‐colour	
   coded	
   intensities	
   of	
   neurons	
  

increases	
  strongly	
  when	
  treated	
  with	
  menadione	
  suggesting	
  that	
  CellRox	
  green	
  

is	
  able	
  to	
  detect	
  massive	
  changes	
  in	
  the	
  oxidative	
  status	
  of	
  neurons	
  validating	
  it	
  

as	
   a	
   reliable	
   dye	
   (Figure	
   3.22A).	
   Accordingly,	
   the	
   higher	
   intensities	
   of	
   CellRox	
  

green	
   in	
   the	
   soma	
   of	
   neurons	
   upon	
  menadione	
   exposure	
   reduced	
   significantly	
  

upon	
  addition	
  of	
  NAC	
  and	
  vitamin	
  E	
  suggesting	
  that	
  NAC	
  and	
  vitamin	
  E	
   indeed	
  

acted	
  as	
  efficient	
  antioxidants	
  (Figure	
  3.22A	
  &	
  B).	
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FIGURE	
  LEGENDS	
  

Figure	
   3.21:	
   Afg3l2	
   downregulated	
   neurons	
   do	
   not	
   display	
   consistent	
  

increase	
  in	
  cellular	
  ROS	
  levels	
  

(A)	
   Representative	
   images	
   of	
   control	
   and	
   AFG3L2	
   deficient	
   neurons	
   showing	
  

ROS	
   levels	
   by	
   pseudo-­‐colour	
   coded	
   intensities	
   of	
   CellRox	
   green	
   staining	
   in	
   the	
  

soma.	
  

(B)	
   Quantification	
   of	
   CellRox	
   green	
   staining	
   in	
   the	
   soma	
   of	
   control	
   and	
  Afg3l2	
  

downregulated	
  neurons	
  from	
  three	
  different	
  experiments.	
  

Figure	
  3.22:	
  NAC	
  and	
  vitamin	
  E	
  display	
  antioxidant	
  activity	
  

(A)	
   Representative	
   images	
   of	
   neurons	
   treated	
   with	
   different	
   reagents	
  

(Menadione,	
  menadione	
  +	
  NAC,	
  menadione	
  +	
  vitamin	
  E)	
  showing	
  ROS	
  levels	
  by	
  

pseudo-­‐colour	
  coded	
  intensities	
  of	
  CellRox	
  green	
  staining	
  in	
  the	
  soma.	
  

(B)	
   Quantification	
   of	
   a	
   representative	
   experiment	
   of	
   CellRox	
   green	
   staining	
   of	
  

nuclei	
  of	
  neurons	
  treated	
  with	
  different	
  reagents.	
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*	
  Comparison	
  to	
  control	
  shows	
  a	
  significant	
  increase	
  in	
  stationary	
  mitochondria	
  

by	
  Student’s	
  t-­‐test.	
  p	
  >	
  0.05.	
  

	
  
	
  
	
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure	
  3.7A	
   Control	
  siRNA	
   Afg3l2	
  siRNA	
   	
   	
  
	
   60.5	
  ±	
  2.8	
   71.9	
  ±	
  7.8	
   	
   	
  
Figure	
  3.7B	
   Control	
  siRNA	
   Afg3l2	
  siRNA	
  

(B)	
  
Afg3l2	
  siRNA	
  (C)	
   	
  

	
   60.7	
  ±	
  3.4	
   73.5	
  ±	
  2.8*	
   75.0	
  ±	
  1.1*	
   	
  
Figure	
  3.10B	
   Control	
  siRNA	
   OPA1	
  siRNA	
  (A)	
   OPA1	
  siRNA	
  (B)	
   	
  
	
   71.1	
  ±	
  3.0	
   69.0	
  ±	
  3.6	
   72.9	
  ±	
  3.2	
   	
  
Figure	
  3.12B	
   Control	
  siRNA	
  in	
  

Oma1-­‐/-­‐	
  Neurons	
  
Afg3l2	
  siRNA	
  in	
  
Oma1-­‐/-­‐	
  
Neurons	
  

	
   	
  

	
   70.0	
  ±	
  4.4	
   80.5	
  ±	
  2.6	
   	
   	
  
Figure	
  3.15A	
   Control	
  siRNA	
  	
   Tau	
  siRNA	
   Afg3l2	
  +	
  control	
  

siRNA	
  
Afg3l2	
  	
  +	
  tau	
  
siRNA	
  

	
   69.6	
  ±	
  2.2	
   64.8	
  ±	
  1.2	
   74.4	
  ±	
  4.0	
   74.2	
  ±	
  1.0	
  
Figure	
  3.18A	
   Control	
  siRNA	
   Control	
  siRNA	
  +	
  

NAC	
  
Afg3l2	
  siRNA	
   Afg3l2	
  siRNA	
  

+	
  NAC	
  
	
   69.7	
  ±	
  0.4	
   60.6	
  ±	
  1.6	
   83.9	
  ±	
  1.27	
   63.4	
  ±	
  2.3	
  
Figure	
  3.20A	
   Control	
  siRNA	
   Control	
  siRNA	
  +	
  

Vit	
  E	
  
Afg3l2	
  siRNA	
  	
   Afg3l2	
  siRNA	
  

+	
  Vit	
  E	
  
	
   76.0	
  ±	
  2.6	
   70.0	
  ±	
  2.9	
   80.1	
  ±	
  4.0	
   75.1	
  ±	
  1.72	
  

Table	
  1:	
  %	
  Stationary Mitochondria 
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DISCUSSION:	
  	
  

The	
  m-­‐AAA	
   protease	
   present	
   in	
   the	
   inner	
   mitochondrial	
   membrane	
   degrades	
  

misfolded	
   polypeptides	
   (Pajic	
   et	
   al.,	
   1994),	
   processes	
   MrpL32	
   to	
   aid	
  

mitochondrial	
   translation	
   (Almajan	
   et	
   al.,	
   2012;	
  Nolden	
   et	
   al.,	
   2005)	
   and	
  has	
   a	
  

chaperone-­‐like	
   activity	
   (Arlt	
   et	
   al.,	
   1996).	
  Hence,	
   the	
   basic	
   functions	
   of	
  m-­‐AAA	
  

protease	
   have	
   been	
   elegantly	
   characterized.	
   Perturbations	
   in	
   the	
   m-­‐AAA	
  

protease	
   manifest	
   in	
   pathological	
   consequences.	
   Heterozygous	
   missense	
  

mutations	
   in	
  AFG3L2	
   lead	
   to	
  Spinocerebellar	
  ataxia	
  28	
  (SCA28)	
  (Di	
  Bella	
  et	
  al.,	
  

2010).	
  Mutations	
   in	
  SPG7	
   encoding	
   paraplegin	
   cause	
  HSP	
   (Casari	
   et	
   al.,	
   1998).	
  

Homozygous	
   mutations	
   in	
   AFG3L2	
   cause	
   a	
   severe	
   recessive	
   form	
   of	
   spastic-­‐

ataxia	
   with	
   early-­‐onset	
   and	
   rapid	
   progression	
   (SPAX5)	
   (Pierson	
   et	
   al.,	
   2011).	
  

Mitochondrial	
   fragmentation	
   was	
   previously	
   observed	
   in	
   non-­‐polarised	
   cells	
  

(Ehses	
   et	
   al.,	
   2009).	
   However	
   the	
   contribution	
   of	
  mitochondrial	
   dynamics	
   and	
  

transport	
   in	
   neurodegeneration	
   has	
   not	
   been	
   studied.	
   The	
   contribution	
   of	
  

mitochondrial	
  dynamics	
  to	
  neurodegeneration	
  has	
  been	
  clearly	
  discussed	
  before	
  

(Alexander	
  et	
  al.,	
  2000a;	
  Chen	
  et	
  al.,	
  2003;	
  Chen	
  et	
  al.,	
  2007;	
  Delettre	
  et	
  al.,	
  2000;	
  

Waterham	
   et	
   al.,	
   2007;	
   Zuchner	
   et	
   al.,	
   2004).	
   	
   To	
   address	
   this	
   question	
   with	
  

relation	
   to	
   m-­‐AAA	
   protease	
   pathology,	
   we	
   used	
   primary	
   murine	
   cortical	
  

neuronal	
  cultures	
  and	
  depleted	
  AFG3L2.	
  Interestingly,	
  AFG3L2	
  depleted	
  neurons	
  

exhibit	
   mitochondrial	
   fragmentation	
   and	
   reduced	
   mitochondrial	
   occupancy	
  

(mitochondrial	
   mass	
   present	
   per	
   unit	
   length	
   of	
   axon).	
   Also,	
   we	
   observed	
   a	
  

selective	
   defect	
   in	
   anterograde	
   transport	
   of	
   mitochondria	
   with	
   an	
   increase	
   in	
  

stationary	
  mitochondria.	
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Mitochondrial	
   fragmentation	
   observed	
   in	
   AFG3L2	
   depleted	
   neurons	
   mimicks	
  

that	
   in	
   non-­‐polarised	
   cells	
   (Ehses	
   et	
   al.,	
   2009).	
   Is	
  mitochondrial	
   fragmentation	
  

sufficient	
   to	
  cause	
  mitochondrial	
   transport	
  defects?	
  We	
  downregulated	
  Opa1,	
   a	
  

dynamin	
  related	
  GTPase,	
  responsible	
  for	
   inner	
  mitochondrial	
  membrane	
  fusion	
  

to	
   cause	
  mitochondrial	
   fragmentation.	
   Fragmentation	
   of	
   mitochondria	
   did	
   not	
  

effect	
  any	
  kind	
  of	
  mitochondrial	
  transport	
  in	
  axons	
  indicating	
  that	
  fragmentation	
  

is	
   not	
   sufficient	
   to	
   cause	
   mitochondrial	
   transport	
   defect,	
   as	
   was	
   observed	
  

previously	
  (Misko	
  et	
  al.,	
  2010).	
  

Axons	
  depleted	
  for	
  AFG3L2	
  had	
  reduced	
  mitochondrial	
  occupancy	
  meaning	
  less	
  

mitochondrial	
   mass	
   was	
   present	
   per	
   unit	
   length	
   of	
   axon.	
   Parkin	
   is	
   known	
   to	
  

mediate	
  the	
  turnover	
  of	
  damaged	
  mitochondria	
  (Narendra	
  et	
  al.,	
  2008),	
  but	
  we	
  

do	
   not	
   find	
   any	
   parkin	
   recruitment	
   on	
   the	
   mitochondria	
   in	
   AFG3L2	
   depleted	
  

neurons.	
   It	
   is	
   possible	
   that	
   reduced	
   mitochondrial	
   occupancy	
   observed	
   in	
  

AFG3L2	
   deficient	
   neurons	
   is	
  mediated	
   by	
   parkin-­‐independent	
  mechanisms.	
   To	
  

this	
   end,	
   it	
   can	
   be	
   comprehended	
   that	
   disposal	
   of	
   damaged	
   mitochondrial	
  

portions	
   occur	
   by	
   formation	
   of	
  mitochondrial	
   derived	
   vesicles	
   (MDVs).	
   Such	
   a	
  

phenomenon	
   has	
   been	
   proposed	
   to	
   be	
   an	
   early	
   response	
   mechanism	
   much	
  

before	
  mitophagy	
  acts	
  as	
  a	
  quality	
  control	
  mechanism	
  (McLelland	
  et	
  al.,	
  2014).	
  In	
  

neurons,	
  it	
  has	
  been	
  proposed	
  that	
  autophagosomes	
  are	
  formed	
  at	
  the	
  distal	
  tip	
  

and	
  mature	
  as	
  they	
  travel	
  retrogradely	
  by	
  undergoing	
  acidification	
  (Maday	
  et	
  al.,	
  

2012).	
   Such	
   a	
   process	
   may	
   involve	
   high-­‐energy	
   expenditure	
   and	
   hence	
   it	
   is	
  

advantageous	
   for	
   the	
   neurons	
   to	
   employ	
   MDVs	
   to	
   discard	
   damaged	
  

mitochondrial	
   portions.	
   Mitochondrial	
   membrane	
   potential	
   in	
   Afg3l2	
   depleted	
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neuron	
   is	
   largely	
   unchanged	
   disproving	
   the	
   hypothesis	
   that	
   mitochondrial	
  

membrane	
  potential	
  and	
  transport	
  are	
  correlated	
  (Miller	
  and	
  Sheetz,	
  2004).	
  	
  

We	
  observed	
  a	
  selective	
  defect	
  of	
  anterograde	
  transport	
  of	
  mitochondria	
  but	
  not	
  

in	
  the	
  velocity	
  of	
  mitochondria.	
  It	
  is	
  also	
  noteworthy	
  that	
  such	
  a	
  defect	
  has	
  been	
  

observed	
   in	
   other	
   neurodegenerative	
   conditions.	
   Examples	
   include:	
   1)	
  

aberrations	
   in	
   SPG4	
   encoding	
   spastin,	
   a	
   microtubule	
   severing	
   protein,	
   causes	
  

HSP.	
  SpastΔE7/ΔE7	
  mice	
  displayed	
  gait	
  defects	
  at	
  7	
  months	
  of	
  age.	
  On	
   the	
  cellular	
  

level,	
   anterograde	
   transport	
   of	
   mitochondria	
   as	
   well	
   as	
   APP	
   vesicles	
   was	
  

impaired	
   in	
  primary	
  cortical	
  neuronal	
  culture.	
  Axonal	
   swellings	
  were	
  observed	
  

in	
  spinal	
   cords	
  of	
  SpastΔE7/ΔE7	
  mice	
  and	
  patients,	
  which	
  stained	
   immunopositive	
  

for	
   APP,	
   tau,	
   mitochondria	
   and	
   neurofilaments,	
   indicating	
   neurodegeneration	
  

(Kasher	
  et	
  al.,	
  2009);	
  2)	
  Mutations	
  in	
  antioxidant	
  SOD1	
  result	
  in	
  familial	
  forms	
  of	
  

Amytrophic	
  Lateral	
  Sclerosis	
  (ALS),	
  a	
  motor	
  neuron	
  neurodegenerative	
  disease	
  

accompanied	
   by	
   muscle	
   atrophy,	
   spasticity	
   and	
   dysarthria.	
   Motor	
   neurons	
  

harvested	
   from	
   SOD1G93A	
   transgenic	
   mice	
   displayed	
   reduced	
   anterograde	
  

transport	
   and	
   enhanced	
   retrograde	
   transport	
   of	
   mitochondria	
   (De	
   Vos	
   et	
   al.,	
  

2007);	
   3)	
   Primary	
   striatal	
   neurons	
   expressing	
   mutant	
   Huntington	
   displayed	
  

decreased	
  anterograde	
  and	
  retrograde	
  mitochondrial	
  velocities	
  (Trushina	
  et	
  al.,	
  

2004).	
  Such	
  a	
  response	
  to	
  decrease	
  the	
  anterograde	
  transport	
  may	
  be	
  solicited	
  

as	
   the	
   quality	
   control	
   mechanisms	
   of	
   mitochondria	
   may	
   be	
   compromised	
  

(Rugarli	
  and	
  Langer,	
  2012).	
  

As	
   mentioned	
   before,	
   depletion	
   of	
   m-­‐AAA	
   protease	
   activates	
   OMA1,	
   which	
  

proteolytic	
   cleaves	
   long	
   isoforms	
   of	
   OPA1	
   into	
   short	
   forms.	
   OMA1	
   has	
   been	
  

shown	
   to	
   be	
   activated	
   by	
   a	
   variety	
   of	
   stress	
   responses	
   like	
   CCCP	
   (abolishes	
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mitochondrial	
   membrane	
   potential),	
   Oligomycin	
   (ATP	
   synthase	
   inhibitor),	
  

antimycin	
  (complex	
  III	
  inhibitor),	
  rotenone	
  (Complex	
  I	
  inhibitor)	
  and	
  heat	
  shock	
  

(Baker	
   et	
   al.,	
   2014).	
   Therefore,	
   OMA1	
   could	
   be	
   the	
   sensor	
   that	
   senses	
   and	
  

transmits	
   the	
  mitochondrial	
   stress	
   to	
   cleave	
  OPA1	
   into	
   short	
   forms.	
   If	
   this	
   is	
   a	
  

possibility	
  then	
  the	
  mitochondrial	
  anterograde	
  transport	
  defect	
  in	
  neurons	
  could	
  

be	
   a	
   downstream	
   event.	
   To	
   this	
   end,	
  we	
   used	
   neurons	
   from	
  Oma1-­‐/-­‐	
  mice	
   and	
  

downregulated	
  Afg3l2.	
  We	
  could	
  not	
  observe	
  a	
  rescue	
  of	
  anterograde	
  transport	
  

defect	
   of	
   mitochondria	
   upon	
   concomitant	
   depletion	
   of	
   OMA1	
   and	
   AFG3L2	
  

suggesting	
  that	
  OMA1	
  mediated	
  mitochondrial	
  fragmentation	
  and	
  mitochondrial	
  

transport	
  defects	
  observed	
  in	
  AFG3L2	
  depleted	
  neurons	
  are	
  independent	
  events.	
  	
  

There	
  is	
  also	
  an	
  increase	
  in	
  the	
  number	
  of	
  stationary	
  mitochondria	
  in	
  axons	
  upon	
  

Afg3l2	
   downregulation.	
   A	
   possible	
   explanation	
   could	
   be	
   a	
   physical	
   steric	
  

hindrance	
   caused	
   by	
   mitochondrial	
   swelling.	
   It	
   was	
   observed	
   that	
   mere	
  

mitochondrial	
  swelling,	
  obtained	
  by	
  treatment	
  of	
  neurons	
  with	
  inhibitors	
  of	
  ETC	
  

like	
  antimycin	
  and	
  sodium	
  azide,	
  caused	
  mitochondrial	
  transport	
  defects	
  (Kaasik	
  

et	
  al.,	
  2007).	
  	
  	
  

Impaired	
   mitochondrial	
   dynamics	
   due	
   to	
   OMA1	
   activation	
   as	
   a	
   cause	
   of	
  

anterograde	
   mitochondrial	
   transport	
   defect	
   was	
   ruled	
   out.	
   However,	
   we	
  

observed	
  that	
  concurrent	
  downregulation	
  of	
  Afg3l2	
  and	
  tau	
  rescued	
  anterograde	
  

mitochondrial	
   transport	
   when	
   compared	
   to	
   downregulation	
   of	
   Afg3l2	
   alone.	
  

Therefore,	
   cytoskeletal	
   modifications	
   can	
   underlie	
   mitochondrial	
   transport	
  

defect	
   observed	
   in	
   AFG3L2	
   deficient	
   neurons.	
   In	
   congruence,	
   constitutive	
   and	
  

constitutional	
   mouse	
   models	
   of	
   Afg3l2	
   display	
   tau	
   (a	
   microtubule-­‐associated	
  

protein	
   (MAP)	
   binding	
   and	
   stabilizing	
   microtubules)	
   hyperphosphorylation	
   in	
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the	
   cortex	
   and	
   hippocampus	
   (Kondadi	
   et	
   al.,	
   2014)	
   at	
   sites	
   phosphorylated	
   in	
  

Alzheimer’s	
  disease	
  (Thr181,	
  Ser199,	
  Ser202,	
  Thr205	
  and	
  Ser396)	
  (Duka	
  et	
  al.,	
  

2013).	
   Similarly,	
   tau	
  hyperphosphorylation	
  was	
  observed	
   in	
   fore-­‐brain	
   specific	
  

knockout	
   of	
   Prohibitin	
   2	
   succumbing	
   to	
   neurodegeneration	
   (Merkwirth	
   et	
   al.,	
  

2012)	
   where	
   Prohibitin	
   1	
   and	
   2	
   form	
   large	
   scaffold	
   complexes	
   in	
   the	
   inner	
  

mitochondrial	
   membrane	
   and	
   stabilize	
   OPA1.	
   Tau	
   overexpression	
   in	
   mature	
  

hippocampal	
   neurons	
   led	
   to	
   degeneration	
   of	
   synapses	
   accompanied	
   by	
  

missorting	
  of	
  tau	
  into	
  the	
  somatodendritic	
  compartment	
  (Thies	
  and	
  Mandelkow,	
  

2007).	
   MARK2/Par-­‐1	
   transfected	
   neurons	
   showed	
   a	
   rescue	
   of	
   the	
   aberrations	
  

induced	
   by	
   tau	
   via	
   its	
   phosphorylation	
   including	
  mitochondrial	
   transport	
   into	
  

the	
   axons.	
  Hence,	
   it	
  was	
  proposed	
   that	
   tau	
  phosphorylation	
  detaches	
   tau	
   from	
  

the	
   microtubules	
   laying	
   clear	
   microtubule	
   tracks	
   to	
   efficiently	
   transport	
  

mitochondria.	
   However,	
   sustained	
   hyperphosphorylation	
   can	
   lead	
   tau	
   to	
  

assemble	
  into	
  paired	
  helical	
  filaments	
  (Alonso	
  et	
  al.,	
  2001;	
  Ballatore	
  et	
  al.,	
  2007)	
  

and	
  form	
  insoluble	
  aggregates.	
  Therefore,	
  tau	
  phosphorylation	
  can	
  be	
  beneficial	
  

at	
   lower	
   concentrations	
   whereas	
   it	
   can	
   cause	
   pathological	
   consequences	
   at	
   a	
  

higher	
   concentration.	
   Overexpression	
   of	
   tau	
   has	
   been	
   shown	
   to	
   impair	
  

anterograde	
   transport	
   of	
   organelles	
   including	
   mitochondria	
   (Ebneth	
   et	
   al.,	
  

1998).	
   Knockdown	
   of	
  milton,	
   an	
   adaptor	
   connecting	
  mitochondria	
   and	
   kinesin	
  

motor	
   (equivalent	
   to	
   TRAKs	
   in	
   mammals)	
   in	
   Drosophila	
   results	
   in	
  

neurodegeneration	
   accompanied	
   by	
   tau	
   hyperphosphorylation	
   at	
   Alzheimer’s	
  

disease	
   related	
   site	
   Ser262	
   (Iijima-­‐Ando	
  et	
   al.,	
   2012).	
  Depletion	
  of	
   tau	
   rescued	
  

the	
   neurodegeneration.	
   Our	
   observation	
   of	
   tau	
   downregulation	
   rescuing	
   the	
  

anterograde	
  mitochondrial	
   transport,	
  albeit	
  partially,	
  reinforces	
  the	
  notion	
  that	
  

tau	
  reduction	
  is	
  beneficial	
  under	
  pathological	
  conditions.	
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It	
   is	
   intriguing	
   to	
   observe	
   a	
   selective	
   anterograde	
   transport	
   defect.	
   How	
   can	
   a	
  

selective	
   anterograde	
   transport	
   defect	
   occur?	
   Single-­‐molecule	
   studies	
  

demonstrated	
   that	
   when	
   single	
   kinesin-­‐GFP	
   motors	
   encountered	
   tau	
   patches,	
  

they	
  detached	
   from	
   the	
  MT	
   surface.	
  However,	
   dynein	
  motor	
  was	
   less	
   sensitive	
  

having	
  a	
  similar	
  effect	
  only	
  when	
  tau	
  was	
  used	
  at	
  ten	
  times	
  higher	
  concentration	
  

(Dixit	
   et	
   al.,	
   2008).	
   Therefore,	
   higher	
   sensitivity	
   of	
   the	
   kinesin	
   motor	
   to	
   tau	
  

concentration	
   could	
   be	
   sufficient	
   to	
   induce	
   anterograde	
   transport	
   defect	
   by	
  

transporting	
  lesser	
  percentage	
  of	
  mitochondria.	
  Additional	
  mechanisms	
  exist	
  in	
  

neurons	
  to	
  hinder	
  transport	
  of	
  unhealthy	
  or	
   inefficient	
  organelles	
  to	
  distal	
  part	
  

of	
  the	
  axon.	
  PINK1	
  (a	
  Ser/Thr	
  kinase)	
  is	
  known	
  to	
  phosphorylate	
  Miro,	
  a	
  protein	
  

which	
   anchors	
  motor	
   proteins	
   and	
  mitochondria	
   via	
  Milton	
   (in	
  Drosophila)	
   or	
  

TRAKs	
   (in	
   mammals).	
   Parkin	
   (a	
   ubiquitin	
   ligase)	
   degrades	
   Miro	
   after	
   its	
  

phosphorylation.	
   So,	
   the	
   connection	
   between	
   mitochondria	
   and	
   motors	
   is	
  

severed	
  leading	
  to	
  stalling	
  of	
  the	
  mitochondria	
  on	
  the	
  microtubules	
  (Wang	
  et	
  al.,	
  

2011).	
   Is	
   it	
   possible	
   that	
   ROS	
   can	
   act	
   as	
   a	
   signal	
   to	
   modify	
   the	
   adaptors	
   or	
  

motors?	
  

We	
   observe	
   that	
   antioxidant	
   NAC	
   rescues	
   the	
  mitochondrial	
   transport	
   defects	
  

observed	
   in	
   Afg3l2	
   downregulated	
   neurons.	
   In	
   this	
   context,	
   it	
   is	
   tempting	
   to	
  

speculate	
   that	
   ROS	
  may	
  modify	
   adaptors	
   or	
  motors	
   responsible	
   for	
   organellar	
  

transport.	
   Primary	
   neurons	
   treated	
   with	
   hydrogen	
   peroxide	
   also	
   exhibited	
  

anterograde	
   transport	
   defect	
   of	
   mitochondria	
   before	
   axonal	
   beading	
   in	
  

neurodegeneration	
  (Fang	
  et	
  al.,	
  2012).	
  Hence,	
  anterograde	
  transport	
  defect	
  may	
  

be	
   an	
   early	
   event	
   in	
   ROS	
   induced	
   neurodegeneration.	
   Afg3l2Emv66/+	
  mice	
   show	
  

increased	
   carbonylation	
   of	
   proteins	
   in	
   the	
   mitochondrial	
   fractions	
   of	
   brain	
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lysates	
  (Maltecca	
  et	
  al.,	
  2009),	
  due	
  to	
  deficiencies	
  in	
  complex	
  I	
  and	
  III	
  (Maltecca	
  

et	
   al.,	
   2008).	
   Hence,	
  m-­‐AAA	
   deficient	
  mice	
   show	
   enhanced	
  mitochondrial	
   ROS	
  

production.	
  Murine	
   neurons	
   treated	
  with	
   Parkinsonian	
  mimetic,	
  MPP+	
   reduces	
  

mitochondrial	
  anterograde	
  transport	
  that	
  can	
  be	
  rescued	
  by	
  treatment	
  with	
  NAC.	
  

Enhanced	
  autophagy	
  occurs	
   in	
  dopamine	
  axons	
   treated	
  with	
  MPP+(Kim-­‐Han	
  et	
  

al.,	
   2011).	
   Consistently,	
   autophagy	
   had	
   been	
   implicated	
   in	
   neurodegeneration.	
  

For	
   instance,	
   mice	
   deficient	
   in	
   ATG7	
   in	
   the	
   central	
   nervous	
   system	
   displayed	
  

growth	
   retardation,	
   tremors,	
   abnormal	
   limb-­‐clasping	
   and	
   motor	
   defects	
  

(Komatsu	
   et	
   al.,	
   2006).	
   Therefore,	
   it	
   remains	
   to	
   be	
   tested	
   if	
   constitutive	
   and	
  

conditional	
  knockout	
  mouse	
  models	
  of	
  Afg3l2	
  display	
  aberrant	
  autophagy.	
  	
  

We	
  also	
  observed	
  a	
  rescue	
  of	
  anterograde	
  transport	
  of	
  mitochondria	
  by	
  culturing	
  

AFG3L2	
   depleted	
   neurons	
   in	
   the	
   presence	
   of	
   vitamin	
   E.	
   Vitamin	
   E	
   acts	
   by	
  

scavenging	
   peroxyl	
   radicals	
   (Yu,	
   1994).	
   NAC	
   (N-­‐acetyl	
   cysteine)	
   supplies	
  

cysteine	
  and	
  helps	
  in	
  the	
  formation	
  of	
  glutathione	
  (which	
  is	
  made	
  of	
  amino	
  acids	
  

cysteine,	
   glutamate	
   and	
   glycine).	
   Reduced	
   glutathione	
   gets	
   oxidized	
   to	
   reduce	
  

incompletely	
   oxidized	
   ROS	
   and	
   helps	
   to	
   maintain	
   the	
   redox	
   status	
   of	
   the	
   cell	
  

(Kerksick	
   and	
  Willoughby,	
   2005).	
   However,	
   a	
   direct	
   role	
   of	
   NAC	
   in	
   quenching	
  

hydrogen	
  peroxide	
   and	
  hydroxyl	
   ions	
  has	
  been	
  proposed.	
   It	
   does	
  not	
  however	
  

react	
  with	
   superoxide	
   radicals	
   (Aruoma	
  et	
  al.,	
   1989).	
   	
  NAC	
  has	
  a	
  greater	
  effect	
  

while	
   rescuing	
   mitochondrial	
   transport	
   defects	
   compared	
   to	
   vitamin	
   E.	
   It	
   is	
  

possible	
   that	
   additional	
   functions	
   of	
   NAC	
   apart	
   from	
   antioxidant	
   activity	
  

contribute	
  to	
  this	
  process.	
  In	
  general,	
  NAC	
  decreases	
  the	
  amounts	
  of	
  most	
  of	
  the	
  

cytoskeletal	
  components	
  modestly.	
  This	
  can	
  be	
  due	
  to	
  the	
  redox	
  modifications	
  in	
  

the	
  protein	
  structure	
  of	
  actin	
  (Dalle-­‐Donne	
  et	
  al.,	
  2001),	
  tubulin	
  (Landino	
  et	
  al.,	
  

113



  
 

 

2004a)	
  and	
  tau	
  (Landino	
  et	
  al.,	
  2004b).	
  Cell	
  Rox	
  green,	
  a	
  fluorogenic	
  dye	
  showing	
  

higher	
  fluorescence	
  upon	
  interacting	
  with	
  ROS,	
  exhibited	
  higher	
  fluorescence	
  in	
  

the	
   soma	
   of	
   primary	
   neurons	
   upon	
   treatment	
  with	
  menadione	
   (ROS	
   inducer).	
  

This	
   was	
   reduced	
   upon	
   treatment	
   with	
   NAC	
   and	
   vitamin	
   E	
   confirming	
   their	
  

antioxidant	
  nature	
  at	
  the	
  concentrations	
  we	
  used.	
  However,	
  consistent	
  pattern	
  of	
  

ROS	
   levels	
   could	
   not	
   be	
   obtained	
   in	
   Afg3l2	
   downregulated	
   neurons	
   when	
  

compared	
  to	
  control	
  neurons.	
  The	
  levels	
  of	
  downregulation	
  obtained	
  in	
  different	
  

experiments	
  might	
  not	
  overcome	
  a	
  critical	
   threshold	
   to	
  observe	
   increased	
  ROS	
  

levels	
   in	
   all	
   experiments.	
  We	
  observed	
   an	
   interesting	
   connecting	
  between	
  ROS	
  

and	
  status	
  of	
  tau	
  hyperphosphorylation	
  (Kondadi	
  et	
  al.,	
  2014).	
  It	
  was	
  shown	
  that	
  

antioxidants	
   decrease	
   tau	
   hyperphosphorylation,	
  which	
   correlates	
   to	
   rescue	
   of	
  

the	
  mitochondrial	
  transport	
  defects	
  in	
  AFG3L2	
  depleted	
  neurons.	
  So,	
  the	
  rescue	
  

of	
  transport	
  defects	
  might	
  be	
  due	
  to	
  a	
  decreased	
  tau	
  hyperphophorylation.	
  	
  

Hence,	
   it	
   can	
   be	
   inferred	
   that	
   respiratory	
   deficiencies	
   resulting	
   from	
   loss	
   of	
  

AFG3L2	
  can	
  lead	
  to	
  increased	
  production	
  of	
  ROS	
  (Almajan	
  et	
  al.,	
  2012;	
  Maltecca	
  

et	
  al.,	
  2009),	
  which	
  subsequently	
  causes	
  anterograde	
  transport	
  defects.	
  AFG3L2	
  

depletion	
   can	
   cause	
   ROS	
   mediated	
   tau	
   hyperphosphorylation	
   (Kondadi	
   et	
   al.,	
  

2014).	
   Antioxidants	
   and	
   tau	
   reduction	
   rescue	
   the	
   mitochondrial	
   transport	
  

defects	
  probably	
  by	
  modulating	
   tau	
  hyperphosphorylation.	
  Finally,	
  we	
  propose	
  

that	
  ROS	
  can	
  be	
  a	
  central	
  player	
  linking	
  mitochondrial	
  transport	
  and	
  cytoskeletal	
  

modifications.	
   Impaired	
  anterograde	
  transport	
  defects	
  characterized	
  by	
  normal	
  

retrograde	
   transport	
   could	
   result	
   in	
   depletion	
   of	
   mitochondria	
   in	
   the	
   distal	
  

regions	
   of	
   axons	
   causing	
   neurodegeneration.	
   However,	
   the	
   mechanisms	
   by	
  

which	
   ROS	
   can	
   manipulate	
   the	
   motors/adaptors	
   to	
   regulate	
   mitochondrial	
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transport	
  is	
  largely	
  unknown.	
  More	
  experiments	
  need	
  to	
  be	
  done	
  to	
  understand	
  

the	
  interplay	
  of	
  ROS,	
  mitochondrial	
  adaptors/motors	
  and	
  transport.	
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Loss of the m-AAA protease subunit AFG3L2 causes
mitochondrial transport defects and tau
hyperphosphorylation
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Abstract

The m-AAA protease subunit AFG3L2 is involved in degradation and
processing of substrates in the inner mitochondrial membrane.
Mutations in AFG3L2 are associated with spinocerebellar ataxia
SCA28 in humans and impair axonal development and neuronal
survival in mice. The loss of AFG3L2 causes fragmentation of the
mitochondrial network. However, the pathogenic mechanism of
neurodegeneration in the absence of AFG3L2 is still unclear. Here,
we show that depletion of AFG3L2 leads to a specific defect of
anterograde transport of mitochondria in murine cortical neurons.
We observe similar transport deficiencies upon loss of AFG3L2 in
OMA1-deficient neurons, indicating that they are not caused by
OMA1-mediated degradation of the dynamin-like GTPase OPA1
and inhibition of mitochondrial fusion. Treatment of neurons with
antioxidants, such as N-acetylcysteine or vitamin E, or decreasing
tau levels in axons restored mitochondrial transport in AFG3L2-
depleted neurons. Consistently, tau hyperphosphorylation and
activation of ERK kinases are detected in mouse neurons postna-
tally deleted for Afg3l2. We propose that reactive oxygen species
signaling leads to cytoskeletal modifications that impair mito-
chondrial transport in neurons lacking AFG3L2.
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Introduction

Mitochondria are essential organelles, whose functional integrity is

ensured by efficient quality control mechanisms, including mainte-

nance of mitochondrial proteostasis by chaperones and proteases,

ongoing mitochondrial fusion and fission, and removal of dysfunc-

tional mitochondria by mitophagy (Rugarli & Langer, 2012). Neurons

are particularly susceptible to defects of any of these systems, which

fail in several neurodegenerative conditions (Schon & Przedborski,

2011). Since neurons are highly polarized and need to traffic

mitochondria to sites very distant fromwhere mitochondrial biogenesis

takes place, mechanisms are likely to exist to couple transport of

mitochondria to their functionality. For instance, PINK1 and parkin

target the mitochondrial motor adaptor miro for degradation, thus

preventing transport of dysfunctional mitochondria (Wang et al, 2011).

The mitochondrial protease AFG3L2 is a central component of the

intra-mitochondrial quality control system. AFG3L2 forms homo-

oligomeric complexes or hetero-oligomeric hexamers with the homol-

ogous subunit paraplegin to constitute the m-AAA (matrix-ATPase

associated with various cellular activities) protease in the inner mito-

chondrial membrane (Atorino et al, 2003; Koppen et al, 2007). This

complex exerts ATP-dependent proteolytic activity, leading either to

degradation or processing of specific substrates (Gerdes et al, 2012).

Quality control substrates of the m-AAA protease include misfolded

polypeptides in the inner membrane, such as subunits of the respira-

tory chain (Hornig-Do et al, 2012), while the best characterized

processing substrate is the mitoribosome subunit MRPL32 (Nolden

et al, 2005; Bonn et al, 2011). Mitochondria lacking AFG3L2 show

defective assembly of the mitoribosome and reduced levels of mito-

chondrial protein synthesis (Almajan et al, 2012).

Mutations in AFG3L2 have been linked to two neurodegenerative

conditions in humans, a dominant form of spinocerebellar ataxia

(SCA28), and a severe recessive form of spastic-ataxia with early-

onset, and rapid progression (SPAX5; Di Bella et al, 2010; Pierson

et al, 2011). In contrast, mutations in SPG7, encoding paraplegin,

are found in patients with a recessive form of hereditary spastic

paraplegia (HSP; Casari et al, 1998). Given the pleiotropic roles of

m-AAA proteases in mitochondria, the pathogenic cascade in these

diseases is still unclear.

Constitutive Afg3l2 knockout mice are affected by a severe form

of spasticity and muscle weakness, and die before 3 weeks of age
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(Maltecca et al, 2008). Strikingly, these mice display a characteristic

neurodevelopmental phenotype, characterized by maintenance of

neuronal cell number, but failure to develop spinal and peripheral

large caliber axons (Maltecca et al, 2008). Neurons from Afg3l2-

deficient mice contain abnormal mitochondria in the cell body and a

paucity of neurofilaments in their processes (Maltecca et al, 2008).

This phenotype led to the proposal that impaired trafficking of mito-

chondria and other cargos underlies the developmental failure of

the axons. AFG3L2 is also required cell-autonomously for survival

of adult neurons. Deletion of the gene in Purkinje cells following

development provokes dramatic cell loss associated with secondary

inflammation (Almajan et al, 2012). Notably, the first abnormalities

observed in neurons lacking AFG3L2 are mitochondrial fragmenta-

tion and clustering, further hinting to impaired mitochondrial

dynamics and transport (Almajan et al, 2012).

Studies in cell lines have shown that mitochondria lacking

AFG3L2 are fragmented and fusion-incompetent owing to activation

of OMA1, a mitochondrial protease that cleaves the GTPase fusion

molecule OPA1 (Ehses et al, 2009; Head et al, 2009). OPA1 is essen-

tial for inner membrane fusion (Song et al, 2007). Various stress

conditions activate the peptidase OMA1 in the inner membrane that

cleaves OPA1, converting long OPA1 forms into short forms and

inhibiting mitochondrial fusion (Duvezin-Caubet et al, 2006; Ishiha-

ra et al, 2006; Griparic et al, 2007; Ehses et al, 2009; Head et al,

2009; Baker et al, 2014). It is therefore conceivable that mitochon-

drial fragmentation impairs the axonal transport of mitochondria in

Afg3l2-deficient neurons leading to neurodegeneration.

Here, we use primary murine cortical neurons to examine this

possibility. We show that depletion of AFG3L2 leads to a specific

defect of anterograde transport of mitochondria. Surprisingly, these

transport defects are independent of OMA1 activation and mito-

chondrial fragmentation, but can be rescued by treatment of

neurons with antioxidants and by modulation of tau levels. In vivo,

deletion of Afg3l2 in cortical and hippocampal neurons leads to tau

hyperphosphorylation and activation of ERK kinases. Our data

suggest a cross talk between dysfunctional mitochondria and the

cytoskeleton, which may have implications for other neurodegener-

ative conditions characterized by tau aggregations.

Results

Depletion of AFG3L2 in primary neurons leads to fragmentation
and defective anterograde transport of mitochondria

To investigate whether mitochondrial transport is affected in neuro-

degenerative diseases caused by mutations in AFG3L2, we estab-

lished primary cultures of mouse cortical neurons and

downregulated Afg3l2 using RNA interference while plating the

neurons. A construct expressing mCherry targeted to mitochondria

(mito-mCherry) was co-transfected together with different Afg3l2-

specific or control siRNA oligonucleotides (Ehses et al, 2009). We

imaged morphology and motility of mitochondria in axons with a

length of at least 200 lm. Downregulation of Afg3l2 resulted in

mitochondrial fragmentation in comparison with control neurons

(Fig 1A, Supplementary Fig S1A). A significantly different distribu-

tion of mitochondrial length was observed in neurons with depleted

levels of AFG3L2 (Fig 1B, Supplementary Fig S1B). Furthermore,

the percentage of axonal length occupied by mitochondrial mass,

hereafter referred to as mitochondrial occupancy, was reduced upon

depletion of AFG3L2 when compared to control (Fig 1C, Supple-

mentary Fig S1C). Mitochondrial fragmentation often precedes mito-

phagy that in turn could account for the reduced occupancy (Twig

et al, 2008). The best characterized mitophagic pathway involves

recruitment of parkin to depolarized mitochondria (Narendra et al,

2008). However, we found no recruitment of parkin to the mito-

chondrial surface in neurons downregulated for Afg3l2 (Supplemen-

tary Fig S2A). Moreover, mitochondrial membrane potential was

not significantly affected in most neurons by AFG3L2 depletion

(Supplementary Fig S2B and C).

To analyze mitochondrial transport, we scored the percentage of

mitochondria moving in the anterograde direction, in the retrograde

direction, changing their directionality (defined as oscillatory), or

remaining stationary during the time of recording. Strikingly, deple-

tion of AFG3L2 resulted in a selective defect of anterograde move-

ment of mitochondria into the axons (Fig 1D, Supplementary Fig

S1D). The number of stationary mitochondria slightly increased, in

some cases to statistically significant values (Supplementary Table

S1). Finally, we determined whether downregulation of Afg3l2

affects the velocity of mitochondrial movement. We found that the

average speed of both anterogradely and retrogradely moving mito-

chondria was not significantly reduced in Afg3l2-downregulated

neurons (Fig 1E).

Mitochondrial transport defects in Afg3l2 knockdown axons are
independent of OMA1 activation

It is conceivable that mitochondrial fragmentation causes transport

defects. To test this possibility, we downregulated Opa1 in cortical

neurons using two different siRNA oligonucleotides and performed

live-imaging experiments. As expected, Opa1 downregulation led to

mitochondrial fragmentation (Supplementary Fig S3A and B). It is

noteworthy that mitochondrial occupancy was also significantly

decreased with siRNA-B (Supplementary Fig S3C). However, mito-

chondria were normally transported into the axons, as previously

observed (Misko et al, 2010). This experiment suggests that mito-

chondrial fragmentation by itself does not impair mitochondrial

movement (Supplementary Fig S3D).

To substantiate these findings, we investigated whether Oma1

deletion could alleviate defects in mitochondrial morphology, occu-

pancy, and transport in primary cortical neurons depleted for

AFG3L2. In Afg3l2-deficient mouse embryonic fibroblasts (MEFs),

long OPA1 forms are processed by the protease OMA1, inhibiting

fusion (Ehses et al, 2009). In Oma1 knockout neurons, mitochon-

drial length was not significantly affected by downregulation of

Afg3l2, and mitochondrial occupancy was only slightly reduced

(Fig 2A-C). Strikingly, anterograde mitochondrial transport was still

impaired upon depletion of AFG3L2 (Fig 2D), indicating that the

mitochondrial transport defect is independent of OMA1 activation

and mitochondrial fragmentation.

Afg3l2 deficiency leads to disruption of the microtubule network
and tau hyperphosphorylation in vivo

The previous data suggest that dysfunctional mitochondria in Afg3l2

knockdown neurons might be sensed in the cell body leading to
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Figure 1. Depletion of AFG3L2 causes mitochondrial defects.

A Representative kymographs of axons (shown above respective kymographs) from neurons co-transfected with mito-mCherry and control or Afg3l2 siRNAs. Schematic
of different color-coded transport types is shown below. Scale bars, 10 lm.

B The percentage of mitochondria belonging to a given length bin was averaged from three independent experiments (120–150 mitochondria were measured in each
experiment). Bars represent SEM. Chi-square test: P = 0.002.

C Quantification of mitochondrial occupancy per axon (n = 3 experiments; 7–8 axons per experiment).
D Quantification of mitochondrial transport types in the axon. Data represent mean � SEM of three independent experiments. 7–8 axons from each experiment were

analyzed. P-value was determined with Student’s t-test.
E Average mitochondrial velocity in the anterograde and retrograde direction. Data represent mean � SEM of three independent experiments. The velocity of

mitochondria from at least 5 axons per experiment was analyzed.
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Figure 2. OMA1 ablation does not rescue mitochondrial transport defect of AFG3L2-depleted neurons.

A Representative kymographs of axons (shown above respective kymographs) from neurons isolated from Oma1 knockout mice co-transfected with mito-mCherry and
control or Afg3l2 siRNAs. Schematic of different color-coded transport types is shown below. Scale bars, 10 lm.

B The percentage of mitochondria belonging to a given length bin was averaged from three independent experiments (105–200 mitochondria were measured in each
experiment). Bars represent SEM.

C Quantification of mitochondrial occupancy per axon (n = 3 experiments; at least 8 axons per experiment).
D Quantification of mitochondrial transport types in the axon. Data represent mean � SEM of three independent experiments. At least 8 axons from each experiment

were analyzed. P-value was determined with Student’s t-test.
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inhibition of the anterograde transport. To elucidate the underlying

mechanism, we examined the cerebral cortex of mice constitutively

lacking Afg3l2 (Afg3l2Emv66/Emv66 mice, from now on referred to as

Afg3l2 KO; Maltecca et al, 2008). Nissl staining of serial coronal

sections of the brain at postnatal day 14, shortly before Afg3l2 KO

mice die, showed a reduction in the thickness of the cerebral cortex,

while the organized six-layered structure was preserved (Fig 3A).

Cortical neurons in layer V appeared shrunken and lacked

processes, a hallmark of degeneration (Fig 3A).

We performed in situ hybridization experiments to evaluate the

expression of laminar-specific genes, such as Cux2 for layers II–IV,

Rorb for layer IV, and Er81 for layer V (Molyneaux et al, 2007).

These genes were expressed in the respective layer, indicating

normal migration and specification of cortical neurons during devel-

opment (Fig 3B). However, Er81-positive neurons were decreased,

pointing to pronounced secondary degeneration of neurons in

layer V.

We then examined neuronal projections by staining brain

sections with antibodies against phosphorylated neurofilaments

(SMI31) to detect axons, microtubule-associated protein 2 (SMI52)

to label dendrites, and myelin basic protein (MBP) to decorate

myelin sheaths. A drastic reduction of myelinated axonal projec-

tions containing neurofilaments was found in Afg3l2 KO mice, while

dendrites were affected to a lesser degree (Fig 3C). These findings

are consistent with previous observations in the spinal cord of these

mice (Maltecca et al, 2008). To further characterize neuronal altera-

tions in the absence of AFG3L2, we performed ultrastructural

studies of the cerebral cortex. Neurons demonstrated pronounced

mitochondrial abnormalities. Mitochondria appeared swollen, lost

their tubular morphology, and had disrupted cristae pushed to the

organelle periphery (Fig 3D). Microtubules in control dendrites and

axons were aligned along the major axis, while they were frag-

mented and disorganized in Afg3l2-deficient neuronal processes

(Fig 3D).

The microtubule binding protein tau plays an important role in

microtubule stabilization (Morris et al, 2011). Tau hyperphosphory-

lation detaches tau from the microtubules, ultimately leading to

their instability and fragmentation, similar to our observations in

Afg3l2-deficient neuronal projections. We therefore assessed the

levels of phosphorylated tau species in the brain of Afg3l2 KO mice.

Hyperphosphorylation of tau can be detected with the AT8 anti-

body, which recognizes epitopes (serine 202 and threonine 205) that

are pathologically hyperphosphorylated in Alzheimer’s disease and

other tauopathies. Immunoreactivity for AT8 antibodies was greatly

enhanced in neurons of Afg3l2 KO mice compared with wild-types

(Fig 3E). Western blot analyses confirmed these results and further

indicated increased levels of phosphorylation of tau on threonine

181 and serines 199 and 396 (Fig 3F).

In conclusion, constitutive loss of AFG3L2 affects development

of long projection axons in the cerebral cortex and is associated with

microtubule disorganization and tau hyperphosphorylation.

Deletion of Afg3l2 in adult cortical neurons causes tau
hyperphosphorylation and activation of PKA and ERK1/2 kinases

Tau is highly phosphorylated during embryonic development and in

the early postnatal periods at several residues. However, after the

majority of axons have reached their target, tau phosphorylation is

downregulated (Wang & Liu, 2008). Tau hyperphosphorylation in

Afg3l2 null mice may therefore reflect the axonal developmental

failure. To test whether lack of AFG3L2 can also lead to tau hyper-

phosphorylation in adult neurons, we crossed Afg3l2fl/fl mice

(Almajan et al, 2012) with a transgenic line expressing the Cre

recombinase under the control of the CamKIIa promoter, leading to

efficient depletion of AFG3L2 in postnatal neurons of the cortex,

and the hippocampus (Minichiello et al, 1999; Supplementary Fig

S4A). Deletion of Afg3l2 in neurons (Afg3l2NKO) leads to prominent

neurodegeneration. At 8 weeks of age, Afg3l2NKO mice display

evident loss of neurons in both the cortex and the hippocampus, as

shown by Nissl staining (Fig 4A). Remarkably, tau hyperphosphory-

lation was prominent in degenerating neurons and involved similar

residues as in the constitutive Afg3l2 KO mice (Fig 4B and C). Thus,

tau phosphorylation is activated during the neurodegenerative

process that is triggered by the loss of AFG3L2.

To address the mechanism underlying tau phosphorylation, we

examined the activation of potential tau kinases in the Afg3l2NKO

model. The main tau kinase GSK3b was found to be inhibited by

phosphorylation at serine 9, and activation of MARK, CDK5, or its

activator p35 was not observed (Supplementary Fig S4B). In

contrast, deletion of Afg3l2 in adult neurons increased the levels of

the phosphorylated active forms of mitogen-activated protein kinase

(MAPK) ERK1/2 and of cAMP–dependent protein kinase A (PKA;

Fig 4D). Both kinases have been previously implicated in tau phos-

phorylation in pathological conditions (Martin et al, 2013). MAP

kinases are activated by oxidative stress, which in turn can lead to

tau hyperphosphorylation (Chu et al, 2004; Petersen et al, 2007).

We therefore examined the brains of Afg3l2 null and NKO mice for

signs of oxidative damage, but could not find accumulation of

carbonylated proteins or increased levels of the antioxidant SOD2

(Supplementary Fig S5).

We conclude from these experiments that the MAP kinases

ERK1/2 and PKA are activated upon loss of AFG3L2 in adult

neurons of the cortex and hippocampus leading to tau hyperphosph-

orylation in vivo.

Tau downregulation affects mitochondrial transport
in AFG3L2-depleted neurons

Tau binds selectively to anterograde-directed motors and can there-

fore regulate anterograde transport of mitochondria (Dixit et al,

2008). The finding of tau hyperphosphorylation in the absence of

AFG3L2 in vivo prompted us to examine whether tau levels in

primary cortical neurons can affect the mitochondrial transport and

morphology defects, associated with acute Afg3l2 downregulation.

Mapt-specific siRNA oligonucleotides were tested for their ability to

downregulate overexpressed tau in cultured MEFs (Supplementary

Fig S6). Afg3l2 siRNA oligonucleotides were transfected together

with a control siRNA or Mapt siRNA in cortical neurons, and mito-

chondrial morphology and transport were evaluated. Notably, tau

depletion did not affect mitochondrial length, occupancy, transport,

and velocity in wild-type neurons (Fig 5A–E, Table S1). However,

mitochondria were less fragmented, and a partial but significant

rescue of the anterograde transport defect was detected upon

concomitant downregulation of Afg3l2 and Mapt when compared to

AFG3L2 depletion alone (Fig 5). Thus, modulation of tau levels

affects mitochondrial transport in pathological conditions.
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Antioxidants suppress mitochondrial transport defects in
AFG3L2-depleted neurons

As oxidative stress triggers tau hyperphosphorylation, we

explored the possibility that increased reactive oxygen species

(ROS) production affects mitochondrial motility. Firstly, we

tested whether primary neurons downregulated for Afg3l2 show

signs of increased ROS by staining them with CellROX green.

This dye becomes highly fluorescent upon oxidation and labels

the DNA of both nucleus and mitochondria. However, we did
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not observe consistent, statistically significant differences in the

fluorescence between control and AFG3L2-depleted neurons (Sup-

plementary Fig S7A and B). This result could be due to limited

sensitivity of the dye that is suitable to detect massive changes

in ROS levels, such as those induced by treating neurons with

menadione (Supplementary Fig S7C and D). We therefore asked

whether interfering with basal ROS levels by culturing neurons

in the presence of antioxidants, such as N-acetylcysteine (NAC)

or vitamin E, has an impact on mitochondrial motility. NAC is a

drug that affects the redox state of cells and indirectly acts as

antioxidant by increasing the pool of reduced glutathione (Kelly,

1998), while vitamin E scavenges the peroxyl radicals and

prevents the propagation of free radicals (Niki & Traber, 2012).

Both drugs efficiently reduce the levels of ROS induced in

primary neurons by menadione (Supplementary Fig S7C and D).

Moreover, both NAC and vitamin E reduce the levels of

phospho-tau in cultured neurons in vitro (Supplementary Fig S7E

and F). Strikingly, NAC treatment of primary neurons leads to a

global change in cytoskeletal components, by reducing the levels

of b-tubulin, tyrosinated and acetylated tubulin, actin, and total

tau (Supplementary Fig S7E).

The presence of NAC in the culture medium did not affect the

distribution of mitochondrial length or the occupancy of mitochon-

dria in control neurons. Surprisingly, the percentage of mitochon-

dria moving in the anterograde direction and their velocity was

significantly increased in control neurons when cultured in medium

supplemented with NAC (Fig 6A–F, Supplementary Table S1).

Moreover, NAC treatment significantly suppressed the defects

observed upon Afg3l2 downregulation: mitochondrial length, mito-

chondrial occupancy, and the percentage of mitochondria moving in

anterograde direction increased to levels comparable to control

(Fig 6A–D).

We then depleted AFG3L2 in cortical neurons grown in medium

containing vitamin E. Vitamin E induced slight fragmentation of

mitochondria in control neurons, which is reflected in a reduced

occupancy (Fig 7A and B). Consistently, vitamin E did not rescue

mitochondrial morphology and occupancy of AFG3L2-depleted

neurons when compared to controls (Fig 7A and B). However, a

significant improvement in the anterograde transport of mitochon-

dria was observed (Fig 7C, Supplementary Table S1). Mitochondrial

velocities of anterogradely and retrogradely moving mitochondria

were not significantly affected by vitamin E (Fig 7D and E). We

conclude that ROS, present at physiological levels, play a pivotal

role in coupling quality control of mitochondria to their transport.

Discussion

Neurodegenerative diseases linked to mutations in components of

the m-AAA protease, paraplegin and AFG3L2, are characterized by

late-onset axonal degeneration in cortical motor or cerebellar

neurons. Our study shows for the first time that the frequency of

anterograde transport of mitochondria, but not the speed of move-

ment, is affected in neurons with reduced levels of AFG3L2,

suggesting that defective mitochondrial trafficking contributes to

the pathogenic mechanism in the human diseases. Mitochondrial

transport defects in Afg3l2-deficient neurons are restricted to mito-

chondria moving from the cell body toward the growth cone. A

similar phenotype has been previously described in cortical neurons

isolated from mice lacking spastin, a microtubule-severing protein

involved in HSP (Kasher et al, 2009), in motor neurons derived

from SODG93A transgenic mice, a model of amyotrophic lateral scle-

rosis (De Vos et al, 2007), and in amyloid b-treated neurons (Reddy

et al, 2012). Even mild impairment of anterograde transport in

patients carrying heterozygous mutations in AFG3L2 could lead to

progressive depletion of mitochondria from axons causing late-

onset neurodegeneration. It is tempting to speculate that impaired

anterograde transport of mitochondria underlies the developmental

failure of large myelinated axons in absence of AFG3L2 in the

mouse.

Surprisingly, our data uncouple mitochondrial trafficking defects

from OMA1 activation and mitochondrial fragmentation. Stress-

activated OMA1-mediated processing of OPA1 is not required for

mitochondrial transport defects in the absence of AFG3L2. Further-

more, reduced OPA1 levels do not affect mitochondrial transport,

despite leading to fragmentation, in agreement with previous stud-

ies (Misko et al, 2010). Our data therefore suggest that alteration of

mitochondrial transport and increased processing of OPA1 in

absence of AFG3L2 are independent events. Notably, we observed

a strict correlation between the degree of mitochondrial fragmenta-

tion and the reduction in mitochondrial occupancy, suggesting

increased mitochondrial turnover likely by a parkin-independent

mechanism.

How are Afg3l2-deficient mitochondria hindered from being

transported toward the growth cone? We identify tau as a regula-

tor of transport of dysfunctional Afg3l2-deficient mitochondria.

The primary function of the microtubule-associated protein tau is

to bind and stabilize microtubules (Wang & Liu, 2008). Tau was

found to largely affect access of the anterograde motor kinesins

to microtubules (Dixit et al, 2008). Consistently, tau overexpression

Figure 3. Constitutive Afg3l2 deletion leads to microtubule fragmentation and tau hyperphosphorylation.

A Nissl staining of coronal sections across the cerebral cortex of Afg3l2 knockout (KO) and wild-type (WT) show normal lamination but degenerating neurons in layer V
(arrows).

B In situ hybridization of brain coronal sections of WT and KO using the indicated probes.
C Immunofluorescence analysis of coronal sections across the cerebral cortex of Afg3l2 KO and WT mice with the indicated antibodies shows dramatic loss of

myelinated axons. cc: corpus callosum.
D Electron micrographs of cortical neuronal processes show microtubule fragmentation and disorganization, and abnormal mitochondria in KO mice. Arrows:

mitochondria; asterisks: microtubules.
E Cerebral cortex sections were stained with AT8 antibody. Phosphorylated tau accumulates in cell bodies and dendrites of KO mice.
F Western blot analysis of brain lysates from Afg3l2 KO and WT littermates using the indicated antibodies. KO brains display increased levels of phosphorylated tau

species.

Data information: Scale bar in (A) 200 lm, in (C) 20 lm, in (D) 0.5 lm.
Source data are available online for this figure.
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inhibits kinesin-dependent transport of cargos, including mito-

chondria (Ebneth et al, 1998). Loss of tau function in the mouse

still allows normal mitochondrial transport (Yuan et al, 2008),

whereas tau depletion is beneficial in certain pathological condi-

tions; for example, it improves axonal transport defects of mito-

chondria in neurons treated with Ab peptides (Vossel et al,

2010). Similarly, we show that reducing tau levels can partially

rescue the mitochondrial transport defects associated with Afg3l2

downregulation.

Tau hyperphosphorylation is an important downstream event to

the lack of AFG3L2 in cortical neurons in vivo. During embryonic

and early postnatal periods, tau is hyperphosphorylated at several

sites, including Thr181, Ser199, Ser202, and Thr205. Notably, the

same residues are also hyperphosphorylated in degenerating

Figure 4. Deletion of Afg3l2 in adult forebrain neurons causes tau hyperphosphorylation and activation of PKA and ERK1/2 kinases.

A Brain coronal sections of Afg3l2 forebrain neuronal specific knockout (Afg3l2fl/fl; CamKIIa-Cre positive; NKO) and littermate control (Afg3l2fl/fl; CamKIIa-Cre negative,
WT) at 8 weeks of age were stained with Nissl solution. Pronounced neuronal degeneration is observed in the cerebral cortex and hippocampus.

B AT8 immunohistochemistry staining of adjacent sections from (A) shows accumulation of hyperphosphorylated tau in neuronal cell bodies in both cerebral cortex
and hippocampus of Afg3l2NKO.

C Western blot analysis of hippocampus and cerebral cortex lysates from Afg3l2 NKO and WT littermates using the indicated antibodies detects increased
phosphorylation of tau.

D Western blot analysis of hippocampus and cerebral cortex lysates from Afg3l2 NKO and WT littermates using the indicated antibodies show activation of PKA and
ERK1/2 kinases.

Data information: Scale bar in (A) 50 lm (cortex) and 200 lm (hippocampus), in (B) 50 lm (cortex) and 200 lm (hippocampus).
Source data are available online for this figure.
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neurons of Alzheimer’s disease patients (Wang & Liu, 2008). Upon

phosphorylation, tau detaches from microtubules and can poten-

tially improve motility of cargos, such as mitochondria. Consis-

tently, degeneration caused by missorting of tau into neurons can

be rescued by increasing its phosphorylation via the tau kinase

MARK2 (Thies & Mandelkow, 2007). However, prolonged tau

hyperphosphorylation promotes self-aggregation into cytoplasmic

inclusions and leads to neurodegeneration (Ballatore et al, 2007).

Hyperphosphorylated tau at residues recognized by the AT8 anti-

body was recently found to inhibit mitochondrial transport in corti-

cal neuronal axons by affecting spacing of microtubules

(Shahpasand et al, 2012). In conclusion, tau hyperphosphorylation

might be beneficial at early stages in the pathogenic process, but it

is conceivable that sustained tau hyperphosphorylation impairs

anterograde transport of mitochondria in Afg3l2-deficient neurons.

In agreement with such a scenario, neuronal microtubules appear

severely disrupted in absence of AFG3L2. Notably, interfering with

axonal transport by mutating kinesin-1, or by downregulating miro

or milton in Drosophila, was sufficient to activate kinase pathways

responsible for tau hyperphosphorylation (Falzone et al, 2009,

2010; Iijima-Ando et al, 2012), suggesting that loss of axonal mito-

chondria enhances tau pathology.

Accumulation of fibrillary tau inclusions (neurofibrillary

tangles) in the central nervous system has been implicated in

onset and progression of aging-associated disorders that manifest

clinically with progressive cognitive and/or motor impairment

(Ballatore et al, 2007). However, the causative link between tau

hyperphosphorylation and upstream events in tauopathies is still

unclear. Here, we demonstrate that mitochondrial dysfunction can

directly trigger tau hyperphosphorylation upon genetic ablation of

a mitochondrial protease. Similarly, we found abnormal tau

hyperphosphorylation and deposition of tau filaments in Phb2-

deficient degenerating neurons (Merkwirth et al, 2012). Prohibi-

tins form large protein scaffolds in the inner mitochondrial

membrane that interact with the m-AAA protease (Merkwirth &

Langer, 2009). Together, our data provide genetic evidence for a

causal relationship between mitochondrial dysfunction and tau

hyperphosphorylation, as suggested by other studies (Hoglinger

Figure 5. Tau levels affect mitochondrial transport in AFG3L2-depleted neurons.

A The percentage of mitochondria belonging to a given length bin was averaged from three independent experiments (120–210 mitochondria were measured in
each experiment). Bars represent SEM. P-values were calculated with the chi-square test. Control vs. Afg3l2/control: P = 7 × 10�4, control vs. Afg3l2/Mapt:
P = 9 × 10�3, Afg3l2/control vs. Afg3l2/Mapt: P = 5 × 10�5.

B Quantification of mitochondrial occupancy per axon (n = 3 experiments; 7–9 axons per experiment).
C Quantification of mitochondrial transport types in the axon. Data represent mean � SEM of three independent experiments. 7–9 neurons from each experiment

were analyzed.
D, E Average mitochondrial velocity in the anterograde (D) and retrograde (E) direction. Data represent mean � SEM of three independent experiments. The velocity of

mitochondria from 3 axons per experiment was analyzed.

Data information: P-values in (B) and (C) were determined with Student’s t-test.
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Figure 6. Mitochondrial defects in AFG3L2-depleted neurons are rescued by NAC.

A Representative kymographs of axons (shown above respective kymographs) from neurons co-transfected with mito-mCherry and Afg3l2 siRNAs in the absence or
presence of NAC. Schematic of different color-coded transport types is shown below. Scale bars, 10 lm.

B The percentage of mitochondria belonging to a given length bin was averaged from four independent experiments (78–195 mitochondria were measured in each
experiment). Bars represent SEM. P-values were calculated with the chi-square test. Control vs. Afg3l2: P = 8 × 10�9; Afg3l2 vs. Afg3l2 with NAC: P = 1 × 10�12.

C Quantification of mitochondrial occupancy per axon (n = 4 experiments; 8–10 axons per experiment).
D Quantification of mitochondrial transport types in the axon. Data represent mean � SEM of four independent experiments. At least 8 axons from each experiment

were analyzed.
E, F Average mitochondrial velocity in the anterograde (E) and retrograde (F) direction. Data represent mean � SEM of four independent experiments. The velocity of

mitochondria from 3 axons per experiment was analyzed.

Data information: P-values in (C-E) were determined with Student’s t-test.
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et al, 2005; Escobar-Khondiker et al, 2007; Melov et al, 2007;

Ohsawa et al, 2008).

In both Phb2 and Afg3l2 mouse models, we observed activation

of MAPKs (Merkwirth et al, 2012). MAPKs have been shown to

phosphorylate tau at several residues both in vitro and in vivo (Zhu

et al, 2002) and are activated by several cell stresses, including

oxidative stress (Son et al, 2013). Consistently, we find that antioxi-

dants efficiently reduce levels of phospho-tau in primary neurons.

Increased levels of oxidized proteins were detected in the cerebel-

lum of Afg3l2 heterozygous mice (Maltecca et al, 2009), while it is

conceivable that neurons die before oxidative damage occurs in the

brain of Afg3l2 knockout mice. Failure to detect a significant

increase of ROS levels in Afg3l2-deficient neurons may be due to the

limited sensitivity of available fluorescent dyes (Murphy et al,

2011). However, in support of the hypothesis that ROS play a signal-

ing role in regulating mitochondrial transport, we found that treat-

ment with antioxidants, such as NAC and vitamin E, can rescue the

anterograde transport defects of Afg3l2-deficient mitochondria.

Interestingly, NAC regulates both the frequency of transport and the

velocity of mitochondria in wild-type neurons, stressing the hypoth-

esis that modulating the physiological levels of ROS can affect mito-

chondrial transport. NAC has a more pronounced effect than

vitamin E on mitochondrial transport in Afg3l2-deficient neurons.

NAC was previously shown to rescue the mitochondrial transport

defects observed in dopaminergic neurons treated with MPP+, a

toxin that inhibits mitochondrial complex I activity (Kim-Han et al,

2011). Neurons treated with NAC display a reduction of the levels

of actin and b-tubulin. Thus, the beneficial effect of NAC may be

also exerted by modulation of redox modifications of cytoskeletal

components. In fact, actin has been previously shown to sense

oxidative load and to be affected by NAC (Dalle-Donne et al, 2001;

Farah & Amberg, 2007). An intriguing hypothesis is that ROS-

activated signaling cascades can affect mitochondrial transport not

only by impinging on tau phosphorylation, but also by targeting

motor proteins, or mitochondrial adaptors. Future experiments

will be required to investigate this possibility in depth.

In conclusion, we propose a pathogenic model, where deficiency

of AFG3L2 leads on one side to mitochondrial fragmentation, via

Figure 7. Mitochondrial transport defect in AFG3L2-depleted neurons is rescued by vitamin E.

A The percentage of mitochondria belonging to a given length bin was averaged from three independent experiments (130–218 mitochondria were measured in each
experiment). Bars represent SEM. P-values were calculated with the chi-square test. Control versus control with vitamin E: P = 0.01, control vs. Afg3l2: P = 5 × 10�7.

B Quantification of mitochondrial occupancy per axon (n = 3 experiments; at least 8 axons per experiment).
C Quantification of mitochondrial transport types in the axon. Data represent mean � SEM of three independent experiments. At least 8 axons from each

experiment were analyzed.
D, E Average mitochondrial velocity in the anterograde (D) and retrograde (E) direction. Data represent mean � SEM of three independent experiments. The velocity of

mitochondria from 3 axons per experiment was analyzed.

Data information: P-values in (C) and (D) were determined with Student’s t-test.
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OMA1-mediated processing of OPA1, and on the other side to

increased production of ROS (Fig 8). Increased ROS may result from

respiratory incompetence due to defective mitochondrial translation

(Almajan et al, 2012). ROS may trigger activation of stress-induced

kinases, which phosphorylate tau in an attempt to reduce its attach-

ment to the microtubules, thus promoting mitochondrial transport.

However, with time, insoluble hyperphosphorylated tau aggregates,

disrupts microtubules, and affects mitochondrial anterograde trans-

port. The axonal transport defect may further contribute to sustain

pathological tau hyperphosphorylation (Fig 8). Mitochondrial trans-

port defects ultimately lead to late-onset mitochondrial depletion

from axons and neurodegeneration. Our data may be of relevance

for several neurodegenerative conditions characterized by mito-

chondrial dysfunction and tau accumulation and open up the possi-

bility that treatment with antioxidants may be beneficial in models

of Afg3l2 deficiency.

Material and Methods

Animal experiments

All animal procedures were conducted in accordance with European

(EU directive 86/609/EEC), national (TierSchG), and institutional

guidelines and were approved by local authorities (Landesamt für

Natur, Umwelt, und Verbraucherschutz Nordrhein-Westfalen) under

the license 87–51.04.2010.A219. Afg3l2Emv66/Emv66 mice were

obtained by breeding heterozygous Afg3l2+/Emv66 (Maltecca et al,

2008) in a mixed FVB-C57BL/6 background. Conditional Afg3l2

floxed mice (Almajan et al, 2012) were mated with CaMKIIa cre

(Minichiello et al, 1999) to achieve Afg3l2 forebrain neuron-specific

knockouts. Mice carrying the Oma1 gene exon 3 flanked by loxP

sites were generated by gene targeting in C57BL/6 background.

Oma1 knockout mice were produced by crossing homozygous

Oma1 floxed mice with a transgenic line expressing the Cre recom-

binase under the b-actin promoter.

Tissue preparation

Mice were deeply anesthetized and perfused transcardially with 4%

paraformaldehyde (PFA) in PBS. Tissues were dissected and post-

fixed in 4% PFA for immunohistochemistry and in 2% glutaralde-

hyde in 0.12 M phosphate buffer for electron microscopy. For

biochemical analyses, tissues were immediately frozen in dry ice

and stored at �80°C until use.

RNA in situ hybridization

PCR products obtained by amplification of mouse brain cDNA were

used as templates to transcribe either sense or antisense digoxygenin-

labeled riboprobes using the DIG RNA labeling kit (Roche).

Oligonucleotides used to generate the PCR products contained the

SP6 promoter. Sequences are available upon request. RNA in situ

hybridization was performed on vibratome sections, as previously

described (Tiveron et al, 1996).

Histology and Immunohistochemistry

Postfixed brains were embedded in 6% agar, and 30-lm sections

were cut using a vibratome (Leica). Free-floating sections were

stained with 0.25% thionine solution. Immunohistochemistry with

AT8 antibody (Thermo Scientific) was performed with M.O.M.

Immunodetection kit (Vector Laboratories), according to the manu-

facturer’s protocol. Sections were mounted using Eukitt medium

(Fluka). For immunofluorescence, sections were permeabilized and

blocked in 0.4% Triton X-100 and 10% goat serum in TBS and

Figure 8. Schematic representation of the pathogenic cascade in neurodegenerative diseases due to AFG3L2 deficiency.
Upon AFG3L2 deficiency, mitochondria become dysfunctional due to impaired mitochondrial protein synthesis and reduced assembly of respiratory chain subunits. The
resulting respiratory impairment causes, on one side, stress-induced fragmentation of mitochondria via OMA1 activation and, on the other side, increased ROS production.
ROS trigger a pathogenic cascade leading to hyperphosphorylation of tau, which in turn can affect mitochondrial anterograde transport. ROS may also hinder transport via
some other yet uncharacterized mechanism. Defects in anterograde transport of mitochondria lead to depletion of mitochondria in axons and neurodegeneration.
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incubated with SMI 31, SMI 52, and anti-MBP antibodies (Covance)

diluted in 5% goat serum in TBS. Following incubation with

anti-mouse Alexa Fluor 488 (Life technologies), sections were

mounted using FluorSave Reagent (Calbiochem). Images were

acquired using an Axio-Imager M2 microscope equipped with

Apotome 2 (Zeiss).

Western blot analysis

Tissues were homogenized in RIPA buffer containing 150 mM NaCl,

50 mM Tris–HCl pH 7.4, 5 mM EDTA, 1% Triton X-100, 1% sodium

deoxycholate, 0.1% SDS, and protease inhibitor cocktail (Roche) on

ice. After high-speed centrifugation, the supernatant was harvested,

and protein concentration was determined using Bradford assay

(Bio-Rad). 20–50 lg proteins were separated by 12% SDS–PAGE

and blotted onto PVDF membrane (Millipore). The membrane was

blocked in 5% milk containing 0.1% Tween-20 in TBS for 1 h at

room temperature and probed with primary antibodies overnight at

4°C. We used AT8, AT270 (detecting Tau phosphorylation site

Thr181), anti-phospho-Tau-Ser199, anti-phospho-Tau-Ser396 anti-

bodies from Pierce, anti-Tau1, anti-ERK1/2, anti-GAPDH from Milli-

pore, anti-PKA C-a, anti-phospho-PKA C (Thr197), anti-phospho-

p44/42MAPK (ERK1/2; Thr202/Tyr204) from Cell Signaling.

Following incubation with HRP-conjugated secondary antibodies,

signal was detected using ECL (GE Healthcare).

Electron microscopy

After fixation in 2% glutaraldehyde in 0.12 M phosphate buffer,

tissues were treated with 1% osmium tetroxide and embedded in

Epon (Fluka). About 70-nm ultrathin sections were cut, collected

onto 200 mesh copper grids (Electron Microscopy Sciences), and

stained with uranyl acetate (Plano GMBH) and lead citrate (Electron

Microscopy Sciences). Images were captured by a transmission elec-

tron microscope (CM10, Phillips) equipped with Orius SC200W

camera.

Primary neuron culture and transfection

Embryos were harvested from wild-type CD1 mice or Oma1 knock-

out mice at E18. Cortices were collected after removing the menin-

ges, cut into small pieces, washed in Earle’s balanced salt solution

(Gibco), dissociated with glass Pasteur pipette, and centrifuged at

100 g for 5 min in neurobasal medium (Gibco). The supernatant

was removed, and fresh medium was added to resuspend the

neurons and filtered through a 100-lm filter. 125,000 neurons were

transfected using a micro-electroporation system (Microporator

MP-100 apparatus, Digital Bio) and then plated on glass-bottom

dishes (MatTek corporation) coated with poly-D-lysine hydrobro-

mide (0.1 mg/ml, Sigma-Aldrich). The neurons were grown in

neurobasal medium supplemented with B-27 (Gibco) and gluta-

mine at 37°C with 5% CO2. In each experiment, 0.5 lg of mito-

mCherry was co-transfected together with 100 nM of the respective

siRNA.

Stealth-small interfering RNAs (siRNAs) were synthesized by

Invitrogen with the following sequences:

Afg3l2: 50-CCUGCCUCCGUACGCUCUAUCAAUA-30

Mapt: 50-CAGUCGAAGAUUGGCUCCUUGGAUA-30.

The medium GC stealth-negative control (Invitrogen) was used

for all experiments.

NAC (Sigma-Aldrich) and vitamin E (Sigma-Aldrich) were

supplemented to the complete medium at concentrations of

1 mM and 200 lM, respectively. Vitamin E was replenished

every 24 h.

Live-cell imaging

Mitochondria in the axons were imaged using a Perkin-Elmer Ultra

View spinning disc confocal microscope, equipped with a CCD

camera (Hamamatsu, C9100-50), at 60× magnification (oil-immer-

sion objective, N.A = 1.49, illumination wavelength = 561 nm).

Video recordings were acquired at 1000 × 1000 pixel resolution

every 10 seconds for a period of 10 min (61 image stacks/movie).

The stage enclosing the dishes was set to 37°C and 5% CO2. Imaging

of the axons was performed 72 h after plating the neurons, and they

were identified as processes arising from the soma twice or thrice

longer than other processes. Axons selected for analyses had a mini-

mum length of 200 lm. Images were acquired at least 50 lm distal

to the soma.

Kymograph generation

Mitochondrial movements along an axon were visualized using

kymographs, generated with a custom written script (Matlab R2011b

incl. image processing toolbox, Mathworks). Initially, an optimal

axon centerline between two manually set endpoints was automati-

cally obtained, based on a maximum projection of all image stacks

(imaged mitochondria). Then, kymographs were obtained by gener-

ating a maximum projection for each image stack (time point) lead-

ing to orthogonal projection of maximum intensities in a

neighborhood of approximately 1 lm onto the axon centerline.

Assessment of mitochondrial length, occupancy, and axonal
transport

Mitochondrial length was quantified from the first image of the

video recordings, by drawing a line along the major axis or along

the diameter of circular mitochondria. This analysis was performed

in Volocity 6.1 (PerkinElmer). Mitochondrial occupancy was calcu-

lated as the total length of all mitochondria in an axon divided by

axonal length. For quantification of mitochondrial transport, we

classified mitochondrial movement over time as anterograde, retro-

grade, or oscillatory. Mitochondria were defined as oscillatory if

they changed direction to move a distance greater than 5 lm, while

they were considered stationary if they moved less than 5 lm
during the video recordings. In case of a fission event, daughter

mitochondria were considered as separate. In case of a fusion event,

mitochondrion after fusion was considered as separate from the

parent mitochondria. Classification of mitochondrial movements

was manually performed from the video recordings obtained in

Volocity 6.1 (PerkinElmer) as the position of soma was noted while

image acquisition. Mitochondrial velocity was calculated for antero-

grade and retrograde movements in all the timeframes where a

mitochondrion was moving. After establishing a cut-off value of

0.1 lm/s, the average velocity was calculated for each individual

mitochondrion.
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Statistical analysis

Mitochondrial length was measured from at least three independent

experiments. Data were binned, averaged across experiments, and

statistical evaluation was performed using the chi-square test.

Unpaired two-tailed Student’s t-test was used for statistical compari-

son of mitochondrial occupancy, transport, and average velocity.

Data are presented as mean � standard error (SEM). In all cases, at

least three independent experiments were performed, and 8–10

axons analyzed. The P-values were calculated using Graphpad

Prism software (version 6.02) and are indicated when lower

than 0.05.

Supplementary information for this article is available online:

http://emboj.embopress.org
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