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1.	  Summary	  
The	  aggregation	  of	   specific	  proteins	  within	   the	  nervous	   system	   is	   generally	  assumed	   to	  be	  a	  

crucial	   element	   in	   the	  pathogenesis	   of	   a	   plethora	   of	   age-‐related	  neurodegenerative	  diseases.	  

These	   diseases	   are	   often	   referred	   to	   as	   proteinopathies,	   with	   Alzheimer’s	   disease	   (AD)	   and	  

Parkinson’s	   disease	   (PD)	   being	   the	   two	   most	   common	   neurodegenerative	   diseases	   of	   the	  

elderly.	   In	   AD,	   amyloid-‐β	   peptides	   (Aβ)	   are	   the	   main	   component	   of	   insoluble	   aggregates	  

forming	  senile	  plaques;	  in	  PD	  the	  α-‐synuclein	  protein	  (α-‐syn)	  is	  the	  main	  component	  of	  Lewy	  

bodies	  (LBs)	  and	  Lewy	  neurites	  (LNs).	  Recent	  findings	  have	  shown	  that	  Aβ	  aggregates	  as	  well	  

as	  α-‐syn	  aggregates,	   can	   initiate	   the	  conversion	  of	   the	  same	  properly-‐folded	  protein	   into	   the	  

misfolded,	  disease-‐associated	   aggregated	   state.	  This	  has	   led	   to	   the	   suggestion	  of	   a	  prion-‐like	  

mechanism	  of	  disease	  pathogenesis.	  Moreover,	  abnormally	  folded	  proteins	  may	  adopt	  a	  range	  

of	  structurally	  different	  morphologies.	  Such	  protein	  conformers	  (strains)	  have	  been	  described	  

to	  harbor	  different	  biological	  activities.	  The	  objective	  of	  this	  thesis	  was	  to	  elucidate	  the	  prion-‐

like	  aspects	  of	  Aβ	  in	  mouse	  models	  and	  in	  organotypic	  slice	  cultures.	  

	  

This	   thesis	   is	   divided	   into	   three	   sections:	   The	   first	   section	   describes	   the	   results	   of	   a	   study	  

aiming	   to	   elucidate	   the	   strain-‐like	   transmission	   of	   Aβ	   morphotypes	   in	   mouse	   models	   of	  

cerebral	  β-‐amyloidosis.	   In	  the	  second	  section,	  organotypic	  slice	  cultures	  were	  developed	  as	  a	  

versatile	  tool	  to	  model	  cerebral	  β-‐amyloidosis	  and	  gather	  mechanistic	  insights	  into	  prion-‐like	  

misfolding	   of	   Aβ.	   The	   last	   section	   is	   dedicated	   to	   our	   effort	   to	   adopt	   the	   organotypic	   slice	  

cultures	  to	  model	  LB	  and	  cell-‐to-‐cell	  transmission	  of	  misfolded	  α-‐syn	  aggregates.	  	  

	  

The	  first	  study	  of	  this	  thesis	  was	  initiated	  to	  further	  examine	  the	  hypothesis	  that	  different	  Aβ	  

morphotypes	   (Aβ	   strains)	   may	   exist.	   The	   strain-‐like	   properties	   of	   misfolded	   Aβ	   aggregates	  

after	  seeded	  transmission	  were	  investigated	  in	  two	  Aβ-‐precursor	  protein	  (APP)	  transgenic	  (tg)	  

mouse	  models,	  APP23	  and	  APPPS1.	  Influenced	  by	  differences	  in	  the	  ratios	  of	  the	  two	  main	  Aβ	  

isoforms,	  Aβ40	  and	  Aβ42,	  the	  two	  models	  develop	  Aβ	  plaques	  of	  different	  morphology.	  Amyloid-‐

laden	  brain	  extracts	  of	  either	  an	  aged	  APP23	  or	  an	  aged	  APPPS1	  mouse	  were	   intracerebrally	  

injected	   into	   young	   pre-‐depositing	   APP23	   or	   APPPS1	   recipient	   mice.	   Similar	   to	   the	   strain	  

concept	  described	   in	  prion	  diseases,	   the	   intrinsic	  characteristics	  of	   the	  source	  material	  could	  

be	   stably	   propagated	   in	   the	   recipient	   mice,	   confirming	   a	   mechanism	   of	   seeded	   strain-‐like	  

transmission.	   This	   study	   was	   performed	   in	   collaboration	   with	   K.P.R.	   Nilsson	   from	   the	  
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University	   of	   Linköping	   in	   Sweden	   and	   was	   published	   in	   EMBO	  Reports	   (Heilbronner	   et	   al.,	  

2013).	  

	  

In	  the	  second	  study	  of	  this	  thesis,	  we	  established	  a	  new	  hippocampal	  slice	  culture	  (HSC)	  model	  

of	  cerebral	  β-‐amyloidosis.	  The	  Aβ	  plaque	  formation	  in	  HSCs	  was	  induced	  by	  a	  single	  treatment	  

of	   Aβ-‐laden	   brain	   extract	   from	   aged	   APP	   tg	   mice	   on	   top	   of	   the	   culture	   and	   the	   continuous	  

supply	  of	  synthetic	  Aβ	  into	  the	  culture	  medium.	  This	  HSC	  model	  reproduces	  many	  aspects	  of	  

cerebral	   β-‐amyloidosis	   such	   as	   Aβ-‐deposit-‐induced	   microglia	   response	   and	   neuronal	  

alterations.	   Notably,	   the	   morphological	   appearance	   and	   the	   conformational	   structure	   of	   the	  

induced	  Aβ	  deposits	  in	  HSCs	  depended	  again	  on	  both,	  the	  extract	  and	  the	  synthetic	  Aβ	  species	  

used,	   resembling	   the	   results	   found	   in	   APP	   tg	   mice.	   The	   new	   HSC	   model	   of	   cerebral	   β-‐

amyloidosis	   hence	   demonstrates	   the	   seeded	   conversion	   of	   synthetic	   Aβ	   in	  HSCs.	   To	   provide	  

evidence	  for	  the	  synthetic	  nature	  of	  induced	  Aβ	  aggregates	  on	  HSCs,	  we	  used	  in	  addition	  HSCs	  

from	  App-‐null	  mice	  and	  showed	  that	  endogenously	  expressed	  Aβ	   is	  not	  necessary	   for	   the	  Aβ	  

plaque	   formation.	   However,	   induced	   Aβ	   plaque	   formation	   requires	   a	   living	   cellular	  

environment	   since	   fixation	   of	   the	   HSC	   prior	   to	   treatment	   largely	   prevented	   amyloid	   plaque	  

formation.	  Given	  that	  synthetic	  Aβ	  aggregates	  generated	   in	  vitro	  show	  less	  seeding	  activity	   in	  

vivo	   and	  are	   therefore	  distinct	   from	  biological	  Aβ,	  we	   tested	   the	  biological	  efficiency	  of	  HSC-‐

derived	  synthetic	  Aβ	  aggregates	  in	  vivo.	  Remarkably,	  we	  were	  the	  first	  to	  succeed	  in	  converting	  

synthetic	  Aβ	  into	  biologically	  functional	  seeds	  by	  using	  the	  HSC	  model.	  Our	  result	  leads	  to	  the	  

inference	  that	  the	  diversity	  of	  factors	  in	  the	  HSC	  influences	  the	  intrinsic	  characteristics	  of	  the	  

synthetic	   peptide,	   rendering	   it	   more	   biologically-‐active	   than	   in	   vitro-‐generated	   synthetic	   Aβ	  

aggregates.	   This	   study	   was	   performed	   in	   collaboration	   with	   Prof.	   B.	   Heimrich	   from	   the	  

University	  of	  Freiburg	  in	  Germany	  and	  is	  in	  press	  in	  The	  Journal	  of	  Neuroscience	  (Novotny	  et	  al.,	  

2016)	  .	  

	  

The	  success	  of	  the	  HSC	  model	  to	  mimic	  cerebral	  β-‐amyloidosis	  encouraged	  us	  to	  utilize	  HSCs	  to	  

investigate	  other	  proteinopathies.	  The	  third	  part	  of	  this	  thesis	  outlines	  that	  LB-‐	  and	  LN-‐like	  α-‐

syn	   inclusions	   can	   be	   induced	   in	   HSCs.	   Indeed,	   we	   succeeded	   in	   inducing	   α-‐syn	   lesions	   in	  

cultures	   from	   wildtype	   mice	   and	   mice	   overexpressing	   human	   mutated	   α-‐syn	   by	   one-‐time	  

application	   of	   tg	   brain	   extract	   containing	   α-‐syn	   aggregates	   on	   top	   of	   the	   HSCs.	   The	   same	  

treatment	   yielded	   no	   inclusions	   on	   HSCs	   derived	   from	   α-‐syn-‐deficient	   mice,	   indicating	   that	  
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culture-‐derived	  α-‐syn	  is	  necessary	  for	  the	  induction	  of	  α-‐syn	  inclusions.	  This	  study	  is	  ongoing	  

and	  results	  are	  presented	  as	  unpublished	  data	  in	  the	  last	  part	  of	  this	  thesis.	  	  

	  

In	  summary,	  the	  results	  of	  the	  first	  two	  studies	  presented	  here	  support	  the	  concept	  of	  prion-‐

like-‐templated	   misfolding	   of	   Aβ.	   By	   using	   HSCs	   we	   succeeded	   for	   the	   first	   time	   to	   convert	  

synthetic	   Aβ	   into	   in	   vivo	   seeding-‐active	   seeds.	   Furthermore,	   we	   emphasize	   that	   the	  

involvement	  of	  cellular	  processes	   in	  a	   living	  HSC	   is	  crucial	   for	   the	  conversion	  to	  biologically-‐

active	  synthetic	  Aβ	  aggregates.	  Consequently	  this	  new	  HSC	  model	  for	  cerebral	  β-‐amyloidosis	  is	  

suitable	   to	   explore	   the	   contribution	   of	   cellular	   and	   molecular	   cofactors	   to	   achieve	   seeding-‐

active	   Aβ	   aggregates.	   Additionally,	   our	   last	   study	   shows	   that	   the	   HSC	   model	   could	   also	   be	  

applicable	  to	  other	  proteinopathies.	  We	  are	  the	  first	  to	  show	  inducible	  LB-‐	  and	  LN-‐like	  α-‐syn	  

inclusions	  in	  slice	  cultures.	  This	  model	  can	  be	  used	  to	  investigate	  the	  cell-‐to-‐cell	  transmission	  

of	  α-‐syn	  and	  could	  shed	  light	  on	  how	  misfolded	  α-‐syn	  spreads	  to	  healthy	  cells.	  
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2.	  Synopsis	  

2.1	  Introduction	  

2.1.1	  Brief	  history	  of	  Alzheimer’s	  disease	  	  

	  
	  
I’ll	  just	  go	  to	  the	  end	  of	  the	  road	  […].	  I	  won’t	  go	  far	  […].	  The	  street	  is	  empty.	  	  
Did	  I	  reach	  the	  end	  of	  the	  road	  and	  turn	  around	  already?	  Am	  I	  going	  to	  or	  from,	  and	  to	  where?	  
The	  houses	  on	  either	  side	  of	  the	  road	  look	  the	  same.	  I	  stand	  very	  still.	  I	  left	  my	  home	  less	  than	  two	  
minutes	  ago,	  and	  now	  I	  am	  not	  sure	  where	  it	  is.	  […]	  I	  didn’t	  bring	  my	  phone	  and	  anyway	  I	  can’t	  
always	  remember	  how	  to	  use	  it	  any	  more.	  I’ve	  lost	  numbers	  […].	  

	  
Excerpt	  from	  the	  book:	  The	  Memory	  Book	  by	  Rowan	  Coleman,	  p.13	  (Coleman,	  2014)	  

	  
	  
The	   protagonist	   in	   “The	   Memory	   Book”	   written	   by	   Rowan	   Coleman	   is	   suffering	   from	   early	  

onset	   familial	   Alzheimer’s	   disease	   (EO-‐FAD).	   Based	   on	   a	   gene	   mutation	   inherited	   by	   the	  

protagonist’s	   father	   the	   family	   is	   now	   confronted	   with	   this	   devastating	   disease.	   AD	   with	  

genetic/familial	   origin	   (familial	   Alzheimer's	   disease,	   FAD)	   can	   appear	   either	   at	   an	   unusually	  

early	   age	   (>	   65	   years)	   or	   affect	   individuals	   after	   65	   years	   (early	   onset	   or	   late	   onset	   familial	  

Alzheimer's	  disease,	  EO-‐FAD	  or	  LO-‐FAD,	  respectively).	  In	  contrast,	  the	  majority	  of	  sporadic	  AD	  

cases	  is	  of	  unknown/idiopathic	  origin	  and	  can	  have	  either	  a	  late	  (<	  65	  years,	  LOAD)	  or	  an	  early	  

(>	  65	  years,	  EOAD)	  disease	  onset	  (http://www.alzforum.org/early-‐onset-‐familial-‐ad).	  

Alois	   Alzheimer	   has	   described	   the	   first	   and	  most	   famous	   case	   of	   EOAD	   in	   1907	   (Alzheimer,	  

1907).	  He	  followed	  the	  case	  of	  Auguste	  Deter,	  a	  51-‐year-‐old	  woman	  who	  had	  been	  admitted	  to	  

the	  mental	   institution.	  He	   thoroughly	  described	  her	  clinical	   symptoms,	   including	  progressive	  

cognitive	  decline	  and	  disorientation.	  Dementia	  at	  that	  time	  was	  generally	  considered	  as	  part	  of	  

normal	  aging	  and	  was	  designated	  as	  “senile	  dementia”.	  The	  fact	  that	  Auguste	  Deters	  dementia	  

appeared	  before	  she	  was	  50	  years	  old	  set	  her	  case	  apart.	  Alzheimer	  examined	  her	  brain	  after	  

her	   death	   in	   1906	   and	   described	   the	   characteristic	   features	   of	   the	   disease:	   changes	   in	  

neurofibrils	   (today	   referred	   to	   neurofibrillary	   tangles)	   and	   deposition	   of	   an	   unknown	  

substance	  all	  over	  the	  cortex	  (today	  known	  as	  deposits	  of	  the	  amyloid-‐β	  peptide).	  

In	  order	  to	  distinguish	  this	  mid-‐life	  dementia	  from	  dementia	  occurring	  with	  ageing	  Alzheimer’s	  

mentor,	  Kraepelin	  introduced	  the	  eponym	  Alzheimer’s	  disease	  in	  1910	  (Kraepelin,	  1910).	  This	  

distinction	  was	  abandoned	   in	   the	  1975	  when	  Robert	  Katzman	  declared	   that	   senile	  dementia	  

and	  Alzheimer’s	  disease	  (AD)	  were	  one	  and	  the	  same	  entity	  and	  therefore	  seen	  as	  one	  single	  
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disease	  (Katzman	  and	  Karasu,	  1975;	  Katzman,	  1976).	  Initially,	  AD	  did	  not	  receive	  widespread	  

public	   interest.	   The	  major	   landmark	   for	   public	   awareness	   of	   AD	  was	   achieved	   1976	   by	   the	  

redefinition	  of	  AD	  from	  a	  rare	  disease,	  effecting	  only	  a	  small	  number	  of	  people,	  into	  a	  disease	  

affecting	  numerous	  aged	  individuals	  becoming	  a	  major	  public	  health	  issue	  in	  the	  aging	  society	  

(Katzman,	  1976).	  This	  had	  an	  enormous	  impact	  on	  public	  opinion	  and	  awareness	  of	  AD.	  Today,	  

the	   number	   of	   people	   living	  with	   dementia	  worldwide	   is	   estimated	   at	   46.8	  million	   and	  will	  

increase	   to	   an	   estimated	   74.7	  million	   in	   2030	   (http://www.worldalzreport2015.org).	   Age	   is	  

the	  main	   known	   risk	   factor	   for	   AD,	  with	   the	   incidence	   of	   dementia	   increasing	   exponentially	  

with	  age.	  Due	  to	  advanced	  medical	  care,	  the	  global	  prevalence	  of	  AD	  will	  continuously	  escalate	  

especially	  in	  industrialized	  nations.	  Therefore,	  AD	  not	  only	  counts	  as	  the	  most	  common	  form	  of	  

dementia,	  it	  is	  also	  one	  of	  the	  most	  burdensome	  health	  conditions	  worldwide.	  

In	  summary,	  it	  is	  of	  outstanding	  interest	  and	  absolute	  necessity	  to	  our	  society	  to	  interfere	  with	  

this	  devastating	  disease	  and	  the	  rapid	   increase	  of	  AD	  cases	  worldwide.	  Therefore,	  enhancing	  

AD	   research	   is	   of	   particular	   importance	   in	   order	   to	   better	   understand	   the	   origin	   and	   the	  

pathology	   of	   the	   disease	   and	   certainly	   to	   finally	   find	   an	   effective	   therapeutic	   strategy	   that	  

delays	  or	  even	  prevents	  onset	  and	  progression	  of	  AD.	  	  

2.1.2	  The	  neuropathological	  hallmark	  lesions	  of	  Alzheimer’s	  disease	  	  

Alois	   Alzheimer’s	   description	   of	   neurofibrillary	   tangles	   (NFTs)	   and	   extracellular	   amyloid	  

plaques	   as	   one	   of	   the	   characteristic	   pathological	   hallmark	   lesions	   of	   AD	   has	   been	   unvalued	  

until	   the	   technological	   breakthroughs	   in	   the	   1960s.	   Using	   the	   electron	  microscope,	   Michael	  

Kidd	  and	  Robert	  Terry	  were	  able	  to	  observe	  the	  paired	  helical	  filament	  (PHF)	  structure	  of	  AD-‐

NFTs	  and	  the	  amyloid	  nature	  of	  the	  nucleus	  of	  neuritic	  plaques	  (Kidd,	  1963;	  Terry	  et	  al.,	  1963;	  

Wisniewski	  et	  al.,	  1976).	  Decades	  after	  these	  important	  findings,	  the	  major	  component	  of	  the	  

deposits,	  a	  39-‐43	  amino	  acid	  peptide	  referred	  to	  β-‐amyloid	  (now	  known	  as	  amyloid-‐β	  peptide,	  

Aβ),	  was	  purified	  from	  cerebral	  blood	  vessels	  (Glenner	  and	  Wong,	  1984b)	  and	  cerebral	  plaques	  

(Masters	  et	  al.,	  1985b),	  both	  from	  AD	  cases	  and	  from	  a	  brain	  of	  a	  trisomy	  21	  patient	  (Glenner	  

and	  Wong,	  1984a,	  b;	  Masters	  et	  al.,	  1985a).	  	  

Almost	   simultaneous	   to	   the	   breakthroughs	   achieved	   with	   Aβ,	   the	   microtubule	   associated	  

protein	  tau	  (MAPT),	  a	  protein	  initially	  discovered	  by	  the	  group	  of	  Marc	  Kirschner	  (Weingarten	  

et	  al.,	  1975;	  Cleveland	  et	  al.,	  1977),	  was	   finally	   identified	  as	   the	  main	  constituent	  of	   the	  PHF	  

that	  form	  the	  NFT	  in	  AD	  (Grundke-‐Iqbal	  et	  al.,	  1986a;	  Kosik	  et	  al.,	  1986;	  Goedert	  et	  al.,	  1988).	  In	  

the	  same	  year,	  it	  was	  shown	  that	  the	  tau	  protein	  contains	  abnormal	  hyperphosphorylation	  in	  
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AD	   (Grundke-‐Iqbal	   et	   al.,	   1986b;	   Iqbal	   et	   al.,	   1986),	   depressing	   its	   binding	   to	   microtubules	  

(Alonso	   et	   al.,	   1994).	   Altogether,	   each	   of	   the	   above-‐mentioned	   hallmark	   lesions	   has	   a	  

characteristic	   distribution	   enabling	   the	   postmortem	   classification	   in	   different	   stages	   of	   AD	  

progression	   (Braak	   and	   Braak,	   1991;	   NIA–RI	   Consensus,	   1997).	   The	   relationship	   between	  

these	  two	  major	  pathological	  hallmark	  lesions	  of	  AD	  is	  complex.	  It	  seems	  that	  Aβ	  is	  not	  the	  only	  

culprit,	  but	  rather	  appears	   to	  be	   the	   initiator	  of	  a	  diversity	  of	  pathological	  changes	   involving	  

tau	  and	  resulting	  in	  a	  cascade	  of	  events	  proposed	  in	  the	  amyloid	  cascade	  hypothesis	  (further	  

discussed	   in	  subsection	  2.1.4.).	  Besides	  the	  already	  mentioned	  extracellular	  deposits	  of	  Aβ	   in	  

amyloid	   plaques	   and	   the	   intracellular	   accumulation	   of	   hyperphosphorylated	   tau	   in	   NFTs,	  

neuropil	   threads	   (Braak	   et	   al.,	   1986),	   cerebral	   amyloid	   angiopathy	   (Etiene	   et	   al.,	   1998;	  

Jellinger,	   2002),	   reactive	   microglia	   and	   astrocytes	   (Beach	   et	   al.,	   1989;	   Itagaki	   et	   al.,	   1989;	  

Prokop	   et	   al.,	   2013)	   and	   neuronal	   and	   synaptic	   loss	   (DeKosky	   and	   Scheff,	   1990;	   Jobst	   et	   al.,	  

1994;	  West	  et	  al.,	  1994)	  also	  display	  characteristic	  features	  of	  AD.	  The	  controversial	  role	  of	  the	  

immune	   system	   in	   AD	   with	   the	   main	   focus	   on	   microglia	   cells	   will	   be	   further	   discussed	   in	  

subsection	  2.1.5.	  

2.1.3	  Amyloid-‐β	  peptide	  –	  the	  root	  cause	  of	  Alzheimer’s	  disease	  	  

In	  1984	  Glenner	  and	  Wong	  succeeded	  in	  isolating	  Aβ	  from	  cerebral	  blood	  vessels	  of	  AD	  cases	  

and	  later	  from	  the	  brains	  of	  Trisomy	  21	  patients	  (Glenner	  and	  Wong,	  1984a,	  b).	  The	  ultimate	  

linkage	   between	   AD	   and	   Trisomy	   21	   was	   obtained	   by	   cloning	   the	   gene	   encoding	   the	   Aβ	  

sequence	  and	  localizing	  it	  to	  chromosome	  21	  (Goldgaber	  et	  al.,	  1987;	  Kang	  et	  al.,	  1987;	  Robakis	  

et	   al.,	   1987).	   The	  discovery	   and	  mapping	   to	   chromosome	  21	   also	   demonstrated	   that	   the	   4.2	  

kDa	  Aβ	  peptide	   is	   encoded	   as	   part	   of	   the	   large	   β-‐amyloid	   precursor	   protein	   (APP),	   a	   type	  1	  

integral	   membrane	   protein,	   from	   which	   shorter	   isoforms	   can	   be	   generated	   by	   alternative	  

splicing	   (Kang	   et	   al.,	   1987;	  Kitaguchi	   et	   al.,	   1988;	   Ponte	   et	   al.,	   1988;	  Tanzi	   et	   al.,	   1988).	   The	  

three	  major	   splice	   isoforms	   generated	   are:	  APP695	   (predominantly	   expressed	   in	   the	   central	  

nervous	   system,	   CNS),	   APP751	   and	   APP770	   (both	   ubiquitously	   expressed	   in	   non-‐neuronal	  

tissue)	  (Kitaguchi	  et	  al.,	  1988;	  Ponte	  et	  al.,	  1988;	  Tanaka	  et	  al.,	  1988).	  A	  role	  for	  APP	  has	  been	  

suggested	   in	   regulating	   the	   synapse	   function,	   synaptic	   transmission,	   plasticity	   and	   memory	  

formation,	   but	   the	   precise	   physiological	   function	   of	   APP	   is	   still	   under	   debate	   (Dawkins	   and	  

Small,	  2014).	  	  

Sequential	   proteolytic	   cleavage	   of	   APP	   can	   follow	   two	   pathways:	   the	   non-‐amyloidogenic	  

pathway	  or	  the	  amyloidogenic	  pathway.	  In	  the	  non-‐amyloidogenic	  APP	  processing	  pathway	  the	  
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cleavage	  of	  APP	  by	  the	  α-‐secretase	  (ADAM)	  results	  in	  a	  long,	  secreted	  form	  of	  APP	  (APPsα)	  and	  

a	   remaining	   membrane-‐bound	   carboxyterminal	   (C-‐terminal)	   fragment	   (CTFα/C83).	   The	  

subsequent	   cleavage	   of	   CTFα	   by	   the	   γ-‐secretase	   complex	   results	   in	   the	   release	   of	   the	   C-‐

terminal	   fragments,	   AICD	   and	   p3.	   The	   alternative	   amyloidogenic	   APP	   processing	   pathway	   is	  

initiated	   by	   the	   cleavage	   of	   APP	   by	   the	   β-‐secretase	   (BACE1)	   resulting	   in	   the	   generation	   of	  

secreted	  APPβ	  (APPsβ).	  The	  cleavage	  of	  the	  remaining	  membrane-‐bound	  part	  (CTFβ/C99)	  by	  

the	  γ-‐secretase	  complex	  results	  in	  the	  liberation	  of	  AICD	  and	  Aβ.	  Compelling	  evidence	  indicates	  

that	  cleavage	  of	  Aβ	  by	  the	  γ-‐secretase	  complex	   is	   taking	  place	  sequentially,	   initially	  releasing	  

Aβ	   peptides	  with	   different	   carboxyl	   endings,	   either	   Aβ1-‐49	   or	   Aβ1-‐48,	   depending	   on	   the	   exact	  

cleavage	   site	   of	   the	   γ-‐secretase	   (Takami	   et	   al.,	   2009).	   These	   two	   major	   precursors	   are	  

subsequently	   processed	   along	   two	   different	   production	   lines	   (either	   Aβ1-‐49àAβ1-‐46àAβ1-‐43	  

àAβ1-‐40	   or	   Aβ1-‐48àAβ1-‐45àAβ1-‐42àAβ1-‐38)	   releasing	   distinct	   intermediate	   Aβ	   isoforms.	   Aβ1-‐40	  

and	   Aβ1-‐42	   are	   the	   most	   abundant	   isoforms	   of	   Aβ	   with	   Aβ1-‐42	   being	   much	   more	   prone	   to	  

aggregate	   into	   amyloid	   fibrils	   than	   Aβ1-‐40	   (Yan	   and	   Wang,	   2006).	   Aβ	   fibrils	   may	   further	  

aggregate	  and	  deposit	  as	  Aβ	  plaques.	  A	  detailed	  description	  of	  the	  APP	  processing	  is	  illustrated	  

in	  Fig.	  1.	  

	  

	  

	  
Fig.	  1	  Processing	  of	  the	  β-‐amyloid	  precursor	  protein	  (APP).	  (a)	  In	  the	  non-‐amyloidogenic	  pathway	  initial	  cleavage	  
of	  APP	  by	  the	  α-‐secretase	  (ADAM)	  results	  in	  the	  generation	  of	  a	  long	  secreted	  form	  of	  APP	  (APPsα).	  The	  remaining	  
C-‐terminal	  part	  (CTFα/C83)	  is	  further	  processed	  by	  the	  γ-‐secretase	  generating	  the	  products	  p3	  and	  AICD.	  (b)	  The	  
amyloidogenic	  APP	  processing	  pathway	   is	   initiated	  by	   cleaving	  APP	  by	   the	  β-‐secretase	   (BACE1)	   generating	   the	  
long	  secreted	  form	  of	  APP	  (APPsβ)	  and	  the	  remaining	  membrane	  bound	  CTFβ/C99.	  Subsequent	  cleavage	  by	  the	  γ-‐
secretase	  results	  in	  Aβ	  and	  AICD.	  Extracellularly	  secreted	  Aβ	  peptides	  tend	  to	  oligomerize	  and	  fibrillize,	  ultimately	  
leading	  to	  the	  production	  of	  large	  aggregates	  or	  Aβ	  plaques	  (adapted	  from	  Thinakaran	  and	  Koo,	  2008).	  
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2.1.4	  The	  amyloid	  cascade	  hypothesis	  –	  Aβ	  accumulation	  as	  the	  primary	  driver	  	  

The	   announcement	   of	   the	   exact	   amino	   acid	   sequence	   of	   Aβ	   by	   Glenner	   and	  Wong	   in	   1984	  

(Glenner	   and	  Wong,	   1984a)	   opened	   the	   scientific	   floodgates:	   in	   the	   following	   years	   Aβ	  was	  

isolated	   from	   senile	   plaques	   (Masters	   et	   al.,	   1985b)	   and	   the	   APP	   gene	   was	   mapped	   to	  

chromosome	  21	   (Goldgaber	  et	   al.,	   1987;	  Kang	  et	   al.,	   1987;	  Robakis	  et	   al.,	   1987).	  This	   can	  be	  

considered	  the	  cornerstone	  of	  the	  amyloid	  cascade	  hypothesis:	  the	  deposition	  of	  Aβ	  in	  amyloid	  

plaques	  is	  assumed	  to	  be	  the	  result	  of	  an	  imbalance	  between	  Aβ	  generation	  and	  clearance.	  This	  

initial	   step	   is	   followed	   by	   neuroinflammation,	   tau	   tangle	   formation	   and	   hence	   leading	   to	  

neuron	  loss	  and	  finally	  to	  the	  manifestation	  of	  the	  disease	  (Hardy	  and	  Allsop,	  1991;	  Hardy	  and	  

Higgins,	  1992).	  Therefore,	  according	  to	  the	  amyloid	  cascade	  hypothesis,	  a	  sequence	  of	  events	  

initiated	  by	  the	  deposition	  of	  Aβ	  in	  the	  brain	  leads	  ultimately	  to	  AD	  (Hardy	  and	  Selkoe,	  2002).	  

Genetic	   linkage	   of	   AD	   to	   chromosome	   21	  was	   reported	   for	   four	   large	   EO-‐FAD	   pedigrees	   (St	  

George-‐Hyslop	  et	  al.,	  1987).	  The	  first	  pathogenic	  mutation	  in	  APP	  (Levy	  et	  al.,	  1990)	  linked	  to	  

chromosome	  21	  was	  revealed	  in	  a	  Dutch	  family,	  causing	  hereditary	  cerebral	  hemorrhage	  with	  

amyloidosis	   (human	   hereditary	   cerebral	   hemorrhage	   with	   amyloidosis	   of	   the	   Dutch	   type:	  

HCHWA-‐D;	   Dutch	   E693Q)	   (Van	   Broeckhoven	   et	   al.,	   1990).	   Additional	   mutations	   were	  

subsequently	   found	   in	   APP:	   Goate	   and	   colleagues	   described	   an	   EO-‐FAD	   mutation	   in	   APP	  

(London	  mutation	  APP	  V717I)	   (Goate	   et	   al.,	   1991).	   The	   identical	  mutation	  was	   found	   in	   the	  

same	   year	   in	   several	   families	   affected	   by	   FAD	   (Hardy,	   1991).	   Additional	   mutations	   were	  

discovered	  by	  other	  research	  groups	  including	  the	  Swedish	  M670/671NL	  (Mullan	  et	  al.,	  1992),	  

Indiana	   V717F	   (Murrell	   et	   al.,	   1991)	   and	  Arctic	   E693G	   (Kamino	   et	   al.,	   1992)	  mutations	   (for	  

more	   details	   on	  mutations,	   please	   see	   http://www.alzforum.org/mutations).	   Encouraged	   by	  

these	  findings,	  soon	  two	  other	  genes	  –	  presenilin	  1	  (PSEN1)	  and	  presenilin	  2	  (PSEN2)	  –	  were	  

reported	   as	   novel	   EO-‐FAD	   genes	   on	   chromosome	   14	   and	   chromosome	   1,	   respectively	  

(Schellenberg	  et	  al.,	  1992;	  St	  George-‐Hyslop	  et	  al.,	  1992).	  Mutations	  in	  any	  of	  these	  three	  genes	  

(APP,	  PSEN1	  and	  PSEN2)	  are	  fully	  penetrant	  and	  result	  in	  FAD.	  Intriguingly,	  researchers	  found	  

that	  the	  increased	  genetic	  expression	  of	  APP	  alone,	  without	  the	  involvement	  of	  any	  mutations,	  

is	  already	  sufficient	  to	  lead	  to	  AD	  (Cabrejo	  et	  al.,	  2006;	  Rovelet-‐Lecrux	  et	  al.,	  2006;	  Sleegers	  et	  

al.,	   2006).	   APP	   locus	   duplication	   as	   well	   as	  mutations	   in	   any	   of	   these	   three	   genes	   result	   in	  

EOAD	  due	  to	  the	  increased	  production	  of	  the	  highly	  amyloidogenic	  Aβ1-‐42	  species.	  

The	  discovery	  of	  mutations	  in	  APP	  offered	  a	  treasure	  trove	  of	  strategies	  for	  the	  generation	  of	  tg	  

mouse	  models	   of	   cerebral	   β-‐amyloidosis	   and	   amyloid	   pathology	   in	   the	   1990s	   (Games	   et	   al.,	  

1995;	   Hsiao	   et	   al.,	   1996;	   Sturchler-‐Pierrat	   et	   al.,	   1997).	   However,	   the	   presence	   of	   negative	  
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linkage	   results	   obtained	   from	   EO-‐FAD	   families	   showed	   that	   mutations	   in	   APP	   were	   only	  

present	  in	  a	  small	  number	  of	  families.	  The	  majority	  (99%)	  of	  people	  suffering	  from	  AD	  do	  not	  

have	   a	   family	   history	   of	   AD	   and	   have	   an	   average	   disease	   onset	   of	   65	   years	   (late	   onset	  

Alzheimer’s	  disease,	  LOAD).	  Genetic	  variants,	  in	  combination	  with	  lifestyle	  and	  environmental	  

exposure	  factors	  are	  considered	  to	  increase	  the	  susceptibility	  for	  LOAD	  (Reitz	  et	  al.,	  2011).	  A	  

well-‐established	   genetic	   risk	   factor	   for	   LOAD	   is	   the	   ε4-‐allele	   of	   the	   apolipoprotein	   E	   gene	  

(APOE)	  (Schmechel	  et	  al.,	  1993;	  Strittmatter	  et	  al.,	  1993):	  already	  one	  copy	  of	  the	  ε4-‐allele	  of	  

the	  APOE	  (APOE4)	   increases	  AD	  risk	  by	  4-‐fold	  and	  2	  copies	  by	  12-‐fold	   (Corder	  et	  al.,	  1993).	  

ApoE	   is	   a	   lipoprotein	   highly	   expressed	   in	   the	   liver	   and	   in	   the	   brain	  where	   it	   is	   in	   the	   latter	  

secreted	  mainly	   by	   astrocytes	   and	  microglial	   cells	   (Xu	   et	   al.,	   2000;	   Xu	   et	   al.,	   2006).	   ApoE	   is	  

essential	   for	   efficient	   intracellular	   clearance	   of	   soluble	   Aβ	   by	   microglia	   and	   promotes	   Aβ	  

degradation	   in	   an	   isoform-‐dependent	  manner.	   The	   increased	   risk	   of	   AD	   by	   APOE4	   is	   hence	  

mediated	  by	  impaired	  and	  consequently	  less	  efficient	  removal	  of	  Aβ	  peptides	  from	  the	  brain	  by	  

the	  ApoE4	  isoform	  (Jiang	  et	  al.,	  2008).	  

The	   search	   for	   additional	   genetic	   risk	   factors	   was	   further	   enabled	   by	   the	   technological	  

breakthrough	   in	   the	   development	   of	   genome-‐wide	   association	   studies	   (GWAS)	  

(http://www.alzgene.org/largescale.asp).	  GWAS	  led	  to	  the	  identification	  of	  several	  genetic	  risk	  

loci	  for	  LOAD	  with	  the	  involvement	  in	  lipid	  processing	  (APOE,	  ABCA7),	  endocytosis	  (PICALM,	  

BIN1)	  and	  immunity	  (CR1,	  CD33)	  suggesting	  a	  pathogenic	  role	  for	  inflammatory	  processes	  in	  

AD	  (Karch	  et	  al.,	  2014).	  Taken	   together,	   these	  new	   insights	  achieved	  by	  GWAS	  underline	   the	  

importance	   of	   inflammation	   to	   AD	   pathogenesis	   and	   additionally	   justify	   attributing	   a	   more	  

significant	  role	  of	  the	  immune	  system	  in	  AD	  progression	  (Gandy	  and	  Heppner,	  2013;	  Prokop	  et	  

al.,	  2013).	  The	  following	  section	  is	  devoted	  to	  the	  current	  view	  of	  brain-‐specific	  immune	  cells	  

and	  their	  function	  in	  AD.	  

2.1.5	  Inflammation	  in	  Alzheimer’s	  disease	  	  

AD	  pathology	  is	  characterized	  by	  an	  inflammatory	  response	  mediated	  by	  the	  immune	  cells	  of	  

the	  brain,	  primarily	  by	  CNS-‐resident	  cells	   like	  microglia,	  astrocytes	  and	  perivascular	  myeloid	  

cells	   (Prinz	   et	   al.,	   2011).	   In	   brain	   tissue	   from	   AD	   patients	   or	   from	   mouse	   models	   of	   AD,	  

activated	  microglia	  closely	  accumulate	  around	  Aβ	  plaques	  interacting	  through	  their	  processes	  

with	  Aβ	  fibrils	  (Itagaki	  et	  al.,	  1989;	  Stalder	  et	  al.,	  1999).	  The	  tight	  clustering	  of	  microglial	  cells	  

around	  Aβ	  plaques	  indicated	  early	  on	  that	  the	  immune	  system	  might	  have	  an	  important	  role	  in	  

AD	  pathogenesis	  (Perlmutter	  et	  al.,	  1990;	  Aisen,	  1997).	  
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Microglia	  fulfill	  a	  panoply	  of	  tasks	  such	  as	  scanning	  the	  brain	  for	  pathogens,	  removing	  cellular	  

debris	  and	  supporting	  CNS	  homeostasis	  and	  plasticity	  by	  continuously	  shaping	  and	  remodeling	  

synapses	  (reviewed	  in:	  Prinz	  and	  Priller,	  2014).	  However,	  the	  role	  of	  microglia	  as	  helpful	  actors	  

in	  AD	  seems	  to	  be	  only	  one	  side	  of	  the	  coin.	  New	  preclinical	  and	  genetic	  data	  strongly	  suggests	  

that	  the	  activation	  of	  the	  immune	  system	  not	  only	  accompanies	  AD	  pathology,	  but	  also	  drives	  

AD	  pathogenesis	  (Prokop	  et	  al.,	  2013;	  Zhang	  et	  al.,	  2013a).	  Microglia	  can	  take	  up	  soluble	  Aβ	  via	  

macropinocytosis	   (Mandrekar	   et	   al.,	   2009),	   whereas	   fibrillar	   forms	   of	   Aβ	   are	   phagocytosed	  

after	   initiating	   a	   highly	   complex	   intracellular	   signaling	   cascade	   via	   complement	   receptor-‐

mediated	  binding	  (Akiyama	  et	  al.,	  2000).	  Furthermore,	  Aβ	  activates	  microglia	  by	  binding	  to	  the	  

receptor	  for	  advanced	  glycation	  end	  products	  (RAGE,	  Yan	  et	  al.,	  1996)	  and	  to	  other	  scavenger	  

receptors	   (Paresce	   et	   al.,	   1996;	   Bamberger	   et	   al.,	   2003),	   ultimately	   leading	   to	   a	  

proinflammatory	   response	   (El	   Khoury	   et	   al.,	   2003;	   Stewart	   et	   al.,	   2010)	   accompanied	   by	   a	  

phenotypic	   change	   of	   microglia	   (Kreutzberg,	   1996).	   Paradoxically,	   the	   release	   of	   pro-‐

inflammatory	  cytokines	  and	  chemokines	  seems	  to	  impair	  microglial	  mediated	  clearance	  of	  Aβ	  

long-‐term	   and	  may	   ultimately	   lead	   to	   the	   loss	   of	   protective	   functions	   (Akiyama	   et	   al.,	   2000;	  

Heneka	   and	   O'Banion,	   2007;	   Hickman	   et	   al.,	   2008).	   Early	   activation	   of	  microglia	   in	   AD	  may	  

restrict	  Aβ	  plaque	  formation,	  but	  chronic	  microglial	  activation	  may	  contribute	  to	  a	  more	  severe	  

disease	  progression	  (Holmes	  et	  al.,	  2009).	  

The	   role	   of	   the	   immune	   system	   in	   AD	   therefore	   is	   puzzling,	   but	   inflammation	   has	   recently	  

become	   a	   pivotal	   topic	   since	   GWAS	   have	   revealed	   variants	   of	   immune-‐related	   genes	   as	   risk	  

factors	  for	  LOAD	  (Lambert	  et	  al.,	  2013;	  Neumann	  and	  Daly,	  2013).	  Among	  them,	  variants	  of	  the	  

triggering	  receptor	  expressed	  on	  myeloid	  cells	  2	  (TREM2)	  have	  been	  found	  to	  triple	  the	  risk	  of	  

developing	   AD	   (Guerreiro	   et	   al.,	   2013;	   Jonsson	   et	   al.,	   2013)	   and	   therefore	   provide	   strong	  

evidence	   that	   inflammation	   is	   integral	   to	   the	  AD	  disease	  process.	  TREM2	   is	  expressed	   in	   the	  

brain	   by	   myeloid	   cells	   and	   is	   an	   important	   modulator	   of	   immune	   cell	   function.	   Recent	  

publications	   underscore	   the	   role	   of	   TREM2	   in	   AD	   by	   showing	   that	   TREM2	   detects	   damage-‐

associated	  lipid	  patterns,	  sustaining	  the	  microglial	  response	  to	  Aβ	  accumulation,	  while	  TREM2	  

deficiency	   reduces	   phagocytic	   activities	   of	   microglia	   mainly	   by	   promoting	   the	   survival	   of	  

activated	  microglia	  (Kawabori	  et	  al.,	  2015;	  Wang	  et	  al.,	  2015).	  

In	  summary,	  recent	  work	  has	  accentuated	  the	  capacity	  of	  the	  brain’s	  immune	  cells	  to	  influence	  

AD	  pathophysiology.	   It	  has	  been	  suggested	   that	   immune	  cells	  act	   in	  a	  beneficial	  way	  at	  early	  

disease	  stages	  while	  influencing	  AD	  pathophysiology	  in	  a	  more	  detrimental	  way	  at	  late	  stages.	  

This	   suggests	   that	   the	   change	  of	   underlying	   immune	  events	  during	  disease	   course	  has	   to	  be	  
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carefully	   taken	   into	   account	   when	   developing	   new	   drugs	   to	   therapeutically	   target	  

inflammatory	  pathways.	  

2.1.6	  Alterations	  in	  neuronal	  structure	  and	  function	  in	  Alzheimer’s	  disease	  	  

Anatomical	   changes	   in	   the	  AD	  brain	  are	   characterized	  by	  massive	  neuronal	   cell	   and	  synapse	  

loss.	   These	   changes	   correlate	   much	   better	   with	   the	   clinical	   manifestation	   of	   AD	   than	   the	  

extracellular	  deposition	  of	  aggregated	  Aβ	   in	  plaques	   (DeKosky	  and	  Scheff,	  1990;	  Terry	  et	  al.,	  

1991;	   Sze	   et	   al.,	   1997).	   It	   has	   been	   suggested	   that	   changes	   in	   the	   expression	   of	   synaptic	  

proteins	   might	   manifest	   already	   early	   in	   synaptic	   damage	   and	   are	   therefore	   identifiable	   in	  

patients	   with	   mild	   cognitive	   impairment	   (MCI)	   or	   early	   stages	   of	   AD	   (Masliah	   et	   al.,	   2001;	  

Scheff	   et	   al.,	   2007).	   Recent	   studies	   suggest	   that	   soluble	   intracellular	   Aβ	   –	   in	   particularly	  

oligomeric	  forms	  –	  interfere	  with	  synaptic	  function	  leading	  to	  cognitive	  decline	  and	  dementia	  

(Takahashi	  et	  al.,	  2002;	  Shankar	  and	  Walsh,	  2009;	  Gouras	  et	  al.,	  2010).	  Nevertheless,	  the	  order	  

of	  events	  leading	  to	  alterations	  in	  neuronal	  structures	  is	  under	  controversial	  debate:	  One	  study	  

published	   by	   Meyer-‐Luehmann	   and	   colleagues	   provided	   new	   possible	   insights	   into	   the	  

temporal	   sequence	  of	   these	   events,	   showing	   that	   amyloid	  plaque	   formation	   led	   to	   activation	  

and	   recruitment	   of	   microglia	   followed	   by	   the	   appearance	   of	   dystrophic	   neurites	   (Meyer-‐

Luehmann	  et	  al.,	  2008).	  However,	  the	  final	  proof	  that	  only	  extracellular	  Aβ	  plays	  a	  role	  in	  the	  

formation	   of	   Aβ	   plaques	   and	   neuritic	   dystrophy	   is	   still	   missing.	   Another	   study	   is	   rather	   in	  

support	   of	   the	   theory	   that	   intraneuronal	   Aβ	   is	   causing	   neuritic	   dystrophy,	   suggesting	   that	  

ruptured	   neurons	   form	   the	   core	   of	   neuritic	   plaques	   by	   releasing	   intranuclear	   Aβ,	   ultimately	  

leading	  to	  Aβ	  plaques	  (Pensalfini	  et	  al.,	  2014).	  	  

2.1.7	  Proteinopathies	  –	  neurodegenerative	  diseases	  with	  abnormal	  protein	  deposition	  	  

Structurally	  misfolded	  proteins	  are	  grouped	  under	  the	  term	  proteinopathy	  and	  mostly	  display	  

the	  physiological	  and	  chemical	  properties	  of	  amyloid.	  Despite	  different	  amino	  acid	  sequences,	  

amyloid	   fibrils	   share	   certain	   features,	   such	   as	   a	   β-‐pleated-‐sheet	   secondary	   structure	   and	   a	  

characteristic	   cross-‐β	   diffraction	   pattern	   when	   isolated	   from	   tissue	   and	   analyzed	   by	   X-‐ray	  

diffraction	   (Eanes	   and	   Glenner,	   1968).	   Furthermore,	   the	   amyloid	   fibrils	   bind	   Congo	   red	   and	  

show	  green	  birefringence	  under	  polarized	  light	  (Divry	  and	  Florkin,	  1927;	  Buxbaum	  and	  Linke,	  

2012;	  Sipe	  et	  al.,	  2014).	  Non-‐branching	  fibrils	  usually	  have	  a	  diameter	  of	  approximately	  10	  nm	  

(Cohen	  and	  Calkins,	  1959).	  To	  date,	  more	  than	  31	  extracellular	  fibril	  proteins	  and	  their	  clinical	  

manifestation	   in	   amyloidosis	   are	   described	   in	   humans	   and	   classified	   by	   the	   International	  

Society	   of	   Amyloidosis	   (Sipe	   et	   al.,	   2014).	   Furthermore,	   due	   to	   the	   existence	   of	   intracellular	  
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protein	   inclusions	   that	   fulfill	   the	   criteria	   of	   amyloid	   protein	   fibrils,	   the	   initial	   definition	   of	   a	  

mainly	   extracellular	   depositing	   amyloid	   fibril	   has	   been	   expanded	   and	   now	   also	   includes	  

‘intracellular’	   amyloid	   (Westermark	  et	   al.,	   2007;	   Sipe	   et	   al.,	   2014).	   Intracellular	   inclusions	  of	  

the	  tau	  protein	  for	  example	  fulfill	  the	  criteria	  of	  an	  'intracellular	  amyloid',	  whereby	  inclusions	  

of	   the	  protein	  α-‐synuclein	  only	  display	  some	  of	   the	  amyloid	   features.	  Protein	  misfolding	  and	  

the	   presence	   of	   abnormally	   enriched	   β-‐sheets	   is	   a	   common	   feature	   of	   amyloids,	   including	  

prions.	   In	   the	   following	   subsection	   the	   self-‐propagation	   of	   disease-‐causing	   misfolded	  

structures	  by	  templated	  misfolding	  will	  be	  discussed.	  

2.1.8	  Misfolded	  propagation	  –	  the	  common	  denominator	  in	  proteinopathies	  

In	   1966	   Gajdusek	   and	   colleagues	   (Gajdusek	   et	   al.,	   1966)	   showed	   for	   the	   first	   time	   the	  

transmissibility	  of	  a	  human	  disease	  called	  Kuru	  that	  shared	  remarkable	  similarities	  to	  scrapie,	  

a	   disease	   of	   sheep	   and	   goats.	   Stanley	   Prusiner	   and	   colleagues	   identified	   in	   1982	   (Prusiner,	  

1982)	   the	   pathogenic	   particle	   responsible	   for	   this	   disease	   and	   assigned	   the	   term	   prion	  

(proteinaceous	   infectious	   particle).	   Prion	   diseases,	   also	   termed	   transmissible	   spongiform	  

encephalopathy	   (TSE),	   include	   bovine	   spongiform	   encephalopathy	   (BSE)	   in	   cows,	   scrapie	   in	  

sheep	   and	   Creutzfeldt-‐Jakob	   disease	   (CJD)	   in	   humans.	   The	   common	   feature	   of	   TSE	   is	   the	  

conversion	  of	  the	  cellular	  natively	  folded	  prion	  protein	  (cellular	  prion	  protein,	  PrPC)	  into	  a	  β-‐

sheet-‐rich	   pathological	   isoform	   termed	   PrPSc	   ("scrapie"	   form	   of	   the	   prion	   protein,	   Prusiner,	  

1998).	   The	   latter	   interact	   with	   physiological	   PrPC	  converting	   it	   into	   toxic	   PrPSc	   and	   thereby	  

accelerating	  the	   formation	  of	  aggregates	  and	   fibrils.	  The	  precise	  molecular	  mechanism	  of	   the	  

conversion	   of	   PrPC	  into	  PrPSc	  remains	   elusive.	  However,	   the	   current	   prion	  paradigm	   suggests	  

that	  infectious	  oligomeric	  PrPSc	  acts	  as	  a	  seed	  that	  interacts	  with	  PrPC	  and	  converts	  it	  into	  PrPSc	  

(Pan	  et	  al.,	  1993;	  Prusiner,	  1998).	  The	  converted	  PrPSc	  is	  incorporated	  into	  a	  growing	  polymer,	  

which	   at	   some	   point	   breaks	   into	   smaller	   pieces	   and	   initiates	   a	   crystallization-‐like	   process	  

known	  as	  ‘seeded-‐nucleation’	  (Come	  et	  al.,	  1993;	  Jarrett	  and	  Lansbury,	  1993).	  The	  rate-‐limiting	  

step	  is	  the	  formation	  of	  the	  initial	  stable	  oligomeric	  nucleus	  that	  is	  also	  called	  ‘seed’.	  Omitting	  

the	  process	  of	  nucleus	  forming	  by	  the	  addition	  of	  preformed	  PrPSc	  seeds	  therefore	  accelerates	  

protein	   aggregation	   (Jarrett	   and	   Lansbury,	   1993).	   Although	   the	   mechanism	   of	   protein	  

propagation	   and	   seeded	   aggregation	   of	   proteins	  was	   first	   revealed	   in	   prion	   disease,	   it	   soon	  

emerged	   to	   apply	   to	   other	   non-‐prion	   neurodegenerative	   disease	   proteins	   (Prusiner,	   2012;	  

Jucker	   and	  Walker,	   2013).	   A	   schematic	   illustration	   of	   the	   processes	   involved	   in	   the	   seeded-‐

nucleation	   is	  depicted	   in	  Fig.	  2.	  Multiple	   lines	  of	  evidence	   indicate	  common	  characteristics	  of	  
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PrPSc	  and	  Aβ	  seeds	  (Goedert,	  2015;	  Walker	  and	  Jucker,	  2015).	  In	  the	  following	  section	  we	  have	  

further	  investigated	  the	  prion-‐like	  properties	  of	  amyloid-‐β	  seeds.	  

	  

	  

Fig.	   2	   Nucleation-‐dependent	   amyloid	   aggregation.	   In	   the	   slow	   nucleation	   phase	   monomers	   misfold	   and	   self-‐
associate	  to	  form	  an	  oligomeric	  nucleus	  (seed).	  Once	  a	  seed	  is	  formed,	  larger	  aggregates	  assemble	  and	  the	  amyloid	  
fibril	   elongates	   rapidly.	   The	   kinetics	   of	   the	   slow	   nucleation	   phase	   followed	   by	   a	   rapid	   growth	   phase	   is	   well	  
presented	  by	  a	  sigmoidal	  shaped	  curve	  (green	  curve).	  The	  aggregation	  of	  misfolded	  monomers	  into	  seeds	  is	  the	  
rate	  limiting	  step	  since	  a	  critical	  concentration	  of	  seeds	  has	  to	  be	  formed	  before	  entering	  into	  the	  growth	  phase.	  
The	  addition	  of	  preformed	  seeds	   can	  shorten	   the	  nucleation	  phase	  by	   inducing	   faster	  aggregate	   formation	   (red	  
curve).	  Aggregated	  fibrils	  can	  deposit	  as	  intracellular	  (NFTs,	  LBs)	  or	  extracellular	  (Aβ	  plaques)	  lesions	  (adapted	  
and	  modified	  from	  Kumar	  and	  Walter,	  2011).	  
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2.2	  Analogy	  between	  prions	  and	  assemblies	  of	  amyloid-‐β	  peptide	  

	  
	  
In	  reference	  to:	  
	  
Seeded	  strain-‐like	  transmission	  of	  β-‐amyloid	  morphotypes	  in	  APP	  transgenic	  mice	  
	  
Götz	   Heilbronner,	   Yvonne	   S.	   Eisele,	   Franziska	   Langer,	   Stephan	   A.	   Kaeser,	   Renata	   Novotny,	  
Amudha	   Nagarathinam,	   Andreas	   Åslund,	   Per	   Hammarström,	   K.	   Peter	   R.	   Nilsson	   &	   Mathias	  
Jucker	  (2013).	  EMBO	  Reports;	  14(11):1017-‐1022.	  

	  

2.2.1	  In	  vitro	  and	  in	  vivo	  approaches	  to	  study	  Aβ	  aggregation	  and	  plaque	  formation	  	  

The	   knowledge	   of	   mechanisms	   of	   fibril	   formation	   and	   the	   understanding	   of	   fundamental	  

processes	   that	   cause	   and	   underlie	   proteinopathies	   are	   seen	   as	   a	   prerequisite	   for	   the	  

development	   of	   efficient	   diagnostic	   and	   therapeutic	  means.	   In	   1993	   a	   nucleation-‐dependent	  

polymerization	  process	  for	  Aβ	  aggregation	  was	  proposed	  (Jarrett	  and	  Lansbury,	  1993;	  Harper	  

and	   Lansbury,	   1997)	   and	   several	   cell-‐free	   in	   vitro	   aggregation	   studies	   of	   synthetic	   or	  

recombinant	  Aβ	  peptides	  in	  solution	  supported	  this	  idea	  (Meinhardt	  et	  al.,	  2007;	  DaSilva	  et	  al.,	  

2010;	  Du	  et	  al.,	  2011).	  Furthermore,	  a	  molecular	  modeling	  approach	  to	  understand	  the	  ability	  

of	   peptides	   to	   self-‐aggregate	   into	  β-‐sheet	   structures	   in	   solution	  was	  described	   (Lopez	  De	  La	  

Paz	  et	  al.,	  2002).	  Simultaneously,	  detailed	  structural	  information	  about	  Aβ	  fibrils	  was	  obtained	  

using	   solid-‐state	  nuclear	  magnetic	   resonance	   (NMR)	  measurements	  of	   synthetic	  Aβ	  peptides	  

aggregated	  in	  vitro	  (Petkova	  et	  al.,	  2002).	  Results	  from	  the	  same	  group	  additionally	  displayed	  

that	   fibrils	   that	   grow	   from	   seeds	   inherit	   their	   morphological	   and	  molecular	   traits	   from	   the	  

initial	  seed	  and	  demonstrated	  the	  self-‐propagation	  of	  amyloid	  structure	  (Petkova	  et	  al.,	  2005).	  

Another	   widely	   used	   in	   vitro	   approach	   are	   cell	   lines	   and	   primary	   cultures	   to	   study	   Aβ	  

cytotoxicity	   and	   investigate	   the	   mechanism	   of	   amyloid	   plaque	   formation.	   Thus,	   several	  

research	   groups	   investigated	   the	   toxic	   function	   of	   different	   Aβ	   species	   by	   suggesting	   Aβ	  

oligomers	  to	  be	  the	  potentially	  most	  toxic	  form	  of	  the	  peptide	  (Lambert	  et	  al.,	  1998;	  Walsh	  et	  

al.,	   2002).	   The	   cell	   culture	   system	   was	   used	   as	   a	   method	   to	   investigate	   the	   possible	  

involvement	  of	  the	  cellular	  environment	  on	  Aβ	  aggregation	  (Friedrich	  et	  al.,	  2010),	  solidifying	  

previous	  studies	  claiming	  that	  Aβ	  plaque	  formation	  may	  have	  an	  intracellular	  basis	  (Takahashi	  

et	   al.,	   2002;	   Rajendran	   et	   al.,	   2007;	   Hu	   et	   al.,	   2009).	   Recently,	   stem-‐cell	   technology	   has	  

advanced	   to	   the	   point	   of	   induced	   pluripotent	   stem	   cells	   (iPSCs)	   being	   used	   to	   model	   AD	  

pathology	  (Choi	  et	  al.,	  2014).	  	  
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Cellular	   models	   are	   a	   powerful	   system	   enabling	   detailed	   studies	   of	   AD	   pathogenesis,	   but	  

unfortunately	   single	   cell	   lines	   do	   not	   efficiently	   reflect	   the	   complexity	   of	   the	   brain.	   The	  

generation	   of	   several	   tg	   mouse	   models	   recapitulating	   nearly	   all	   aspects	   of	   Aβ	   amyloid	  

pathology	  bolstered	  the	  understanding	  and	  therapeutic	  approaches	  of	  AD	  (Jucker,	  2010).	  The	  

widely	  used	  mouse	  models	  of	   amyloid	  pathology	  are	  based	  on	   the	  overexpression	  of	  human	  

APP	  bearing	  mutations	  associated	  with	  FAD	  (Games	  et	  al.,	  1995;	  Hsiao	  et	  al.,	  1996;	  Sturchler-‐

Pierrat	  et	  al.,	  1997).	  Tg	  mice	  overexpressing	  mutant	  presenilin	  (PS)	  were	  also	  generated,	  but	  

although	   their	   production	   of	   the	   aggregation	   prone	   isoform	   Aβ1-‐42	   is	   increased	   (Duff	   et	   al.,	  

1996),	   they	  do	  not	  exhibit	  cerebral	  amyloid	  deposits.	  However,	  double	  tg	  mice	  co-‐expressing	  

human	  mutated	  APP	  and	  PS	  were	  generated	  to	  further	  investigate	  the	  impact	  of	  mutant	  PS	  on	  

APP	  processing	  (Borchelt	  et	  al.,	  1996;	  Citron	  et	  al.,	  1997).	  In	  the	  following	  years	  our	  laboratory	  

has	  used	  APP	   tg	  mouse	  models	   for	   experiments	   aiming	   to	   explore	   the	  nucleation	  dependent	  

polymerization	  of	  Aβ	  aggregates	  by	  prion-‐like	  seeding	  (Meyer-‐Luehmann	  et	  al.,	  2006;	  Eisele	  et	  

al.,	  2009;	  Hamaguchi	  et	  al.,	  2012)	  with	   the	  main	  purpose	   to	  gain	   insights	  about	   the	  amyloid-‐

inducing	  Aβ	  species	  (Langer	  et	  al.,	  2011)	  and	  to	  investigate	  the	  routes	  of	  Aβ	  induction	  (Eisele	  et	  

al.,	  2010).	  Although	  each	  mouse	  model	  provides	  unique	  features,	  APP	  tg	  mice	  for	  instance	  only	  

show	  moderate	   neuronal	   loss	   (Calhoun	   et	   al.,	   1998;	   Rupp	   et	   al.,	   2011)	   and	   are	   lacking	   tau	  

pathology,	   hence	   modeling	   disease	   aspects	   and	   not	   reflecting	   the	   whole	   spectrum	   of	   the	  

disease.	  A	  triple	  tg	  mouse	  model	  (3xtg-‐AD)	  with	  mutations	  in	  APP,	  PS1	  and	  tau,	  recapitulates	  

most	   closely	   the	   proteopathic	   alterations	   seen	   in	   AD	   and	   is	   suggested	   to	   more	   completely	  

model	  AD	  pathology	  (Oddo	  et	  al.,	  2003).	  

In	   summary,	   high	   accessibility	   for	   manipulations	   is	   an	   important	   advantage	   of	   in	   vitro	  

approaches,	  especially	  when	  used	  for	  initial	  screenings	  in	  high-‐throughput	  tests	  to	  determine	  

e.g.	   the	  most	   promising	   drug,	   prior	   testing	   in	  vivo.	   However,	   the	   outcome	   of	   drugs	   tested	   in	  

vitro	  might	  differ	  dramatically	  from	  the	  in	  vivo	  efficacy	  due	  to	  the	  fact	  that	  different	  cell	  types	  

and	  cell	   connectivity	   cannot	  be	   taken	   in	  account	   in	  vitro.	  The	  outstanding	  strength	  of	   animal	  

models	   is	   the	   possibility	   to	   investigate	   relevant	   aspects	   of	   the	   disease	   in	   the	   context	   of	   cell	  

diversity	  and	  connectivity,	  albeit	  the	  complex	  mechanisms	  involved	  in	  the	  disease	  process	  are	  

not	  directly	  accessible.	  

	  



	   22	  

2.2.2	  Prion-‐like	  properties	  of	  amyloid-‐β	  seeds	  	  

A	  plethora	  of	  research	  has	  aimed	  to	  characterize	  the	  similarities	  of	  PrPSc	  and	  Aβ	  seeds.	  Baker	  

and	  colleagues	  (Baker	  et	  al.,	  1993)	  performed	  one	  of	   the	  first	  experimental	  studies	  reporting	  

the	   exogenous	   induction	   of	   senile	   plaques	   after	   intracerebral	   injection	   of	   AD	   brain	  

homogenates	   into	  marmosets	   (Callithrix	   jacchus).	   The	   conclusion	  of	   the	   authors	   that	  Aβ	   and	  

associated	   factors	   can	   initiate	   and	   accelerate	   plaque	   formation	   was	   further	   confirmed	   by	  

seeding	  experiments	  performed	  in	  APP	  tg	  mouse	  models	  (Kane	  et	  al.,	  2000;	  Walker	  et	  al.,	  2002;	  

Meyer-‐Luehmann	  et	  al.,	  2006;	  Eisele	  et	  al.,	  2009).	  Work	  from	  our	  laboratory	  showed	  that	  not	  

only	   intracerebral	   injection	   of	   Aβ-‐rich	   brain	   extract	   (seeding	   extract),	   but	   also	   peripherally	  

applied	  seeding	  extract	  could	  hasten	  amyloid	  deposition	  in	  mice	  (Eisele	  et	  al.,	  2010;	  Eisele	  et	  

al.,	   2014)	   similar	   to	   the	   findings	  made	   in	   prion	   diseases	   in	   rodents	   (Kimberlin	   and	  Walker,	  

1986;	  Aguzzi	  and	  Calella,	  2009).	  Furthermore,	  we	  could	  show	  that	  in	  particular,	  small,	  soluble	  

and	   proteinase	   K	   resistant	   Aβ	   aggregates	   are	   highly	   potent	   seeds	   (Langer	   et	   al.,	   2011)	   and	  

prion-‐like	   seeding	   of	   Aβ	   aggregation	   is	   possible	   even	   with	   subattomolar	   amounts	   of	   brain-‐

derived	  Aβ	  (Fritschi	  et	  al.,	  2014b).	  These	  Aβ	  seeds	  do	  (partially)	  resist	  heat	  (Meyer-‐Luehmann	  

et	  al.,	  2006)	  and	  formaldehyde	  inactivation	  (Fritschi	  et	  al.,	  2014a)	  as	  it	  has	  been	  shown	  before	  

for	  prions	  (Pattison,	  1965;	  Prusiner,	  1982).	  A	  very	  intriguing	  aspect	  of	  prion	  disease	  is	  that	  the	  

disease	   protein	   acquires	   different	   protein	   conformations	   targeting	   specific	   brain	   regions	  

(Bruce	  et	  al.,	  1989;	  Hecker	  et	  al.,	  1992)	  and	  causing	  unique	  clinical	  characteristics	  (Fraser	  and	  

Dickinson,	   1973;	   Mastrianni	   et	   al.,	   1999),	   hence	   representing	   distinct	   prion	   strains.	   The	  

biological	   activity	   harbored	   by	   a	   particular	   prion	   strain	   is	   hereby	   enciphered	   in	   the	  

conformation	   of	   the	   protein	   (Peretz	   et	   al.,	   2001).	   The	   strain	   phenomenon	   was	   further	  

supported	  by	  producing	  de	  novo	  PrPSc	  in	  vitro	  (Saborio	  et	  al.,	  2001)	  in	  the	  absence	  of	  any	  brain-‐

derived	   starting	   material	   but	   with	   unique	   clinical,	   neuropathological	   and	   biochemical	  

characteristics	   in	   vivo	   (Legname	   et	   al.,	   2006;	   Deleault	   et	   al.,	   2007;	   Barria	   et	   al.,	   2009).	  

Approaches	   to	   identify	   the	   minimal	   requirements	   necessary	   for	   de	   novo	   prion	   formation	  

further	   led	   to	   the	   identification	   of	   polyanions	   (RNA)	   and	   lipids	   (Geoghegan	   et	   al.,	   2007;	  

Deleault	  et	  al.,	  2012).	  The	  generation	  of	  various	  synthetic	  prion	  strains	  provided	  the	  ultimate	  

evidence	  in	  support	  of	  the	  prion	  paradigm	  (Barria	  et	  al.,	  2009).	  The	  potential	  to	  form	  distinct	  

strains	   leading	   to	  clinical	  and	  pathological	  heterogeneity	   in	  patients	   is	  also	  considered	   in	  AD	  

(Lu	   et	   al.,	   2013;	   Knowles	   et	   al.,	   2014;	   Watts	   et	   al.,	   2014)	   and	   is	   the	   subject	   of	   the	   next	  

subsection.	  
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2.2.3	  Propagation	  of	  amyloid-‐β	  strains	  by	  prion-‐like	  seeding	  	  

Amyloid	   fibrils	   are	   polymorphic,	   meaning	   that	   the	   amino	   acid	   sequence	   is	   not	   necessarily	  

determining	   the	  molecular	   structure	   of	   amyloid	   fibrils.	   The	   presumption	   that	   amyloid-‐β	   can	  

form	  distinct	  strains	  was	  a	  seminal	  finding	  in	  the	  AD	  field.	  Petkova	  and	  colleagues	  (Petkova	  et	  

al.,	  2005)	  were	  one	  of	  the	  first	  to	  describe	  structural	  variations	  of	  Aβ	   in	  vitro.	  These	  different	  

variations	  of	  Aβ	  depend	  on	  aggregation	  conditions	  and	  structural	  properties	  of	  the	  initial	  seeds	  

and	   revealed	   significantly	   different	   toxicities	   in	   neuronal	   culture.	   Note	   that	   differences	   in	  

neurotoxicity	   might	   also	   have	   biological	   implications,	   correlating	   structural	   variations	   with	  

disease	  severity.	  In	  addition,	  this	  study	  gave	  the	  first	  evidence	  for	  self-‐propagating	  molecular	  

polymorphism	  in	  amyloid	  fibrils:	  newly	  formed	  Aβ	  fibers	  retained	  the	  structural	  identity	  of	  the	  

starting	  material	  –	  the	  initial	  seed.	  

The	   first	   approaches	   to	  assess	   the	  existence	  of	  Aβ	  strains	   in	  vivo	  were	  performed	  by	  Meyer-‐

Luehmann	  and	  colleagues	  (Meyer-‐Luehmann	  et	  al.,	  2006).	   In	   this	   fundamental	  experiment,	   it	  

was	   shown	   that	   the	   morphology	   and	   composition	   of	   exogenously	   induced	   cerebral	   β-‐

amyloidosis	  depends	  on	  both,	  the	  host	  and	  the	  donor	  material.	  Extract	  from	  two	  different	  aged,	  

plaque–laden	  APP	   tg	  mice	   (APPPS1	  or	  APP23)	  were	   injected	   into	  young	  APP23	  and	  APPPS1	  

mice,	   respectively.	   These	   two	   tg	  mouse	   lines	   show	  differences	   in	   plaque	  morphology	   (large,	  

diffuse	  deposits	  in	  APP23	  tg	  mice;	  small	  and	  coarse	  deposits	  in	  APPPS1	  tg	  mice)	  as	  well	  as	  in	  

the	  endogenous	  expression	  of	  Aβ	  isoforms	  (Aβ1-‐40	  >	  Aβ1-‐42	  in	  APP23	  tg	  mice;	  Aβ1-‐42	  >	  Aβ1-‐40	  in	  

APPPS1	  tg	  mice)	  (Sturchler-‐Pierrat	  et	  al.,	  1997;	  Radde	  et	  al.,	  2006).	  We	  initiated	  a	  new	  study	  

where	   we	   expand	   the	   previous	   results	   by	   additionally	   determining	   the	   biochemical	  

composition	   and	   the	   intrinsic	   conformational	   differences	   of	   induced	   morphotypes.	   We	  

reproduced	  the	  results	  from	  the	  previous	  published	  study	  showing	  that	  the	  morphology	  of	  the	  

induced	   deposition	   is	   dependent	   on	   the	   amyloid	   inducing	   agent	   and	   the	   recipient.	  

Furthermore,	   there	   is	   a	   preference	   in	   incorporating	   the	   host	   Aβ	   isoform	   that	   resembles	   the	  

isoform	  predominantly	  available	  in	  the	  initial	  extract.	  In	  addition,	  we	  were	  able	  to	  demonstrate	  

the	  ability	  of	  the	  exogenously	  applied	  seeds	  to	   impose	  their	  conformational	  properties	  to	  the	  

recruited	  Aβ	  peptides	  of	  the	  host	  by	  applying	  luminescent	  conjugated	  polythiophenes	  (LCPs).	  

LCPs	  have	  been	  used	  before	  to	  discriminate	  various	  prion	  strains	  (Sigurdson	  et	  al.,	  2007)	  and	  

heterogeneous	  Aβ	  deposits	  in	  vitro	  and	  in	  vivo	  (Nilsson	  et	  al.,	  2007)	  and	  they	  have	  been	  proven	  

to	  be	  a	  powerful	  and	  elegant	  tool	  to	  discriminate	  between	  distinct	  protein	  conformations.	  

In	  summary,	   these	  results	  show	  that	   the	   intrinsic	  properties	  of	   the	   initial	  seeds	  were	  able	   to	  

alter	  the	  morphology	  and	  conformation	  of	   induced	  deposits	  by	  shifting	  the	  Aβ40/Aβ42	  ratio	   in	  
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seeded	  plaques.	  These	  results	  give	  strong	  evidence	  for	  transmissible	  amyloid	  conformers	  in	  AD	  

mouse	  models	  and	  draw	  parallels	  to	  the	  seeded	  conversion	  described	  in	  prion	  disease.	  

2.2.4	  Amyloid-‐β	  peptide	  –	  a	  prion?	  

There	  are	  great	  commonalities	  between	  Aβ	  seeds	  and	  prions,	  but	   the	  definitive	  proof	   for	   the	  

formation	  of	  a	  self-‐propagating	  Aβ	  aggregate	  –	  by	  excluding	  auxiliary	  factors	  for	  the	  conversion	  

of	  Aβ	  into	  a	  prion	  state	  –	  was	  long	  overdue.	  For	  a	  long	  time	  experiments	  to	  prove	  that	  Aβ	  alone	  

is	  the	  amyloid-‐inducing	  agent	  were	  not	  successful,	  since	  synthetic	  Aβ	  peptides	  failed	  to	  induce	  

Aβ	   deposition	   in	   vivo	   (Meyer-‐Luehmann	   et	   al.,	   2006).	   It	   was	   not	   until	   2012	   that	   Stohr	   and	  

colleagues	  (Stohr	  et	  al.,	  2012)	  provided	  the	  final	  proof	  that	  Aβ	  is	  sufficient	  for	  the	  formation	  of	  

a	   self-‐propagating	   assembly	   and	   hence	   is	   the	   amyloid-‐inducing	   agent.	   However,	   the	   specific	  

biological	  seeding	  activity	  of	  the	  aggregated	  synthetic	  Aβ	  used	  in	  this	  study	  was	  much	  less	  than	  

the	   one	   of	   brain-‐derived	   Aβ.	   It	   can	   be	   speculated	   that	   –	   given	   the	   fact	   that	   brain	   extracts	  

contain	  much	  more	   than	   only	   Aβ	   –	   additional	   cofactors	   are	   needed	   to	   enhance	   the	   seeding	  

potential	  of	  synthetic	  material	  (Xiao	  et	  al.,	  2015).	  A	  similar	  conclusion	  was	  also	  drawn	  in	  the	  

prion	  field	  where	  researchers	  from	  different	  groups	  were	  able	  to	  spontaneously	  generate	  and	  

propagate	  PrPSc	  when	  PrPC	  was	  associated	  with	  nucleic	  acid	  or	  lipid	  molecules	  (Deleault	  et	  al.,	  

2007;	  Deleault	  et	  al.,	  2012;	  Zhang	  et	  al.,	  2013b).	  Cell-‐specific	  cofactors	  might	  not	  only	  support	  

the	   conversion	   of	   PrPC	   into	   PrPSc,	   but	   also	   be	   responsible	   for	   the	   formation	   of	   distinct	  

conformations	  (strains)	  consequently	  leading	  to	  variations	  in	  lesion	  profiles	  in	  prion	  diseases	  

(Aguzzi	   et	   al.,	   2007).	   Recently,	   two	   studies	   suggested	   that	   clinically	   distinct	   disease	  

progressions	  observed	  in	  AD	  patients	  have	  most	  probably	  their	  origin	  in	  the	  given	  shape	  of	  Aβ	  

(Stohr	  et	  al.,	  2014;	  Watts	  et	  al.,	  2014).	  The	  heritable	  trait	  might	  herby	  be	  conserved	  within	  the	  

protein-‐shape	  as	  it	  was	  proposed	  before	  for	  prions.	  Remarkably,	  the	  researchers	  showed	  that	  

specific	   strain-‐like	   conformational	   variants	   of	   synthetic	   Aβ	   exist	   and	   these	   can	   seed	   more	  

aggregates	  of	  that	  same	  conformation	  in	  vivo	  (Stohr	  et	  al.,	  2014).	  	  

Nevertheless,	   the	   question	   whether	   Aβ	   is	   a	   prion	   is	   still	   under	   debate,	   since	   one	   defining	  

feature	   of	   prions	   is	   being	   infectious	   (Gajdusek	   et	   al.,	   1966;	   Prusiner,	   1982).	   A	   recently	  

published	   study	   raises	   the	   possibility	   that	   Aβ	  may	   be	   transmissible	   between	   humans	   under	  

certain	  rare	  circumstances	  (Jaunmuktane	  et	  al.,	  2015).	  This	  assumption	  is	  based	  on	  the	  finding	  

that	  some	  patients	  that	  received	  cadaver-‐derived	  human	  growth	  hormone	  in	  their	  youth	  died	  

from	  CJD	  as	  a	  result	  of	  these	  injections	  and	  additionally	  developed	  extensive	  Aβ	  deposition	  in	  

the	  brain	  and	  vasculature.	  Notably,	  these	  patients	  were	  between	  36	  and	  51	  years	  of	  age	  –	  way	  
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too	  early	  to	  develop	  AD	  pathology.	  It	  is	  therefore	  assumed	  that	  Aβ	  seeds	  were	  already	  present	  

in	  the	  injected	  material	  and	  induced	  Aβ	  aggregation	  in	  these	  patients	  after	  an	  incubation	  time	  

of	  about	  30	  years	  (Jaunmuktane	  et	  al.,	  2015).	  Recently,	  another	  study	  revealed	  Aβ	  pathology	  in	  

patients	  that	  died	  from	  CJD	  after	  receiving	  dural	  grafts	  (Frontzek	  et	  al.,	  2016).	  However,	   it	   is	  

important	  to	  emphasize	  that	  under	  other	  conditions,	  there	  is	  no	  evidence	  that	  AD	  pathology	  is	  

transmissible	  between	  humans.	  
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2.3	  Organotypic	  hippocampal	  slice	  culture	  models	  of	  cerebral	  β-‐amyloidosis	  

	  
	  
In	  reference	  to:	  
	  
Conversion	   of	   synthetic	   Aβ	   to	   in	  vivo	   active	   seeds	   and	   amyloid	   plaque	   formation	   in	   a	  
hippocampal	  slice	  culture	  model	  
	  
Renata	   Novotny*,	   Franziska	   Langer*,	   Jasmin	   Mahler,	   Angelos	   Skodras,	   Andreas	   Vlachos,	  
Bettina	   M.	   Wegenast-‐Braun,	   Stephan	   A.	   Kaeser,	   Jonas	   J.	   Neher,	   Yvonne	   S.	   Eisele,	   Marie	   J.	  
Pietrowski,	   K.	   Peter	   R.	   Nilsson,	   Thomas	   Deller,	   Matthias	   Staufenbiel,	   Bernd	   Heimrich	   and	  
Mathias	  Jucker	  (2016).	  In	  press	  in	  The	  Journal	  of	  Neuroscience.	  
	  
*	  contributed	  equally	  

	  

2.3.1	  Organotypic	  slice	  cultures	  –	  the	  interface	  of	  in	  vitro	  and	  in	  vivo	  approaches	  	  

Organotypic	  slice	  cultures	  (OSCs)	  are	  an	  innovative	  and	  potent	  in	  vitro	  method	  and	  slices	  from	  

different	  brain	  regions	  are	  currently	  an	  important	  tool	  to	  study	  the	  structural	  connectivity	  as	  

well	   as	   physiological	   properties	   and	   pharmacological	   applications.	   The	   term	   ‘organotypic’	  

implies	  that	  the	  original	  tissue	  organization	  is	  maintained	  and	  interactions	  between	  different	  

cell	   types	   are	   fundamentally	   preserved	   in	   a	   fashion	   close	   to	   the	   in	   vivo	   situation.	   In	   the	  

following,	  a	  brief	  outline	  of	  two	  commonly	  used	  techniques	  of	  slice	  culture	  cultivation	  will	  be	  

introduced	  –	  the	  latter	  being	  used	  in	  this	  work.	  

In	  1981	  Gähwiler	  presented	  a	  new	  technique	  to	  cultivate	  brain	  slices	  long-‐term	  in	  contrast	  to	  

the	   commonly	   used	   short	   living	   “acute”	   slices,	   which	  were	   used	   as	   an	   alternative	   to	   in	   vivo	  

electrophysiology	   studies.	   In	  Gähwiler’s	   roller	   tube	   technique	   the	  OSCs	  were	   embedded	   in	   a	  

chicken	  plasma	  clot	  on	  coverslips	  and	  cultivated	  in	  medium	  by	  using	  a	  roller-‐drum	  to	  assure	  a	  

continuous	   changing	   of	   the	   liquid-‐gas	   interface	   by	   rotation	   with	   an	   appropriate	   angle	  

(Gahwiler,	   1981).	   The	   brain	   slices	   retained	  many	   essential	   architectural	   features	   of	   the	   host	  

tissue,	   such	   as	   neuronal	   connectivity	   and	   glial-‐neuronal	   interactions	   (Gähwiler	   et	   al.,	   1997).	  

This	  technique	  is	  quite	  difficult	  to	  handle	  and	  bears	  high	  experimental	  variability	  due	  to	  tissue	  

thinning	   through	  abrasion	  processes.	  However,	   the	   resulting	  non-‐physiological	  monolayer	  of	  

cells	   makes	   it	   possible	   to	   visualize	   individual	   cells	   directly	   with	   phase	   contrast	   microscopy	  

without	  the	  necessity	  of	  re-‐slicing	  the	  cultures.	  Furthermore,	  exogenously	  applied	  substances	  

to	   the	   media	   are	   in	   direct	   contact	   with	   the	   culture	   avoiding	   time	   consuming	   diffusion.	  

Unfortunately,	   this	   method	   does	   not	   allow	   repeated	   morphological	   observations	   during	  

culturing,	  since	  an	  embedding	  material	  covers	  the	  tissue.	  To	  overcome	  this	  limitation,	  Stoppini	  
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et	  al.	   introduced	  a	  new	  and	  much	  simpler	  culturing	  method:	   the	  membrane	   interface	  culture	  

method	   (Stoppini	   et	   al.,	   1991).	   This	   technique	   generates	   brain	   slices	   that	  maintain	   viability	  

during	   long-‐term	   cultivation,	   successfully	   preserves	   the	   tissue	   architecture,	   provides	   good	  

experimental	  access	  and	  allows	  the	  precise	  control	  of	  the	  extracellular	  environment.	  The	  slices	  

are	   placed	   on	   semipermeable	   membranes,	   obtaining	   nutrition	   via	   capillary	   action	   from	  

medium	  on	  the	  bottom	  side	  and	  kept	  alive	  inside	  a	  thin	  film	  of	  fluid	  at	  the	  air-‐liquid	  interface	  at	  

the	   upper	   side	   (Bergold	   and	   Casaccia-‐Bonnefil,	   1997).	   OSCs	   are	   typically	   prepared	   from	  

animals	  at	  postnatal	  days	  3-‐9	  since	  tissue	  from	  young	  animals	  shows	  a	  high	  degree	  of	  plasticity	  

and	  resistance	   to	  mechanical	   trauma	  during	  slice	  preparation	  (Gähwiler	  et	  al.,	  1997;	  Lossi	  et	  

al.,	  2009).	  Slice	  cultures	  from	  a	  variety	  of	  different	  brain	  regions	  –	  including	  the	  hippocampus,	  

striatum,	   cortex,	   spinal	   cord	   and	   cerebellum	   –	   have	   been	   established	   over	   the	   past	   years	  

(reviewed	  in	  Lossi	  et	  al.,	  2009).	  Nevertheless,	  the	  hippocampus	  is	  by	  far	  the	  best-‐characterized	  

brain	  area	  in	  slice	  cultures:	  all	  neuronal	  types	  (the	  granule	  cells,	  the	  pyramidal	  neurons	  and	  the	  

interneurons)	   are	   well	   preserved	   in	   HSCs,	   albeit	   shortly	   after	   preparation	   the	   density	   of	  

synaptic	  contacts	  decreases	  due	  to	  traumatic	  injury	  by	  preparation.	  After	  a	  few	  days	  the	  slice	  

culture	   recovers	   and	   neurite	   outgrowth	   and	   reactivated	   synaptogenesis	   can	   be	   observed	  

(Stoppini	  et	  al.,	  1993;	  Bahr,	  1995).	  In	  a	  study	  from	  De	  Simoni	  and	  colleagues	  cultivation	  time	  of	  

slice	   cultures	   and	   the	   age	   of	   postnatal	   animals	  was	  matched	   by	   comparing	   the	   status	   of	   the	  

development	  of	  neurons	  and	   synaptic	   changes.	  The	   significant	   finding	   in	   this	   study	  was	   that	  

after	  1	  week	  in	  vitro	  the	  changes	  were	  established	  to	  a	  degree	  that	  the	  following	  development	  

proceeded	  almost	   in	  parallel	   to	   the	  development	   in	  vivo	  (De	   Simoni	   et	   al.,	   2003).	  This	   is	   the	  

reason	  why	  in	  experimental	  settings	  the	  treatment	  of	  slice	  cultures	  is	  generally	  started	  at	  the	  

earliest	   after	   1	   week	   of	   cultivation	   to	   ensure	   stable	   culturing	   conditions.	   Remarkably,	   the	  

recovery	  of	  the	  slice	  cultures	  is	  taking	  place	  without	  additional	  external	  stimuli,	  since	  afferent	  

fibers	  are	  cut	  during	  preparation	  and	  thereafter	  degenerate	  (De	  Simoni	  et	  al.,	  2003).	  OSCs	  have	  

become	   a	   popular	   tool	   to	   bridge	   the	   gap	   between	   in	   vitro	   and	   in	   vivo	   approaches.	   In	   the	  

following	   subsection	   we	   give	   a	   brief	   outline	   of	   the	   application	   of	   OSCs	   in	   the	   field	   of	   AD	  

research.	  

	   	  



	   28	  

2.3.2	  Organotypic	  slice	  cultures	  in	  AD	  research	  	  

The	  first	  study	  published	  in	  the	  context	  of	  AD	  was	  aiming	  to	  investigate	  the	  toxic	  effect	  of	  Aβ	  

(Malouf,	  1992).	  In	  this	  study	  synthetic	  Aβ	  fragments	  of	  various	  lengths	  were	  directly	  injected	  

into	  different	  regions	  of	  the	  HSC,	  but	  without	  a	  notable	  effect.	  Studies	  followed	  where	  synthetic	  

Aβ	  was	  either	  injected	  (Harrigan	  et	  al.,	  1995)	  or	  applied	  directly	  under	  or	  on	  top	  of	  the	  culture	  

(Allen	  et	  al.,	  1995),	  reaching	  a	  slightly	  toxic	  effect.	  Finally,	  a	  study	  by	  Bruce	  et	  al.	  succeeded	  in	  

showing	   that	   treatment	   of	  mature	   cultures	  with	  Aβ	   results	   in	   neuronal	   injury	   in	   a	   time-‐and	  

concentration	   dependent	   manner	   (Bruce	   et	   al.,	   1996).	   Follow	   up	   studies	   were	   aiming	   to	  

explore	  the	  involved	  cell	  signaling	  pathways	  by	  which	  the	  Aβ	  peptide	  induces	  toxicity	  in	  HSCs	  

(Dineley	  et	  al.,	  2001;	  Nassif	  et	  al.,	  2007)	  as	  well	  as	  exploring	  the	  influence	  of	  human	  synthetic	  

and	  naturally	  secreted	  cell-‐derived	  Aβ1-‐42	  on	  the	  induction	  of	  long-‐term	  potentiation	  (Wang	  et	  

al.,	   2004).	   The	   first	   plaque-‐like	   Aβ	   aggregates	   in	   HSCs	   were	   induced	   by	   the	   application	   of	  

synthetic	  Aβ	   to	   the	  culture	  media	  after	  adding	  modulating	  pro-‐inflammatory	  stimuli	   (Harris-‐

White	  et	  al.,	  1998).	  In	  2006	  Johansson	  et	  al.	  characterized	  in	  HSCs	  the	  consequences	  of	  induced	  

lesions	   on	   neuronal	   and	   glial	   cell	   populations	   after	   exposure	   to	   synthetic	   Aβ25-‐35	   and	   Aβ1-‐42	  
peptides	   (Johansson	   et	   al.,	   2006b).	   Furthermore,	   exposure	   to	   synthetic	   Aβ25-‐35	   lead	   to	  

increased	  tau	  phosphorylation	  in	  HSCs	  providing	  the	  first	  evidence	  for	  a	  link	  between	  Aβ	  and	  

tau	  phosphorylation	  in	  HSCs	  (Johansson	  et	  al.,	  2006a).	  OSC	  contain	  several	  cell	  populations	  and	  

retain	  the	  general	  cytoarchitecture,	  revealing	  possibilities	  for	  in	  vitro	  studies	  bridging	  to	  in	  vivo	  

systems.	  The	  application	  of	  HSCs	  to	  investigate	  mechanisms	  underlying	  the	  prion-‐like	  behavior	  

of	  Aβ	  will	  be	  outlined	  in	  the	  next	  subsection.	  

2.3.3	  A	  new	  powerful	  model	  to	  study	  biologically	  active	  synthetic	  Aβ	  conformers	  

In	  a	  newly	  described	  ex	  vivo	  hippocampal	  slice	  culture	  (HSC)	  model	  we	  induced	  Aβ	  deposition	  

and	  recapitulated	  many	  aspects	  of	  AD-‐associated	  β-‐amyloid	  induced	  lesions.	  HSCs	  were	  treated	  

once	  with	  seeding	  extract	  from	  aged	  APP	  tg	  mice	  and	  continuously	  with	  synthetic	  Aβ	  to	  induce	  

Aβ	   deposition.	   The	   induction	   of	   Aβ	   deposition	   required	   both,	   the	   seeding	   extract	   and	   the	  

synthetic	  Aβ,	  suggesting	  that	  deposition	  in	  HSCs	  occurs	  via	  seeded	  conversion	  of	  synthetic	  Aβ.	  

In	  fact,	  by	  using	  HSCs	  from	  App-‐null	  mice	  it	  has	  been	  proofed	  that	  amyloid	  plaque	  formation	  in	  

HSCs	   is	   indeed	   independent	   from	  endogenously	   expressed	  Aβ,	   hence	  providing	   evidence	   for	  

the	  synthetic	  nature	  of	  induced	  Aβ	  aggregates.	  Nevertheless,	  since	  fixation	  of	  the	  culture	  prior	  

to	   treatment	   largely	   prevented	   amyloid	   plaque	   formation,	   a	   living	   cellular	   environment	   is	  

necessary	   for	   amyloid	   plaque	   formation	   in	   HSCs.	   Furthermore,	   by	   applying	   seeding	   extract	  
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from	   two	   different	   APP	   tg	   mice	   (APP23	   and	   APPPS1)	   in	   combination	   with	   two	   different	  

isoforms	  of	  synthetic	  Aβ	  (Aβ1-‐40	  and	  Aβ1-‐42)	  we	  found	  that	  morphological	  and	  conformational	  

differences	  of	  Aβ	  deposits	  depend	  on	  both,	  the	  source	  of	  the	  seed	  and	  the	  nature	  of	  synthetic	  

Aβ.	   The	   differences	   in	   the	   conformation	   of	   induced	   Aβ	   deposits	   were	   assessed	   by	   applying	  

luminescent	  conjugated	  oligothiophenes	  (LCOs,	  Klingstedt	  et	  al.,	  2011).	  To	   test	   the	  biological	  

efficiency	   of	   the	   synthetic	   HSC-‐amyloid,	   extract	   from	  HSCs	  with	   induced	   Aβ	   deposition	  was	  

injected	  into	  young	  APP	  tg	  mice.	  Although,	   in	  vitro	  aggregated	  synthetic	  Aβ	  can	  act	  as	  seed	   in	  

vivo	  (Stohr	  et	  al.,	  2012;	  Stohr	  et	  al.,	  2014),	  it's	  seeding	  efficacy	  is	  much	  lower	  than	  the	  one	  from	  

brain-‐derived	   aggregated	   Aβ	   (Meyer-‐Luehmann	   et	   al.,	   2006;	   Stohr	   et	   al.,	   2012;	   Stohr	   et	   al.,	  

2014).	  Remarkably	  and	  in	  contrast	  these	  studies,	  this	  innovative	  HSC	  model	  for	  β-‐amyloidosis	  

shows	  for	  the	  first	  time	  that	  in	  vitro	  HSC-‐aggregated	  synthetic	  Aβ	  is	  seeding	  active	  in	  vivo	  in	  the	  

same	  order	  of	  magnitude	  as	  the	  brain	  derived	  aggregated	  Aβ.	  Therefore,	  our	  study	  favors	  that	  

the	   living	   slice	   culture	  may	  contain	   factors	   that	   confers	   the	   synthetic	  Aβ	  peptide’s	  prion-‐like	  

properties.	  The	   important	   finding	  of	   the	   seeded	  conversion	  of	   synthetic	  Aβ	   into	  biologically-‐

active	   Aβ	   aggregates	   in	  HSCs	   should	   consequently	   ease	   further	   studies	   targeting	   the	   factors	  

responsible	  for	  its	  conversion.	  The	  involvement	  of	  cofactors	  like	  polyanions	  and	  lipids	  has	  been	  

described	  before	   in	  prion	  propagation	   and	   thus	  may	  also	  have	   an	   impact	   on	  Aβ	  aggregation	  

(Geoghegan	  et	  al.,	  2007;	  Deleault	  et	  al.,	  2012).	  	  

Expanding	  our	  scientific	  knowledge	  about	  the	  factors	  involved	  in	  the	  aggregation	  process	  of	  Aβ	  

will	  drive	  the	  AD	  field	  forward	  by	  exposing	  possible	  points	  of	  attack	  to	  slow-‐down	  and	  combat	  

disease	  progression.	  Furthermore,	  HSCs	  combine	  the	  advantages	  of	  maintained	  structural	  and	  

functional	  properties	  of	  the	  hippocampus	   in	  vivo	  with	  a	  high	  accessibility	  for	  manipulation	  to	  

accomplish	  the	  demands	  of	  a	  powerful	  in	  vitro	  tool.	  We	  therefore	  emphasize	  that	  slice	  cultures	  

may	  become	  a	  suitable	  model	  to	  study	  other	  proteinopathies	  as	  well.	  In	  the	  following	  section	  

we	  discuss	  in	  more	  detail	  the	  application	  of	  HSCs	  to	  study	  α-‐syn	  inclusions.	   	  
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2.4	  Applicability	  of	  organotypic	  slice	  cultures	  in	  modeling	  α-‐synucleinopathies	  	  

	  
	  
In	  reference	  to:	  
	  
Organotypic	  hippocampal	  slice	  cultures	  as	  a	  new	  tool	  to	  study	  α-‐synuclein	  lesions	  
	  
Renata	   Novotny*,	   Mehtap	   Bacioglu*,	   Manuel	   Schweighauser,	   Jasmin	   Mahler,	   K.	   Peter	   R.	  
Nilsson,	  Bernd	  Heimrich	  and	  Mathias	  Jucker.	  Unpublished	  data.	  
	  
*	  contributed	  equally	  

	  
	  
Neurodegenerative	  diseases	  defined	  as	  α-‐synucleinopathies	   include	  Parkinson’s	  disease	  (PD),	  

Dementia	  with	  Lewy	  Bodies	  (DLB)	  and	  Multiple	  System	  Atrophy	  (MSA).	  PD	  is	  the	  second	  most	  

common	   neurodegenerative	   disease	   after	   AD	   and	   characterized	   by	   the	   accumulation	   of	  

misfolded	  α-‐synuclein	  (α-‐syn)	  protein	  (Spillantini	  et	  al.,	  1998a).	  The	  α-‐syn	  protein	  in	  its	  native	  

state	   is	   unfolded,	   but	   can	   become	   misfolded	   forming	   aggregates	   rich	   in	   β-‐sheet	   structures	  

(Conway	  et	   al.,	   2000;	   Serpell	   et	   al.,	   2000).	   Intracellular	  deposits	   of	   aggregated	  α-‐syn	   are	   the	  

main	  components	  of	  Lewy	  bodies	  (LBs)	  and	  Lewy	  neurites	  (LNs)	  (Spillantini	  et	  al.,	  1998b)	  and	  

are	  a	  prominent	  neuropathological	  hallmark	  of	  PD.	  LBs	  and	  LNs	  appear	  in	  the	  brain	  over	  time,	  

following	  a	  stereotypical	  pattern,	  suggesting	  a	  cell-‐to-‐cell	   transmission	  within	   interconnected	  

neurons	  (Braak	  et	  al.,	  2003).	  Motor	  symptoms	  of	  PD	  manifest	  later	  during	  the	  disease	  and	  are	  

caused	  by	   the	  degeneration	  of	  dopaminergic	  neurons.	  Transplantations	  of	  human	  embryonic	  

dopaminergic	  neurons	   into	   the	  brains	  of	  patients	  with	  PD	  were	  performed	  with	   the	  hope	   to	  

improve	   the	   motor	   control	   of	   these	   patients	   by	   replenishing	   the	   missing	   neurotransmitter	  

dopamine	  (Lindvall	  et	  al.,	  1990;	  Freed	  et	  al.,	  2001).	  Surprisingly,	  several	  studies	  showed	  that	  α-‐

syn	  positive	  LBs	  appeared	  in	  the	  grafted	  tissue	  decades	  after	  transplantation	  (Kordower	  et	  al.,	  

2008;	  Li	  et	  al.,	  2008;	  Kurowska	  et	  al.,	  2011).	  To	  explain	  this	  unexpected	  finding	  a	  mechanism	  of	  

prion-‐like	  transmission	  of	  α-‐syn	  was	  proposed.	  Albeit	  a	  diversity	  of	  α-‐syn	  tg	  mouse	  models	  has	  

been	  developed	  and	  confirmed	  the	  host-‐to-‐graft	  transfer	  of	  α-‐syn	  in	  vivo	  (Desplats	  et	  al.,	  2009;	  

Hansen	  et	  al.,	  2011)	  the	  underlying	  mechanisms	  of	  the	  cell-‐to-‐cell	  transmission	  are	  still	  under	  

investigation.	  Given	   the	  benefits	  of	  OSCs	  with	   its	  maintained	   in	  vivo	   cellular	   interactions	  and	  

preserved	   three-‐dimensional	   structure,	   OSCs	  may	   help	   in	   unrevealing	   how	  misfolded	   α-‐syn	  

moves	  between	  cells,	   thereby	  complementing	  current	  mouse	  work	  (reviewed	   in	  Dehay	  et	  al.,	  

2016).	   Therefore,	   we	   aimed	   to	   establish	   a	   slice	   culture	   model	   to	   study	   α-‐syn	   inclusions.	  

Unpublished	  data	  of	  this	  ongoing	  project	  is	  presented	  in	  subsection	  3.4.	  
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2.5	  Concluding	  remarks	  and	  outlook	  

Proteinopathies	   are	   clinically	   heterogeneous	   with	   a	   progressive	   disease	   pathogenesis.	   A	  

possible	   explanation	   for	   the	   phenotypic	   variations	   in	   AD	   patients	   might	   be	   that	   different	  

strains	  of	  Aβ	  aggregates	  exist.	  Therefore,	   the	  aim	  of	   this	  PhD	  was	   to	  evaluate	   the	  hypothesis	  

that	   Aβ	   strains	   exist	   by	   using	   APP	   tg	   mouse	   models	   and	   a	   newly	   established	   HSC	   model.	  

Furthermore,	   we	   aim	   to	   provide	   a	   deeper	   understanding	   of	   the	   prion-‐like	   aspects	   of	   Aβ	  

aggregation	  and	  propagation.	  

	  

From	   the	   present	   study	   the	   transmission	   of	   characteristic	   strain-‐like	   features,	   such	   as	   an	  

alteration	   of	   the	   Aβ	   ratio	   and	   the	   imprint	   of	   the	   intrinsic	   conformation	   of	   the	   source	   brain	  

material	  to	  the	  induced	  Aβ	  deposits	  became	  apparent.	  We	  can	  now	  conclude	  from	  these	  results	  

that	   strain-‐like	   characteristics	   of	   Aβ	   are	   transmitted	   to	   the	   host	   by	   seeded	   conversion	   and	  

hence	   our	   results	   point	   to	   the	   existence	   of	   prion-‐like	   Aβ	   strains.	   Nevertheless,	   experiments	  

focusing	  on	  serial	  passaging	  of	  the	  induced	  material	  are	  required	  to	  add	  to	  the	  growing	  body	  of	  

evidence	  that	  Aβ	  strains	  exist.	  Further	  experiments	  have	  to	  be	  performed	  to	  show	  that	  distinct	  

Aβ	   strains	   harbor	   different	   biological	   functions	   that	   finally	   result	   in	   distinct	   disease	  

phenotypes.	  	  

It	   is	  suggested	  that	  cofactors	  may	  be	  involved	  in	  the	  conversion	  of	  Aβ	  into	  biologically	  active	  

Aβ	  assemblies.	  Therefore,	  we	  established	  a	  new	  HSC	  model	  for	  cerebral	  β-‐amyloidosis	  where	  

we	  succeeded	  to	  convert	  synthetic	  Aβ	  into	  biologically	  active	  in	  vivo	  seeds.	  The	  present	  finding	  

favors	  the	  idea	  that	  the	  biological	  activity	  of	  synthetically	  derived	  Aβ	  aggregates	  indeed	  relies	  

on	  a	  suitable	  chemical	  and	  physical	  environment,	  which	  is	  provided	  by	  the	  living	  HSC.	  Future	  

experiments	   could	   be	   targeted	   towards	   the	   identification	   of	   the	   underlying	   cellular	   and	  

molecular	   factors	   that	   promote	   the	   conversion	   to	   a	   pathological,	   biologically	   functional	   Aβ	  

conformation.	  A	  recommended	  approach	  could	  be	  to	  use	  potent	   inhibitors	  to	  block	  endocytic	  

pathways	  in	  the	  HSC	  to	  rule	  certain	  pathways	  either	  in	  or	  out.	  

In	  general,	  our	  results	  add	  to	  the	  growing	  body	  of	  evidence	  that	  Aβ	  strains	  exist	  by	  displaying	  

the	  transmission	  and	  propagation	  of	  intrinsic	  properties	  of	  Aβ	  seeds	  in	  APP	  tg	  mice	  and	  HSCs.	  

The	  new	  HSC	  model	  for	  cerebral	  β-‐amyloidosis	  additionally	  assigns	  an	  important	  role	  to	  living	  

cells	   and	   cofactors	   for	   the	   conversion	   of	   synthetic	   Aβ	   into	   biologically	   functional	   protein	  

conformations.	   Further	   research	   on	   the	  mechanistic	   cellular	   functions	   and	   the	   nature	   of	   the	  

cofactors	  involved	  in	  Aβ	  plaque	  formation	  are	  major	  challenges	  that	  can	  be	  overcome	  with	  the	  
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new	   HSC	   model.	   The	   identification	   of	   the	   nature	   of	   these	   cofactors	   could	   help	   to	   target	   β-‐

amyloidosis	  therapeutically.	  

	  

The	   application	  of	  HSCs	   as	   a	  model	   to	   study	  α-‐syn	   lesions	   is	   ongoing	   and	  we	  aim	   to	   further	  

elucidate	   the	   α-‐syn	   cell-‐to-‐cell	   transmission	   in	   this	   model.	   Furthermore,	   mechanisms	  

underlying	   the	   seeded	   aggregation	   of	   α-‐syn	   can	   be	   investigated	   in	   slice	   cultures.	   The	   HSC	  

system	  offers	  the	  opportunity	  to	  study	  the	  consequences	  of	  α-‐syn	  lesions	  for	  the	  surrounding	  

tissue	  as	  well	  as	  on	  neuronal	  circuits.	  Consequently,	  we	  see	  a	  lot	  of	  potential	  in	  this	  new	  model	  

of	  α-‐synucleinopathies.	  
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Seeded strain-like transmission of b-amyloid
morphotypes in APP transgenic mice
Götz Heilbronner1,2, Yvonne S. Eisele1,2, Franziska Langer1,2, Stephan A. Kaeser1,2, Renata Novotny1,2,3,
Amudha Nagarathinam1,2, Andreas Åslund4, Per Hammarström4, K. Peter R. Nilsson4 & Mathias Jucker1,2+
1Department ofCellularNeurology,Hertie Institute forClinical BrainResearch,University ofTübingen, Tübingen,Germany, 2DZNE,

German Center for Neurodegenerative Diseases, Tübingen, Germany, 3Graduate School of Cellular and Molecular Neuroscience,

University of Tübingen, Tübingen, Germany, and 4Department of Chemistry, IFM, Linköping University, Linköping, Sweden

The polymorphic b-amyloid lesions present in individuals
with Alzheimer’s disease are collectively known as cerebral
b-amyloidosis. Amyloid precursor protein (APP) transgenic mouse
models similarly develop b-amyloid depositions that differ in
morphology, binding of amyloid conformation-sensitive dyes, and
Ab40/Ab42 peptide ratio. To determine the nature of such
b-amyloid morphotypes, b-amyloid-containing brain extracts
from either aged APP23 brains or aged APPPS1 brains were
intracerebrally injected into the hippocampus of young APP23 or
APPPS1 transgenic mice. APPPS1 brain extract injected into
young APP23 mice induced b-amyloid deposition with the
morphological, conformational, and Ab40/Ab42 ratio character-
istics of b-amyloid deposits in aged APPPS1 mice, whereas APP23
brain extract injected into young APP23 mice induced b-amyloid
deposits with the characteristics of b-amyloid deposits in aged
APP23 mice. Injecting the two extracts into the APPPS1 host
revealed a similar difference between the induced b-amyloid
deposits, although less prominent, and the induced deposits were
similar to the b-amyloid deposits found in aged APPPS1 hosts.
These results indicate that the molecular composition and
conformation of aggregated Ab in APP transgenic mice can be
maintained by seeded conversion.
Keywords: Alzheimer; amyloid; protein aggregation;
prion strain
EMBO reports (2013) 14, 1017–1022. doi:10.1038/embor.2013.137

INTRODUCTION
The aggregation and deposition of the b-amyloid peptide (Ab) in
brain is considered an early and predictive lesion of Alzheimer’s
disease (AD) [1–3]. Ab of various lengths are generated by
cleavage of amyloid precursor protein (APP) by b-secretase and
g-secretase [4,5]. The most prominent Ab species are full-length
or N-truncated Abx-40 (Ab40) and Abx-42 (Ab42) with Ab42
being much more prone to aggregation and more neurotoxic
compared with Ab40 [4,5].

There are multiple lines of evidence for polymorphic Ab
aggregation [6,7]. Ab deposits in brain can differ in morphology
and in biochemical composition within and among individuals
with AD, between normal aging and AD, and among APP
transgenic mouse models [6–13]. Such Ab morphotypes might
be governed by host factors, such as Ab posttranslational
modifications, Ab length variant generation or Ab amino-acid
substitutions as found in familial AD. However, we have
previously shown the induction of different Ab morphotypes in a
given transgenic mouse line after intracerebral application of
aggregated Ab-containing brain extracts from two different
sources [14]. Similarly, in vitro, distinct structural variants of
synthetic Ab fibrils can be grown and are self-propagating under
seeded growth conditions [15,16].

The aim of the present study was to determine whether the
induction of different Ab morphotypes in genetically defined
recipient mice reflect variations in the molecular composition and/
or conformation of the aggregated Ab in the donor brain extracts. This
would suggest that the prion conformation strain concept [17–20]
might also apply to cerebral b-amyloidosis and further supports the
concept of prion-like templated misfolding of Ab.

RESULTS AND DISCUSSION
Ab morphotypes in APP23 and APPPS1 mice
APP23 and APPPS1 transgenic mice develop age-dependent
depositions of Ab in the brain [21,22]. While amyloid deposits
in APP23 mice are characterized by fairly large Ab deposits
consisting of congophilic amyloid cores with diffuse penumbras,
as well as diffuse Ab deposition, APPPS1 mice develop small,
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2DZNE, German Center for Neurodegenerative Diseases, D-72076 Tübingen, Germany
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Fig 1 | Ab deposits in APP23 and APPPS1 mice differ in morphology, spectral properties and Ab40/42 ratio. (A,B) Ab-immunostaining and Congo red

staining of an 18-month-old APP23 and 6-month-old APPPS1 mouse. (C,D) Higher magnification of the hippocampal plaques. Note the rather large

congophilic (yellow–green birefringence) plaques and diffuse (arrowheads) Ab deposits in APP23 mice (C) in comparison with the smaller, compact and

congophilic plaques in APPPS1 mice (D). (E,F) tPTAA staining of the hippocampal plaques. Note the shift to yellow–green colours of the Ab deposits

in the 18-month-old APP23 mice (E) and the reddish colour of the deposits in the 6-month-old APPPS1 mice (F). Scale bars, 500mm (B), 100mm (D),

50mm (F). (G) Emission spectra of tPTAA bound to the hippocampal Ab deposits. (H) For quantitiative analysis, the ratio of the intensity of the emitted

light at 534 and 631nm was calculated. Each dot represents one Ab plaque. Mean and s.e.m. are indicated for each animal. t-Test revealed a significant

difference between the two groups (APP23: 5 mice, 18–22 months old; APPPS1: 6 mice, 4–6 months old; t(9)¼ 19.4; Po0.001). Note the greater

variation between individual plaques within the APP23 mice compared with APPPS1 mice. (I–K) Urea-based immunoblot of amyloid-depositing APP23

and APPPS1 mouse brain (I; lane 1: synthetic Ab40þAb42 (400pg each), lane 2: APP23 brain extract, lane 3: APPPS1 brain extract). Note the

dominance of Ab40 over Ab42 in APP23 mice and of Ab42 over Ab40 in APPPS1 mice. Similar results were obtained with laser-dissected tissue pieces

from the dentate gyrus (J top; schematic drawing; CA1–3¼ cornu ammonis area; g¼ granular cell layer; ml¼molecular layer; J bottom: immunoblot of

two laser-dissected tissue pieces from APP23 and APPPS1; synthetic Ab40þAb42 were 400 and 800pg each). Quantitative densitometric Ab40/Ab42
ratio in immunoblots for each laser-dissected tissue piece (K, for each animal between 3 and 28 sections were analysed and are represented by dots).

The dotted line indicates a ratio of 1. The same 5–6 mice/group were used as in (H). Mean and s.e.m. are indicated. t-Test revealed a significant

difference between the two groups (t(9)¼ 11.5; Po0.001). Ab, b-amyloid peptide; tPTAA, trimeric polythiophene acetic acid.
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compact and highly congophilic Ab deposits [21,22]. These
mouse strain-specific plaque morphotypes can be found
throughout the neocortex and hippocampus (Fig 1A–D).

Conformational differences of variant Ab morphotypes can be
studied by anionic luminescent conjugated polythiophene (LCP)
including trimeric polythiophene acetic acid (tPTAA) [23].
LCPs are flexible amyloid-binding dyes whose spectral
properties depend on the amyloid conformation. An LCP-based
histo-optical imaging technique has previously been used to
discriminate various prion strains, types of systemic amyloids and
heterogeneous Ab deposits [12,24,25]. When tPTAA was applied
to tissue sections of amyloid-bearing APP23 and APPPS1 mice,
fluorescence images revealed a shift towards bright yellow–
greenish colours for the amyloid plaques in APP23 mice,
whereas the amyloid plaques in APPPS1 mice showed a reddish
appearance (Fig 1E,F). Subsequent spectral analysis revealed
tPTAA emission spectra in APP23 mice with a maximum intensity
at B575 nm and a shoulder at shorter wavelengths (around
535 nm), with more red-shifted spectra also present (Fig 1G). In
contrast, plaques in the APPPS1 mice showed a narrower tPTAA
spectral distribution with a maximum intensity at B590 nm and a
shoulder at longer wavelengths (around 630 nm) (Fig 1G).
Quantitative results revealed a significant difference in the 534/
631 nm emission ratio between the amyloid deposits in APP23
and APPPS1 mice (Fig 1H; see also supplementary Fig S1 online).
The spectral difference was also present, albeit less distinct, when
amyloid fibrils were isolated from whole brains of APP23 and
APPPS1 mice (supplementary Fig S2 online).

APP23 mice express Swedish-mutated human APP, with
Ab40 generation exceeding that of Ab42. In contrast, APPPS1
mice harbour mutated presenilin (PS) 1 in addition to Swedish-
mutated APP, and thus generate more Ab42 than Ab40 albeit
lower total amounts of total Ab compared with APP23
mice [21,22]. To test whether this difference in Ab length
variant generation is also reflected in the amyloid plaques, laser
dissection of amyloid plaques with subsequent Ab-
immunoblotting was performed. Results revealed an Ab40/42
ratio of 4.7/1 for aged APP23 mice, and a ratio of 0.3/1 for APPPS1
mice (Fig 1I–K)) consistent with enzyme-linked immunosorbent
assays from brain homogenates [14,21,22].

Propagation of Ab morphotypes by seeding
Intracerebral injection of minute amounts of brain extract
from b-amyloid-laden aged APP23 or APPPS1 mice induces
b-amyloidosis in young pre-depositing APP23 and APPPS1
mice [14]. Here we have replicated these findings and show that
b-amyloid-containing APP23 extract injected into the hippo-
campus (dentate gyrus) of young, pre-depositing, 4–6-month-old
APP23 mice induces b-amyloid deposits surrounded by diffuse,
filamentous Ab immunoreactivity 3 months after injections.
In contrast, b-amyloid-containing APPPS1 extract injected in the
same host induces punctate, coarse and compact Ab-plaques
3 months after injections (Fig 2A–C). While the APP23 extract
induced Ab deposits throughout the subgranular and mole-
cular layers of the dentate gyrus, the induced Ab deposits by
the APPPS1 extract were largely confined to the subgranular
layer and polymorphic region of the dentate gyrus (Fig 2B,C).
Quantification revealed that total Ab deposition induced by
the APP23 extract was more than double compared with the

APPPS1 extract (Fig 2B,C). In contrast, when only the compact
Ab deposition was quantified, there was no clear difference
between the two extracts (Fig 2B,C).

The reverse experiment, that is, APP23 and APPPS1 extracts
injected into young, pre-depositing 1.5–3-month-old APPPS1
mice and analysed 1.5–3 months later, revealed again a more
diffuse and filamentous pattern of Ab-deposition for the APP23
extract and prominent Ab-deposition in the subgranular cell
layer for the APPPS1 extract. However, this morphological
difference between the extracts was not as obvious as in the
APP23 host and also the induced amount and pattern of total
or compact Ab immunoreactivity appeared similar between the
two extracts (Fig 2D,E).

APP23 and APPPS1 mice analysed 1 week after the injection of
the b-amyloid-containing brain extracts did not show amyloid
deposition demonstrating that the Ab deposits did not simply
represent the injected Ab-containing material (n¼ 8; 2 mice/group;
results not shown) [14,26].

tPTAA spectral emission of seeded Ab deposits
To study conformational differences of the induced Ab morpho-
types, tPTAA staining with spectral analysis was applied
(Fig 2F–I). Strikingly, while the APP23 extract injected in APP23
mice induced Ab deposits with a yellow–greenish appearance, the
APPPS1 extract injected in APP23 mice induced Ab deposits with
a reddish shifted appearance (Fig 2F,G). Vice versa, while the Ab
deposits in APP23 extract-seeded APPPS1 mice revealed a spectral
shift towards a yellow–greenish colour, the APPPS1 extract-
seeded APPPS1 mice revealed a more reddish pattern, although
this difference appeared again less striking compared with the
APP23 host (Fig 2H,I). Quantitative spectral analysis of the
534/631 nm emission ratio confirmed this qualitative histological
impression (Fig 3A). When compared with the endogenous
Ab deposits of the hosts (Fig 1H), the 534/631 nm emission
ratios in APP23-seeded APP23 mice and APPPS1-seeded APPPS1
mice were reminiscent of the emission ratios in APP23 and
APPPS1 mice, respectively.

Ab40/42 ratio of seeded Ab deposits
To test whether the ratio of Ab40/42 might underlie the different
morphology and LCP spectral analysis of the induced Ab deposits,
laser dissection of induced Ab deposition with subsequent Ab-
immunoblotting was performed (Fig 3B). Intriguingly, there was a
significant difference between APP23-seeded and APPPS1-seeded
Ab deposits in the APP23 host. While APP23-seeded Ab deposits
showed a mean Ab40/42 ratio of 3.7/1, APPPS1-seeded APP23
mice revealed a mean Ab40/42 ratio of 1.5/1. (Note that in
‘unseeded’ APP23 mice, the ratio was 4.7/1 and in APPPS1 mice
0.3/1, see Fig 1K). This finding implies the existence of a selection
mechanism, whereby the seeded Ab deposits incorporate mainly
the host-generated Ab isoform that resembles the composition
of the seed. This seeded imprinting of the Ab40/42 ratio in the
APP23 host paralleled the morphological characteristics of
the induced Ab deposits and LCP staining.

In the APPPS1 host and in contrast to the LCP staining,
immunoblot analysis of the induced Ab deposition failed to reach
significance between the two extracts (Ab40/42 ratio of 0.35/1 for
APP23 extract versus 0.25/1 for APPPS1 extract; Fig 3B) and the
ratios of both APP23- and APPPS1-seeded Ab deposits were
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similar to ratio in the ‘unseeded’ APPPS1 host. This observation
might reflect that seeded nucleation in the APPPS1 host was
obscured by endogenous spontaneous nucleation events and/or
cross-seeding of the abundant and highly aggregate-prone Ab42
generated by the APPPS1 host [6,22].

‘Strain-like’ Ab morphotypes
Prion strains might differ in amino-acid sequence of the prion
protein or are based on polymorphic assembled states of the same
prion protein molecule [17–20]. While the latter has at least been
shown for Ab in vitro [15,16], the results of the present study
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Fig 2 | Propagation of Ab morphotypes by seeding. Brain extracts from aged amyloid-depositing APP23 or APPPS1 mice were injected into the

hippocampus (dentate gyrus) of APP23 or APPPS1 mice. APP23 mice were 4–6 months old when they were injected. They were analysed 3 months

later (n¼ 5/extract). APPPS1 mice were either 1.5–2 months or 3 months old when they were injected. The 1.5–2-month-old group was analysed

1.5–2 months later (n¼ 6/extract). The 3-month-old group was analysed 3 months later (n¼ 2/extract). (A) Pattern of induced Ab-deposition
(Ab immunostaining) in the dentate gyrus. Shown is an APPPS1 extract-inoculated APPPS1 host. (B–E) Higher magnifications of Ab-immunostained

layers of the dentate gyrus for the four experimental groups. The APP23 extract-induced Ab deposits in APP23 hosts are more diffuse and filamentous

compared with the highly coarse, punctate and compact Ab deposits in APPPS1 extract-induced APP23 hosts (B,C). The distribution of the induced

Ab deposits throughout the different layers was also different between the two extracts in the APP23 host (sgl¼ subgranular cell layer; g¼ granular cell

layer; iml, oml¼ inner and outer molecular layer). In the APPPS1 host, the APP23 extract-induced Ab-deposits also appeared somewhat more diffuse

and filamentous compared with the APPPS1 extract-induced Ab-deposits, whereas the APPPS1 extract induced again more prominent Ab-deposition in

the sgl compared with the APP23 extract (D,E). Overall, the morphological differences between the two extracts in the APPPS1 host were less obvious

than in the APP23 host and this appeared true independent of the age of the host at the time of inoculation and of the inoculation period. Note that

untreated APP23 mice at 7–9 months of age do not yet show endogenous Ab plaques in the hippocampus whereas APPPS1 mice at 4–6 months of age

occasionally have some endogenous hippocampal plaques, which however can easily be identified (arrowhead in E). Total Ab load (grey bars) and

compact Ab load (black bars) in dentate gyrus is shown in the panels next to the histological panels. Mean and s.e.m. are indicated (for the APP23

host n¼ 5/extract, for the APPPS1 host n¼ 8/extract). ANOVA (extract " host) for the Ab load revealed a significant interaction F(1.22)¼ 6.19;

Po0.05 and a significant main effect for extract (F(1.22) ¼ 7.78; Po0.05) but not for host (P40.05). ANOVA for the compact Ab revealed a

significant main effect for host (F(1.22) ¼ 10.12; Po0.01) but not for extract or interaction (P40.05). (F–I) tPTAA stained dentate gyrus for the four

experimental groups. Note the difference in colour between the APP23 extract-induced Ab deposits (yellow–greenish, F) and the APPPS1 extract-

induced Ab deposits (yellow–reddish, G) in APP23 hosts. The difference between the two extract in the APPPS1 host was again somewhat less

prominent (H, I). Scale bars, 200mm (A), 100mm (E) and 50 mm (I). Ab, b-amyloid peptide; ANOVA, analysis of variance; tPTAA, trimeric

polythiophene acetic acid.
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suggest that, for b-amyloidosis in brain, C-terminal chain-length
variants might contribute to the nature of the Ab conformers and
can be sustained by seeded induction (‘strains’). In apparent
contrast, previous in vitro studies have reported that assemblies of
Ab protofibrils with different Ab40/42 ratios have similar
molecular structures [27,28]. However, in vivo and within

a cellular environment Ab aggregation is likely different [10].
While the present study only focused on Ab40 and Ab42, it should
be noted that there are many additional Ab isoforms with various
amino- and carboxy terminal lengths. In addition, there are Ab
amino-acid sequence differences associated with familial forms of
cerebral b-amyloidosis [5,29].

The physiological relevance of Ab ‘strains’ and whether they
can be linked to phenotypic variability of AD and/or cerebral
b-amyloidosis, as reported for prion strains in prionoses [18–20],
remains to be shown. However, in vitro, the neurotoxicity of Ab
fibrils is dependent on their molecular and structural composition,
including their Ab40/42 ratio [15,30–32]. In vivo, it has been
shown that subtle changes in the Ab40/42 ratio have profound
effects on neurotoxicity [33]. Finally, the Ab40/42 ratio correlates
with disease onset in familial AD [34,35].

Cerebral b-amyloidosis is likely initiated by stochastic Ab seed
formation, with subsequent propagation and spreading [6,36]. The
finding that variants of Ab seeds might govern the type (and
possibly toxicity) of Ab aggregates might at least partly explain the
heterogeneous morphology, pathogenicity and progression of Ab
lesions and associated pathologies in AD. The identification of
factors that influence the conformational characteristics of the
initial seed might thus have therapeutic implications.

METHODS
Detailed methods can be found in the Supplementary
Information Online.
Mice and brain extracts. APP23 and APPPS1 transgenic mice
develop first amyloid deposits at 6–8 months (APP23) and 2–4
months (APPPS1) of age. In both strains, Ab deposits develop first
in neocortex and later in the hippocampus [21,22]. Brain extracts
were prepared from 27–28-month-old APP23 and 16–22-month-
old APPPS1 mice (10–20 ng Ab/ml for both extracts). Injections
were done into the hippocampus/dentate gyrus (AP ! 2.5mm,
Lþ /! 2.0mm, DV ! 1.8mm) [26].
Immunohistochemistry and stereology. Sections were stained
with Congo red and polyclonal antibody to Ab [37]. Induced Ab
deposition was quantified on a set of every 12th systematically
sampled coronal section throughout the dentate gyrus [14]. Total
Ab-load was determined by calculating the areal fraction
(percentage) occupied by Ab-staining; the compact plaque load
by calculating the areal fraction occupied by Congo red.
tPTAA staining and emission spectra. Spectra were collected
from tPTAA-stained sections [23] with a LSM 780 or 510 META
(Carl Zeiss, Jena, Germany) with an argon 488 nm laser, and
a Leica DM6000 B fluorescence microscope (Leica, Wetzlar,
Germany) equipped with a SpectraCube (optical head) module
(Applied Spectral Imaging, Migdal Ha-Emek, Israel). SpectraView
3.0 EXPO software (Applied Spectral Imaging) was used
for images and selection of spectral regions. Spectra were
collected from eight spots within 15–20 plaques/animal. Twisted
separated LCP molecules emit light at 530–540 nm, whereas
planar, stacked (aggregated) LCP multimers emit light at
630–650 nm. The ratio of the intensity of the emitted light
at 534 and 631 nm was used as a parameter for spectral distinction
of different plaques [12].
Immunoblotting of Laser-Dissected Tissue. Laser-microdissected
(MicroBeam, P.A.L.M., Bernried, Germany) patches of the
dentate gyrus (see Fig 1J) were cut from sections adjacent to
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induced Ab deposits. The analysis is from the same mice as in Fig 2. For

the APP23 host, all mice (n¼ 5/extract) were included in the analysis;

for the APPPS1 host, the two extremes were selected for analysis, that is,

the 1.5-month-old mice that were analysed 1.5 months later, and the

3-month-old mice that were analysed 3 months later (total n¼ 4/extract).

(A) Quantitative emission spectra of the ratio of the emitted light at

534 nm and 631 nm. For methodological details see Fig 1. Mean and

s.e.m. are indicated. ANOVA (host$ extract) revealed significant main

effects (host F(1,14)¼ 12.0; Po0.01; Extract F(1,14)¼ 67.1; Po0.001) and

interaction (F(1,14)¼ 6.8; Po0.05). Post hoc analysis revealed significant

differences between APP23- and APPPS1-induced Ab deposits in the

APP23 host (Po0.001) and APPPS1 host (Po0.01). (B) Densitometric

analysis of the Ab40/Ab42 ratio plotted for each laser-dissected tissue

piece. For methodological details see Fig 1. Mean and s.e.m. are

indicated. The dotted line indicates a ratio of 1. ANOVA (host$ extract)

revealed significant main effects (Host F(1.14)¼ 175.9; Po0.001; extract

F(1.14)¼ 40.5; Po0.001) and interaction (F(1.14)¼ 34.41; Po0.001).

Post hoc analysis revealed a difference between the APP23- and APPPS1-

induced Ab deposits in the APP23 host (Po0.001) but failed to reach

significance in the APPPS1 host (P40.05). Ab, b-amyloid peptide;

ANOVA, analysis of variance; tPTAA, trimeric polythiophene acetic acid.
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Ab-immunostained sections in which the location of the Ab
induction was confirmed. Bicine-Tris urea SDS–PAGE immuno-
blotting was used to separate Ab40 and Ab42 using antibody
6E10 specific to human Ab [14]. Densitometric values of band
intensities were analysed to calculate the Ab40:Ab42 ratio using
ImageJ, version 1.42q (http://rsb.info.nih.gov/ij).

Supplementary information is available at EMBO reports online
(http://www.emboreports.org).
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SUPPLEMENTARY METHODS 

 

Transgenic mice 

Male and female hemizygous APP23 and APPPS1 mice were used with gender balanced 

between groups. APP23 mice carry the cDNA encoding human APP with the Swedish double 

mutation at positions 670/671 (KM NL), driven by a murine Thy1 promoter element [1]. 

APP23 mice have been backcrossed with B6 mice for more than 20 generations (C57BL/6J-Tg 

(Thy1-APPK670N;M671L)23). APPPS1 mice express the same Swedish mutated APP cDNA 

construct together with human L166P mutated PS1 both driven by the murine Thy-1-

promoter on a C57BL/6 background [2]. Amyloid deposits in APP23 mice occur at the age of 

6-8 months while APPPS1 mice develop amyloidosis at 2-4 months. In both strains Aβ 

deposits develop first in the neocortex and later in the hippocampus [1,2]. 

 

Preparation of tissue extracts for intracerebral infusion 

APP23 mouse brain extracts were prepared from brain without cerebellum of aged, -

amyloid-laden 27-28 month-old APP23 transgenic mice. Amyloid-laden APPPS1 brain extract 

was prepared from 16-22 month-old APPPS1 mice. Brains were removed, frozen, and stored 

at -800C until use. Tissue was then homogenized at 10% (w/v) in sterile, phosphate-buffered 

saline (PBS), vortexed, sonicated 3 x 5 seconds and centrifuged at 3000 x g at 4°C for 5 

minutes. The supernatant was aliquoted and immediately frozen. A  in the extract was 

measured by immunoblots and/or MSD (Meso Scale Discovery, Gaithersburg, MD) as 

previously described [3] and revealed a concentration of 10-20 ng/µl for both extracts. 

 

Isolation of amyloid fibrils from brain 

Aβ fibrils were isolated form brain homogenates of APP23 or APPPS1 transgenic mice using 

multiple steps of iodixanol (Sigma-Aldrich) density gradient centrifugation. Residual nucleic 

acid and protein contaminants were removed by incubation with benzonase (Novagen) and 

proteinase K (Roche). Aggregates were finally concentrated by centrifugation over a sucrose 
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cushion, resuspended in dH2O, and snap frozen in liquid nitrogen, overall similar to 

previously described [4].  

 

Intracerebral injection of brain extract 

APP23 mice (4 - 6 months old) and APPPS1 (1.5 - 3 month-old) were anaesthetized with a 

mixture of ketamine (100mg/kg body weight) and xylazine (10mg/kg body weight) in saline. 

Bilateral stereotaxic injections of 2.5µl brain extract were placed with a Hamilton syringe 

into the hippocampus (AP -2.5mm, L +/-2.0mm, DV -1.8mm). Injection speed was 

1µl/minute and the needle was kept in place for additional 2 minutes before it was slowly 

withdrawn. The surgical area was cleaned with sterile saline, the incision was sutured, and 

the mice were monitored until recovery from anesthesia. After stereotaxic surgery mice 

were housed individually in standard lab cages (1284L-116, Tecniplast, Milan, Italy) on a 

12:12h light cycle (lights on at 06.00 am) with ad libitum access to food and water. Mice 

were sacrificed for analysis 1.5 - 3 months after surgery. Some mice/tissue was taken from a 

previous study [5]. All the experimental procedures were in accordance with the veterinary 

office regulations of Baden-Württemberg (Germany) and approved by the local Animal Care 

and Use Committees. 

 

Preparation of brain sections 

Under deep inhalation anesthesia, mice were sacrificed by decapitation. Brains were 

removed, fixed in 4% paraformaldehyde, cryoprotected in 30% sucrose, and sectioned (25 

µm-thick) on a Microtome (SM200R, Leica Microsystems, Wetzlar, Germany) in ice-cold PBS. 

Until use, sections were stored in cryoprotectant solution (25% (v/v) glycerine; 30% (v/v) 

ethylene glycol in PBS) at -20°C.  

 

Aβ-immunohistochemistry of brain sections 

For immunohistochemical staining sections were washed in TBS and incubated with 0.3% 

H2O2 in TBS for 30 minutes. Subsequently sections were washed in TBS, incubated 10 

minutes with 0.3% Triton X-100 (Sigma, St. Louis, MO, USA) in TBS and blocked for 30 
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minutes with 5% goat serum. Sections were then probed overnight with polyclonal antibody 

NT12 (or its succeeding antibody CN3) raised against synthetic fibrillary human A 40 

(dilution 1:2000 in TBS). Both antibodies recognize A 40 and A 42 in tissue sections and are 

virtually identical [5,6]. Sections were washed in TBS and incubated with biotinylated goat 

anti-rabbit IgG (Vectastain Elite ABC kit, Vector Laboratories, Burlingame, CA, USA) for 90 

minutes. Sections were again washed in TBS and incubated in 0.8% avidin and 0.8% biotin 

(Vectastain Elite ABC kit, Vector Laboratories, Burlingame, CA, USA) in TBS for 90 minutes. 

Sections were again washed and reacted with 3% peroxidase substrate (SG Blue, Vector 

Laboratories, Burlingame, CA, USA) and 3% H2O2 in 0.1M PBS for approx. 2 minutes until 

desired intensity of staining was achieved. Sections were washed in TBS and mounted on 

gelatin coated glass slides (Super Frost+, R. Langenbrinck, Emmending, Germany) and dried 

for 2 hours at room temperature. Through a series of graded ethanols, sections were 

dehydrated and coverslipped with xylene-based mounting medium (Pertex, Cellpath, 

Newtown, UK) 

 

Quantitative analysis of the induced Aβ-deposition  

The induced Aβ deposition was quantified on a set of every 12th systematically sampled, 

coronal, double stained for Aβ (immunohistochemistry) and Congo red section throughout 

the dentate gyrus. Stereological analysis was performed using a microscope equipped with a 

motorized x-y-z stage coupled to a video-microscopy system and the Stereo Investigator 

software (MicroBrightField, Inc., Williston, VT) as previously described [5]. The A -load 

(percentage) was determined in the dentate gyrus by calculating the areal fraction occupied 

by Aβ-positive immunostaining using a 20x objective and a Zeiss Axioskop 2 microscope 

(Zeiss, Oberkochen, Germany). The compact plaque load was determined by calculating the 

areal fraction occupied by Congo red staining.  However, the Congo red staining was often 

masked by very dense Aβ positive immunostaining that in turn was also added to the 

congophilic amyloid and termed �“compact amyloid load�”.  Note that for the total Aβ load 

and compact Aβ load the areal fraction was not determined at a single focal plane but was 

calculated from the 25 µm-thick sections through the dentate gyrus and thus overestimates 

the true Aβ plaque load. 
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Staining of brain sections with t-PTAA and collection of emission spectra 

t-PTAA [7] was dissolved in deionized water to a final concentration of 1.0 mg/ml. This stock 

solution was further diluted to a final concentration of 20 g/ml with 100 mM Na-Carbonate 

pH 10 and added to the brain sections, which were then incubated for 30 min at RT and 

washed with 100 mM Na-Carbonate pH 10. The sections were mounted with Dakocytocrom 

fluorescent mounting medium (Dako, Denmark). The medium was allowed to solidify for 3 h. 

Spectra were collected with a LSM 780 or a 510 META (Carl Zeiss, Jena, Germany) with an 

argon 488 nm laser and a Leica DM6000 B fluorescence microscope (Leica, Wetzlar, 

Germany) equipped with a SpectraCube (optical head) module (Applied Spectral Imaging, 

Migdal Ha-Emek, Israel) using bandpass filters 470/40 (LP515) and 546/12 (LP590). 

SpectraView 3.0 EXPO software (Applied Spectral Imaging) was used for the presentation of 

images and selection of spectral regions. Spectra were collected from 8 individual spots 

within 15�–20 plaques for each animal. As previously shown, twisted separated LCP 

molecules emit light at 530-540 nm, whereas planar, stacked (aggregated) LCP multimers 

emit light at 630-650 nm. Thus the ratio of the intensity of the emitted light at 534 nm and 

631 nm was used as a parameter for spectral distinction of different plaques [8].  

 

Staining of isolated amyloid fibrils from brain with t-PTAA and collection of emission spectra 

Amyloid fibril preparations from the whole brain were diluted 1:5 with the tPTAA staining 

solution (20 g/ml dissolved in 100 mM Na-Carbonate pH 10) and were left to incubate for 2 

h at room temperature in the dark. Sample aliquots (3 µl) were applied to glass slides, air 

dried and coated with Dakocytocrom fluorescent mounting medium (DAKO, Denmark), and 

a cover slip. Non-transgenic age matched control samples prepared side-by-side, were used 

as references. Samples were imaged as described above for brain sections. Spectra were 

collected from 10 individual regions (2 pixel circle) within each of 4 images for each 

preparation.  
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Western blot analysis of Aβ in laser-dissected tissue pieces 

Hippocampal sections were Aβ immunostained using antibody NT12 or CN3 (see above). 

With the aid of a laser microdissection microscope (MicroBeam, P.A.L.M., Bernried, 

Germany) patches of the dentate gyrus including polymorphic, granular and molecular layers 

and part of the CA3 region (see Fig. 1J) were cut from the hippocampus of unstained 25 m 

thick coronal sections adjacent to sections in which the location of the Aβ induction was 

confirmed. Patches were picked up and transferred with the aid of a cannula to a test tube. 

To separate Aβ40 and Aβ42 [40], samples were sonicated 3x5s in 0.718 M Bis-Tris; 0.318 M 

Bicine; 2% (w/v) SDS; 30% (w/v) sucrose; 5% (v/v) 2-mercaptoethanol; 0.008% (w/v) 

bromophenol blue, and then boiled for 5 minutes and subjected to 10% Bicine-Tris 8M Urea 

SDS-PAGE as previously described [5,9]. Synthetic Aβ1-40 and Aβ1-42 (American Peptide 

Company, Sunnyvale, CA, USA) were used as controls. Proteins were transferred onto a 

nitrocellulose membrane and probed with monoclonal antibody 6E10 specific to human Aβ 

(dilution 1:5000; Covance, NJ, USA). The secondary antibody was horseradish peroxidase�–

conjugated goat anti-mouse IgG (Santa Cruz Biotechnologies, Santa Cruz, CA, USA). Bands 

were visualized using Amersham ECL Plus (GE Healthcare, Little Chalfont, United Kingdom) 

and developed onto Kodak X-OMAT AR film (Kodak, Rochester, NY, USA). The mean 

densitometric values of band intensities in multiple exposures were analyzed to calculate 

the ratio of Aβ40 to Aβ42 using the public domain software ImageJ, version 1.42q 

(http://rsb.info.nih.gov/ij). In total 266 sections were analyzed. 
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SUPPLEMENTARY FIGURES 

 

 

 

 

 
 

 

Figure S1. Because the APPPS1 mice used for the analysis in Figure 1 were younger (6 

months of age) compared to the APP23 mice (18 months of age) and an age-dependent 

difference in staining was reported when a combination of two distinct LCPs were used [10], 

the spectral profile of tPTAA was additionally assessed in 6 versus 18 months old APPPS1 

brain sections. However, no age-related difference was found. Experiments and analysis 

were performed as described in the main paper.  
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Figure S2. Fluorescence ratios of t-PTAA stained isolated amyloid fibrils from the brain of 

APP23 and APPPS1 mice. (A,B) t-PTAA staining of isolated amyloid fibrils from a 28 month-

old APP23 mouse (A) and  20 month-old APPPS1 mouse (B). Note the shift to green colors of 

the A  fibrils of the APP23 mouse compared to the reddish color of the A  fibrils of the 

APPPS1 mouse. (C,D) Representative emission spectra of tPTAA bound to the isolated A  

fibrils of APP23 mice (C) and APPPS1 mice (D). Spectra were collected from 10 individual 

regions (2 pixel circle) within each of 4 images for each preparation. (E) For quantitative 

analysis the ratio of the intensity of the emitted light at 534 nm and 631 nm was calculated 

(see also method section). Each dot/triangle represents one spectrum from a 2 pixel circle 

region within the image (40 in total for each mouse preparation). Mean and SEM are 

indicated. A two-tailed t-test revealed a significant difference between the groups 

(t(78)=2,84; p<0.01). Note that the greater variation in the ratio of APP23 fibrils compared to 

APPPS1 fibrils is in accordance with the spectral analysis done in brain sections (see Figure 

1).  
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SUMMARY 
 

The aggregation of amyloid-beta peptide (A!) in brain is an early event and hallmark of 

Alzheimer’s disease (AD). We combined the advantages of in vitro and in vivo approaches to 

study cerebral !-amyloidosis by establishing a long-term hippocampal slice culture (HSC) 

model. While no A!  deposition was noted in untreated HSC of postnatal A!  precursor protein 

transgenic (APP tg) mice, A!  deposition emerged in HSC when cultures were treated once with 

brain extract from aged APP tg mice and the culture medium was continuously supplemented 

with synthetic A! . Seeded A!  deposition was also observed under the same conditions in HSC 

derived from wildtype or App-null mice but in no comparable way when HSC were fixed prior 

to cultivation. Both the nature of the brain extract and the synthetic A!  species determined the 

conformational characteristics of HSC A!  deposition. HSC A!  deposits induced a microglia 

response, spine loss, and neuritic dystrophy but no obvious neuron loss. Remarkably, in 

contrast to in vitro aggregated synthetic A! , homogenates of A!  deposits-containing HSC 

induced cerebral !-amyloidosis upon intracerebral inoculation into young APP tg mice. Our 

results demonstrate that a living cellular environment is necessary for the seeded conversion of 

synthetic A!  into an in vivo seeding-active form.  
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Significance Statement 
 
In this study, we report the seeded induction of A! aggregation and deposition in long-term 

hippocampal slice cultures. Remarkably, we find that the biological activities of the largely synthetic 

A! aggregates in the culture are very similar to those observed in vivo. This observation is first to 

show that biologically active A! aggregates can be obtained by seeded conversion of synthetic A! in 

a living (wildtype) cellular environment. 

 

  



	   68	  

	  

INTRODUCTION 

A hallmark and early trigger of Alzheimer’s Disease (AD) pathogenesis is the aggregation of 

amyloid-beta peptides (A!) in brain (Hardy and Selkoe, 2002; Holtzman et al., 2011). Although A! 

aggregation studies in cell-free systems have provided important insights into the dynamics and 

kinetics of amyloid formation (Harper and Lansbury, 1997; DaSilva et al., 2010; Du et al., 2011), it 

was the development of A! precursor protein transgenic (APP tg) mouse models that has 

revolutionized the research of cerebral !-amyloidosis (Games et al., 1995; Hsiao et al., 1996; 

Sturchler-Pierrat et al., 1997; Duyckaerts et al., 2008; Jucker, 2010). The need of in vivo approaches 

to study cerebral !-amyloidosis was further bolstered by the observation that in vitro aggregated 

synthetic A! is a poor in vivo seed for cerebral !-amyloidosis (Meyer-Luehmann et al., 2006; Stohr 

et al., 2012) likely due to conformational differences and/or cofactors compared to in vivo generated 

A! aggregates (Paravastu et al., 2009).  

We and others (Harris-White et al., 1998; Johansson et al., 2006) have tried to model !-amyloidosis 

in hippocampal slice cultures (HSC) from APP tg mice for more than a decade, however with poor 

success. Now we report that seeding such cultures once with brain homogenates from aged APP tg 

mice while supplementing the medium continuously with synthetic A! induces robust A! 

aggregation and associated pathologies with biological activities remarkably similar to those 

observed in vivo in APP tg mice and AD brains. Our results demonstrate that in vitro formation of in 

vivo seeding-active A! aggregation can be achieved by seeded conversion of synthetic A! in a living 

cellular environment. 
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MATERIALS AND METHODS 

 
Mice for Hippocampal Slice Cultures 

Hippocampal slice cultures (HSC) were prepared from pups of the following mice: Male and female 

C57BL/6J mice, APP23 and APPPS1 tg mice, and crosses of APP23 x APPPS1 mice. APP23 tg 

mice overexpress human APP 7-fold and harbor the Swedish double mutation (Sturchler-Pierrat et 

al., 1997). APPPS1 tg mice overexpress human APP 3-fold and harbor Swedish double mutation and 

mutated human presenilin 1 (PS1) (Radde et al., 2006). We furthermore used App-null mice (Eisele 

et al., 2014) and mice expressing enhanced green fluorescence protein (GFP) under the control of the 

neuron-specific Thy-1 promoter (Thy1-GFP) (Feng et al., 2000; Vlachos et al., 2012). 

 

Preparation of Hippocampal Slice Cultures 

HSC were prepared from pups at postnatal day 2–3 according to previously published 

protocols (Brinks et al., 2004; Mayer et al., 2005). Postnatal pups were sacrificed by decapitation and 

brains were aseptically removed. Hippocampi were dissected and cut perpendicular to the 

longitudinal axis into 400 µm sections with a tissue chopper. Intact hippocampal sections were 

transferred into petri dishes, containing cold buffer solution of minimum essential medium (MEM) 

supplemented with 2 mM GlutaMAXTM (Life Technologies, Thermo Fisher Scientific Ink., 

Waltham) at pH 7.3. Four sections were placed onto one humidified porous membrane (Millicell Cell 

Culture Inserts CM30; Merck KGaA, Darmstadt, Germany) per well in six well plates filled with 1.2 

ml culture medium/well. The culture medium consisted of heat-inactivated horse serum (25%), 

Hanks’ balanced salt solution (25%) and MEM (50%), complemented with GlutaMAXTM (2 mM) 

adjusted to pH 7.2. HSCs were kept at 37°C in humidified CO2-enriched atmosphere. The medium 

was changed three times per week. HSC of Thy1-GFP mice also contained entorhinal cortex and 

were prepared according to a similar and previously described protocol (Del Turco and Deller, 

2007).  

 

Treatment of Hippocampal Slice Cultures 

HSC were kept for 10 days without any experimental treatment to obtain stable culturing conditions. 

At day 10 after the medium change synthetic A!1–40 or A!1–42 (from 100 µM frozen stock 

solution; initially prepared by adding PBS to lyophilized A!, followed by 3 x 1 min vortexing on wet 

ice) was added to the medium to reach a final concentration of 1.5 µM (American Peptide Company 

Inc., Sunnyvale, USA). Subsequently, 1 µl of brain extract of APP23 or APPPS1 tg mice or of non-
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tg wildtype mice (for a description of the extracts, see below) was pipetted once on the surface of 

each culture. Over the following 9-week cultivation period all subsequent medium changes were 

done with culture medium containing 1.5 µM synthetic A!. (note: no more extract was added). Some 

HSC were pre-fixed after one week with 4% paraformaldehyde (PFA) in 0.1 M phosphate buffer 

(PB) at room temperature for 2 hours, rinsed 3 times with PB for 10 min followed by the combined 

treatment as described above. 

 

Histology and Immunohistochemistry of Hippocampal Slice Cultures  

HSC were fixed with 4% PFA in 0.1 M PB, pH 7.4 for 2 hours. Cultures were rinsed 3 times with 

0.1 M PB for 10 min. The Millipore membrane with the fixed cultures was cut off and cultures were 

mounted on a planar agar block and sliced into 50 µm sections on a vibratome (Leica VT 1000S 

Vibratome, Leica Biosystems Nussloch GmbH, Nussloch, Germany). Typically 2–4 intact sections 

were obtained per culture and were collected in PBS. Immunohistochemistry was performed 

according to standard protocols on free-floating sections either using the Vectastain Elite ABC Kit 

(Vector laboratories Inc. Burlingame, USA) or standard immunofluorescence with appropriate 

secondary antibodies (goat anti-rabbit or goat anti-mouse Cy3- or Alexa 488-, 546-, 568-, or 647-

conjugated antibodies (Life Technologies, Thermo Fisher Scientific Ink., Waltham) (Mayer et al., 

2005; Eisele et al., 2010). As primary antibodies were used: polyclonal rabbit CN3 antibody to 

human A! (Eisele et al., 2010); rabbit polyclonal antibody against ionized calcium binding adapter 

molecule 1 (Iba-1, Wako Chemicals USA Ink., Richmond); mouse monoclonal antibody against 

neurofilament light polypeptide (NF-L; MAB1615; Millipore, Temecula, CA); mouse monoclonal 

antibody AT8 (Thermo Scientific, Waltham, MA) directed against p-Tau position 191/194 (murine). 

Some of the sections were counterstained with Congo red and examined for birefringence under 

polarized light. Immunofluorescence stained sections were routinely counterstained with DAPI 

nuclear stain (300 nM, Life Technologies, Thermo Fisher Scientific, Waltham, USA). 

 

Extract Preparation from Brain and Hippocampal Slice Culture 

Brain extracts were prepared from aged (24-month-old) male or female APP23 tg mice, aged (21-

month-old) APPPS1 tg mice, and age-matched non-tg control mice as described previously (Meyer-

Luehmann et al., 2006). In brief, after removal of the cerebellum and lower brainstem, the forebrain 

was immediately fresh-frozen on dry ice and stored at -80°C until use. Tissue was homogenized 

(Ultra Turrax T8, IKA®-Werke Staufen, Germany) at 10% (w/v) in sterile PBS (Lonza Group Ltd., 

Valais, Switzerland), vortexed, sonicated three times for 5 seconds each (LabSonic, B. Braun 
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Biotech International GmbH, Melsungen, Germany; 0.5 mm diameter sonotrode, cycle 1, amplitude 

80%) and centrifuged at 3000 x g for 5 min. The extract is referred to the supernatant and typically 

contained 1-10 ng/µl total A! (A!40 and A!42 combined). Extracts were aliquoted and immediately 

frozen at -80°C until use. Slice culture homogenates were prepared from 15 identically treated HSCs. 

Cultures were removed from the membrane, pooled and immediately frozen on dry ice and stored at 

-80°C until use. Frozen slice cultures were homogenized with EPPI-pestles (Schuett biotec, 

Göttingen, Germany) in 150 µl sterile PBS, vortexed and sonicated three times for 5 seconds each. 

HSC homogenates were aliquoted and immediately frozen at -80°C until use. 

 

SDS-Page and Immunoblot Analysis 

HSC homogenates/extracts were analyzed on NuPAGE Bis-Tris mini gels using LDS sample buffer 

and MES running buffer (Life Technologies, Thermo Fisher Scientific Ink., Waltham). Proteins were 

transferred onto a nitrocellulose membrane, probed with monoclonal antibody m3.2 against murine 

A! (Morales-Corraliza et al., 2009) and visualized using SuperSignal West Dura chemiluminescent 

substrate (Life Technologies, Thermo Fisher Scientific Ink., Waltham).  

 

Staining with Luminescent Conjugated Oligothiophenes 

Luminescent conjugated oligothiophene (LCO) amyloid-binding dyes were used in order to 

distinguish between different A! morphotypes, by detecting fluorescence emission spectral 

differences. Specifically, the pentamer formyl acetic acid (pFTAA) LCO was used, as described 

previously (Fritschi et al., 2014). For visualizing A! deposition in HSCs from Thy1-GFP mice, an 

LCO with red-shifted fluorescence emission was chosen (the heptamer formyl acetic acid – 

hFTAA (Klingstedt et al., 2011)), in order to avoid fluorescence cross-talk between the eGFP signal 

and the LCO. A! deposition in microglia depleted HSCs was visualized with the blue-shifted LCO 

qFTAA (quadro-formylthiophene acetic acid  (Klingstedt et al., 2011)) to avoid bleed-through into 

the CN3 (secondary antibody conjugated to Alexa 546) and Iba-1 (secondary antibody conjugated to 

Alexa 647) channels. For the staining of either LCO, HSC sections were washed in PBS (3 x 10 min) 

and subsequently mounted on Superfrost slides. Staining with the LCOs (1.5 mM in deionized water, 

diluted 1:1000 in PBS) was performed similar to a previous description (Klingstedt et al., 2011). 

Sections were allowed to dry for 2 h at RT and then coverslipped with Dako Fluorescence Mounting 

Medium. 
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Quantification of Total A! Load  

The total A! load (%) of HSC was determined on each section (50 µm thick) from the re-sliced 

cultures by calculating the areal fraction occupied by CN3-positive (peroxidase-based) 

immunostaining in two-dimensional sectors over the whole section volume (20x/0.45 NA objective). 

The mean A! load of all the sections from each culture (typically 2–4 sections) was regarded as the 

total A! load of the corresponding culture. 

The total A! load (%) induced by the injection of HSC extract into the dentate gyrus of young 

APP23 tg mice was determined on a set of every 12th systematically sampled, serial (25 µm thick) 

sections throughout the entire dentate gyrus by calculating the areal fraction occupied by CN3- and 

Congo red-positive immunostaining in two-dimensional sectors at a single focal plane (20x/0.45 NA 

objective). All the stereological quantification was done with a microscope equipped with a 

motorized x-y-z stage coupled to a video microscopy system (Stereo Investigator; MicroBrightField, 

Ins., Williston, USA) as previously described (Bondolfi et al., 2002). The investigator who 

performed analysis was blind towards the different groups. 

 

Electron Microscopy 

HSC were immersed in a fixative solution (4% PFA, 0.05 % glutaraldehyde, 15 % saturated picric 

acid in 0.1M PBS) for 2 hours and then washed, osmicated, dehydrated and flat-embedded in resin 

(Fluka Durkupan, EMS, Hatfield, USA) on glass slides. Ultrathin sections were cut by an Ultracut 

(Leica EM UC7, Leica Biosystems Nussloch GmbH, Nussloch, Germany) and collected on single-

slot Formvar-coated nickel grids. For immunolabeling a postembedding protocol was used. After 

etching in 1% periodic acid for 10 min, an incubation in 1% sodium metaperiodate and 

glycine/sodium borohydrate solution followed (10 min each). Sections were blocked in 2% human 

serum albumin in TBST for 10 min and incubated with the polyclonal rabbit CN3 antibody to 

A! (Eisele et al., 2010) (1:100 over night at 4°C. As secondary layer a gold-conjugated (10 nm) anti-

rabbit antibody (1:50, British Biocell Interaction, Cardiff, UK) was used. Sections were exposed to 

lead citrate for 2 min. Digital images were taken by means of a transmission electron microscope 

(Leo 906 E, Carl Zeiss MicroImaging GmbH, Jena, Germany) equipped with a 2K Sharpeye CCD 

camera (Tröndle, Moorenweiss, Germany). 

 

Spine Counts at Electron Microscopic Level 

For spine count analysis at electron microscopic level 16-week-old untreated wildtype HSCs and 

HSCs treated with APPPS1 tg brain extract and synthetic A!1–42 were analyzed (n=3 each). From 
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each culture 20 panoramic images (each composed of 3x3 attached and non-overlapping photos) at 

same magnification were taken randomly. The photographed area of each culture was approximately 

2450 µm2 and number of spines per area was manually counted. The investigator performing the 

analysis was blind towards the two groups. The Student’s t-test was used for statistical analysis. 

 

Spine Analysis at Light Microscopic Level 

Spine analysis was done on HSC derived from Thy1-GFP mice. A! plaques were visualized by 

hFTAA staining (see above for details). GFP and hFTAA were both excited using a 488 nm argon 

laser line. GFP fluorescence emission was collected using a narrow bandpass 505–530 nm filter, 

whereas the hFTAA emission was collected using a longpass 585 nm filter, ensuring no fluorescence 

cross-talk between the two dyes. Dendritic spines were quantified in Fiji (public domain software, 

version 1.84, http://fiji.sc/Fiji) using 3D image stacks of side branches of principal apical dendrites 

(second- or higher-order dendritic segments) of CA1 pyramidal neurons within stratum radiatum. 

Image stacks were acquired using the Zeiss LSM 510 META (Axiovert 200M; Carl Zeiss 

MicroImaging GmbH, Jena, Germany) confocal microscope and a 63x/oil objective (1.4 NA, Zeiss). 

Spine counting was performed blind to experimental conditions on randomly chosen individual 

dendritic segments within each culture (4 cultures per condition, 3-8 dendritic segments per culture); 

the length of the dendritic segment was measured in 3D using the Simple Neurite Tracer plugin in 

Fiji. The number of spines on each segment was recorded using the Cell Counter plugin in Fiji. The 

average number of spines per µm on a dendritic segment was used as a measure of spine density. 

Spine density was calculated on all cultures per condition.  

 

Spectral Analysis of A! Morphotypes 

Spectra of pFTAA stained amyloid aggregates within HSC sections (for staining details, see bove) 

were acquired on a Zeiss LSM 510 META (Axiovert 200M) confocal microscope (40x oil-

immersion objective, 1.3 NA) equipped with a spectral detector. The dye was excited using the 458 

nm argon laser line. Emission spectra were acquired from 470 nm to 695 nm at a step of 10.70 nm 

and normalized to their respective maxima. The ratio of the intensity of emitted light at the blue-

shifted portion (502 nm) and red-shifted peak (599 nm) was used as a parameter for spectral 

distinction of different plaques. These peaks were selected to maximize the spectral differences of 

the pFTAA-stained A! plaques between HSC treated with brain APP23 or APPPS1 extract in 

combination with synthetic A!1–40 or A!1–42. The 599/502 ratio was computed for each plaque by 

determining the mean of the 599/502 ratio at 3 different regions of interest (ROIs) within one A! 
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plaque (core). All plaques analysed were from the intermediate sections of the cultures (neither top 

nor bottom section) and border regions were excluded. In each culture 4–15 A! plaques were 

analysed and the mean was taken for statistical analysis (n = cultures; 11-13 cultures were analysed 

per condition).  
 

Microglia Depletion 

To deplete microglia in culture (Kohl et al., 2003) the bisphosphonate clodronate (Clodronate 

disodium salt, Merck KGaA, Darmstadt, Germany) was dissolved in dH2O (1mg/ml) and applied to 

the culture medium at 100 "g/ml. After 24 hours cultures were carefully rinsed with pre-warmed 

PBS and replaced with fresh culture medium. A! deposition was induced on day 10 as described 

above. Seven weeks later HSC were fixed in 4% PFA. HSC were sliced on a vibratome (as described 

above) and immune-stained for Iba-1 (with the secondary antibody conjugated to Alexa 647 

fluorochrome) to assess the microglia depletion. Amyloid deposits were stained using polyclonal 

CN6 antibody (a follow-up version of CN3) with the secondary antibody conjugated to Alexa 546). 

Images of sectioned cultures were captured on a Zeiss Axioplan 2 microscope, using tile scanning 

(MosaiX on AxioVision 4.3) and a Zeiss Plan Neofluar x10/0.3 objective. A semi-automated 

computer analysis was performed using a custom-made macro written for Fiji (public domain 

software, version 1.84, http://fiji.sc/Fiji) in order to quantify the percentage of A! immunostaining 

and microglia on each section. Gamma values were adjusted to reduce background tissue 

fluorescence prior to thresholding each channel. The ratio of the thresholded pixels to the total pixels 

yielded the microglia stained area coverage, expressed as percentage microglia load and the A! 

stained area coverage, expressed as percentage A! load.  

 

Electrochemiluminescence-Linked Immunoassay for A! 

A! (A!x–40, A!x–42) concentrations in brain extracts, culture extracts and synthetic A! 

preparations were determined with an electrochemiluminescence-linked immunoassay as previously 

described (Langer et al., 2011) using the new V-PLEX A! peptide panel 1 (6E10) kit according to 

manufacturer’s instructions (Meso Scale Discovery, Gaithersburg, USA). For total A!, A!x–40 and 

A!x–42 were combined. 

 

Preparation of Synthetic A! Fibrils 

A!1–40 or A!1–42 (American Peptide Company Inc., Sunnyvale, USA) was dissolved in PBS at a 

concentration of 100 µM (i.e. 433ng A!1–40/µl or 451 ng A!1–42/µl), vortexed 3 x 1 min on wet 
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ice. Solutions were subsequently incubated at 37°C for 5 days on a rotator, as previously 

described (Meyer-Luehmann et al., 2006). Aliquots were stored at -80°C until use. 

 

Assessing A! Seeding Activity of Brain Extracts and Hippocampal Slice Culture Homogenates  

Male and female 4-month-old APP23 tg mice on an App-null background (Eisele et al., 2014) served 

as host mice (gender was matched between the groups). The mice were anaesthetized with a 

ketamine/xylazine mixture (ketamine 100 mg/kg, xylazine 10 mg/kg) in saline. Bilateral stereotactic 

injections of 2.5 µl brain extract or culture homogenate were made with a Hamilton syringe into the 

hippocampus (AP –2.5 mm, L ±2.0 mm, DV –1.8 mm). Injection speed was 1.25 µl/min and the 

needle was kept in place for additional 2 min before withdrawal. The surgical area was cleaned with 

sterile PBS and the incision was sutured. The mice were kept under infrared light and monitored 

until recovery from anesthesia.  

Four months later animals were sacrificed and the brains were removed and immersion-fixed for 48 

h in 4% PFA in PBS, followed by cryoprotection in 30% sucrose in PBS for additional 48 h. After 

freezing, brains were cut into 25 !m-thick coronal sections using a freezing-sliding microtome 

(Leica SM 2000R, Leica Biosystems Nussloch GmbH, Nussloch, Germany). Sections were collected 

in cryoprotectant (35% ethylene glycol, 25% glycerol in PBS) and stored at -20 °C until use. 

Immunohistochemistry was performed according to standard protocols with the Vectastain Elite 

ABC Kit (Vector laboratories Inc. Burlingame, USA) using the polyclonal rabbit CN3 antibody to 

A! and counterstained with Congo red as previously described (Eisele et al., 2010).  

 

Study Approval  

Experimental procedures were carried out in accordance with German animal welfare legislation and 

approved by the local animal welfare officer and/or the local Animal Care and Use Committees. 
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RESULTS 

A! Deposition in HSC is Induced by Seeded Aggregation of Synthetic A!  

HSC were prepared from postnatal APP23, APPPS1 and APP23 x APPPS1 double tg mice and 

cultivated for up to 10 weeks (Fig. 1). After this time the cytoarchitecture was still largely intact. 

However, no A! deposition was detected in any of the untreated HSC (Fig. 1C) despite robust A! 

deposition being present in 8-week-old APP23 x APPPS1 tg mice in vivo (F. Langer and M. Jucker, 

unpublished observation). To compensate for the release of the secreted A! from the slices into the 

medium the latter was supplemented continuously with 1.5 µM synthetic A!1–40. Again, no A! 

deposits emerged in the HSC (Fig. 1D). 

Previous work has shown that cerebral !-amyloidosis can be induced in APP tg mice by inoculation 

with A!-amyloid containing brain extracts (Meyer-Luehmann et al., 2006; Eisele et al., 2010). 

Inspired by these findings, a small volume (1 "l) of extract from an aged amyloid-laden APP23 tg 

mouse brain was applied once onto the top of the HSC on day 10 after establishing the culture. Yet 

again, no A! deposits were induced even after 9 weeks in culture (Fig. 1E). However, when 

treatment with brain extract from aged APP23 tg mice (but not from age-matched wildtype control 

mice) was combined with the continuous application of synthetic human A!1–40 in the medium, 

robust A! deposition was induced in the slices (Fig. 1F). Remarkably, this treatment combination 

also induced A! deposition in HSC derived from wildtype mice (Fig. 1G), suggesting that A! 

deposits develop also in the absence of transgenic HSC-generated human A!. This was also true for 

endogenous HSC-derived mouse A! since deposits were also found in HSCs from App-null mice 

using the same conditions (Fig. 1H). Thus, HSC-generated A! is not necessary for the induction of 

A! deposition; however, if present, HSC-derived murine A! appears to co-deposit with the induced 

A! deposits  (Fig. 1L).  Strikingly, when tg brain extract and synthetic A! treatment were applied to 

formaldehyde-fixed (and thus inactivated) HSC, A! deposition was limited to the rim of the culture 

(Fig. 2), while in living HSC A! deposition was much stronger and also present in the center of the 

sections (Fig. 1I, 2B). This argues that living hippocampal slices are mandatory for the development 

of A! deposits in HSC. Furthermore, in living HSC A! deposition was dependent on time and on 

concentration of synthetic A! in the medium (Fig 1J, K). With the highest A! concentration tested 

(1.5 µM synthetic A!1–40 in the medium) first A! deposits were detected 1 week after the combined 

treatment and increased further for up to 10 weeks in culture.   
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Brain Extract and Synthetic A! Species Determine the Morphotype of HSC A!  Deposits   

The requirement of adding both amyloid-laden APP tg brain extract on top of the culture and 

synthetic A! to the medium to induce HSC A! deposition suggests that A! aggregation in culture 

occurs via seeded conversion. To confirm such a mechanism HSC were treated with brain extracts 

from either aged APP23 or aged APPPS1 tg mice and were incubated with medium supplemented 

with either synthetic A!1–40 or A!1–42. A! deposits in APP23 tg mice differ in appearance and 

molecular architecture from deposits in APPPS1 tg mice (Heilbronner et al., 2013). While A! 

deposits in aged APP23 tg mice are fairly large and contain predominantly A!40 (i.e. A! ending 

with amino acid 40), A! plaques in aged APPPS1 tg mice are smaller, more numerous, highly 

compact, and contain predominantly A!42. Indeed, HSC treated with APP23 brain extract and 

synthetic A!1–40 demonstrated larger plaques while deposits were smaller, more numerous and 

highly compact when cultures were treated with APPPS1 extract and synthetic A!1–42 (Fig. 3). 

Based on morphological criteria, both the brain extract as well as the synthetic A! species in the 

medium determined the morphotypes of the induced A! deposits. Using the amyloid conformation-

specific luminescent conjugated oligothiophene pFTAA  (Klingstedt et al., 2011; Fritschi et al., 

2014) this morphological observation was quantitatively confirmed (Fig. 3E). 

 

HSC A!  Deposits Recapitulate Many Aspects of Cerebral !-Amyloidosis  

Electron microscopic analysis of HSC A! deposits revealed anti-A!-immunogold labeled amyloid 

fibers arranged in typically packed parallel bundles (Fig. 4A) virtually identical as described for A! 

plaques in APP tg mice (Stalder et al., 1999; Stalder, 2001) and AD patients (Terry et al., 1963). 

Larger deposits exhibited Congo red-positive staining with the characteristic birefringence under 

cross-polarized light (Fig. 4B, C).  

To study amyloid associated morphological alterations in more detail, HSCs were prepared from tg 

mice expressing enhanced green fluorescence protein (GFP) in neurons (Thy1-GFP mice) and were 

treated once with brain extract from aged APPPS1 tg mice while the media was supplemented with 

synthetic A!1–42. Numerous GFP-positive dystrophic and neuritic structures were observed in 

vicinity of A!-plaques (Fig. 4D-F). Also at ultrastructural level dystrophic boutons were observed in 

the vicinity of A! plaques (Fig. 4G). Some of these dystrophic structures were positive for 

phosphorylated Tau (AT8 antibody) and neurofilament light chain (Fig. 4H, I). Overall, the 

dystrophic elements appeared very similar to dystrophic neurites described in aged APP tg 

mice (Masliah et al., 1996; Phinney et al., 1999; Rupp et al., 2011) and AD brain (Probst et al., 
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1983). The same HSCs were then used for dendritic spine counts, which revealed an approximate 

50% decrease in the density of GFP-labeled spines (Fig. 4J–L). Spine loss appeared to be strongest 

in the vicinity of A! deposits, again similar to reports in aged APP tg mice (Spires et al., 2005; 

Bittner et al., 2010). A general decrease (39%) in the number of spines was also found at the 

ultrastructural level in wildtype HSCs treated with APPPS1 brain extract and synthetic A!1–42 

compared to untreated wildtype HSCs (221.0 ± 31,79 vs 135.7 ± 13.22 spines per counting area, 

indicated is the mean ± SEM, see Material and Methods for details; p<0.05).  Obvious neuron loss 

was not apparent in HSC, similar to APP23 and APPPS1 mice, where neuron loss is also modest and 

develops only in aged mice  (Calhoun et al., 1998; Rupp et al., 2011). 

A! plaques in APP tg mice and human AD brain are surrounded by microglia (Itagaki et al., 1989; 

Mackenzie et al., 1995; Stalder et al., 1999; Grathwohl et al., 2009). While microglia were evenly 

distributed in untreated HSC, they were more numerous, hypertrophic, and intensely Iba1-positive in 

areas with A! deposition (Fig. 5 A, B). Although individual microglia cells were attached to the 

amyloid deposits with apparent uptake of amyloid-positive material (Fig. 5C), the typical tight 

clustering of several microglia around a single A! deposit (plaque) as seen in APP tg mice and AD 

brain was not observed in HSC. When microglia were depleted in HSC, the total A! load was not 

significantly changed but a significant increase of the more compact LCO-positive amyloid was 

noted (Fig. 5D).  

 

HSC with Induced A!  Deposits Efficiently Seed !-Amyloidosis in APP Tg Animals  

To assess whether such HSC harbor !-amyloid inducing activity in vivo, 2.5 "l of homogenates from 

amyloid-laden cultures (treated with APP23 tg brain extract and synthetic A!1–40), or the same 

amount of homogenates from amyloid-free cultures (treated only with APP23 tg brain extract) were 

injected into the hippocampus of young, 4 month-old APP23 tg mice on an App-null background. 

For comparison, some hosts were intracerebrally injected with APP23 brain extract or with 

aggregated, synthetic A!1–40, which have previously been shown to have very potent and very poor 

in vivo !-amyloid-inducing activities, respectively (Meyer-Luehmann et al., 2006) (Fig. 6A, B). 

Analysis 4 months post-inoculation revealed the expected induction of A! deposition in the 

hippocampus of mice receiving APP23 brain extract (Fig. 6C). Although less pronounced than for 

the APP23 extract (approximately 40% less), robust induction of A! deposition was observed with 

the amyloid-laden HSC (Fig. 6D). In contrast, only minimal A! deposits were found with amyloid-

free HSCs that were treated only with the APP23 extract (Fig. 6E). Fibrils of synthetic A!1–40, 
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despite 40-fold higher concentration, induced only minimal A! deposition (Fig. 6F). These 

remarkable observations suggest that A! aggregates in HSC reproduce seeding characteristics of 

brain-derived A! aggregates that are absent in synthetic in vitro aggregated A!. 
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DISCUSSION 

In the present work we demonstrate that HSC promote the seeded aggregation of synthetic A! and 

the formation of amyloid plaques. Remarkably, the A! aggregates generated in the HSC model are 

active in vivo as seeds for inducing cerebral !-amyloidosis, which emphasizes their similarity to A! 

seeds formed in brain. A! aggregation has recently been described in APP-overexpressing 3D human 

neural stem cell cultures, but its in vivo activity has not been tested (Shi et al., 2012; Choi et al., 

2014). Moreover, according to current insights A! aggregation in the brain spreads along 

neuroanatomical pathways in a self-propagating non-cell autonomous process (Jucker and Walker, 

2013; Raj et al., 2015) and therefore an in vitro system more closely mimicking the in vivo brain 

environment (Frotscher and Heimrich, 1993; Bahr, 1995; Frotscher et al., 1995) is required. The 

development of amyloid plaque associated pathologies in the HSC underlines the similarities of this 

new in vitro model with cerebral !-amyloidosis in a transgenic mouse brain. Of note, the amyloid-

associated changes in HSC occur in wildtype brain tissue without APP overexpression and thus make 

seeded A! aggregation in HSC a unique and valid model of cerebral !-amyloidosis, also for sporadic 

AD. Pre-fixation of the HSC largely prevented A! aggregation and highlights the contribution of 

cellular processes to achieve biological active A! aggregates. 

HSC prepared from postnatal APP tg mice did not develop A! deposits, even after 10 weeks of 

cultivation and despite development of robust cerebral !-amyloidosis in the corresponding 8-week-

old tg mice. This may be because A! generated in HSC diffuses into the medium precluding the 

local buildup of sufficiently high A! levels for amyloid deposition (Waters, 2010). The recently 

reported A! deposition in human cell cultures (Shi et al., 2012; Choi et al., 2014) is probably related 

to the used Matrigel, a gelatinous mixture of extracellular matrix proteins that should trap A!. 

However, we achieved amyloid plaque formation in HSC by repeatedly adding synthetic A! to the 

medium and brain-derived A! seeds once to the culture. This seeded A! aggregation can occur 

independent of endogenous A! generation and may be initiated at cellular membrane 

structures  (Nagarathinam et al., 2013). Interestingly, however, seeded A! aggregation requires 

functional, living HSCs (membranes), as inactivation prior to cultivation largely eliminated amyloid 

deposition. Consistently, in previous work using a variety of cell lines and medium supplemented 

with A! (albeit in at least 10 fold higher concentration than in the present work), it was found that 

A! aggregates occurred only in the presence of living cells (Friedrich et al., 2010), although again its 

in vivo activity was not tested. 
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Our data demonstrate that A! plaque formation occurs via templated conversion of synthetic A! 

exemplified by the achievement of different A! morphotypes depending on the nature of the 

synthetic A! species in the medium (A!1–40 vs A!1–42) and also on the applied brain extract 

(APP23 or APPPS1 mice). Polymorphic A! deposits and structural A! variants have also been 

described in APP tg mouse models (Heilbronner et al., 2013) and AD brain (Lu et al., 2013) and 

different A! conformers have different biological activities in vitro (Petkova et al., 2005; Eisenberg 

and Jucker, 2012).  

Although in vitro aggregated synthetic A! can act as an in vivo seed in APP tg mice (Stohr et al., 

2012), its seeding activity is at least 100x less potent than brain-derived aggregated A! (Meyer-

Luehmann et al., 2006; Stohr et al., 2012). In contrast, HSC-derived aggregated A! shows seeding 

activity within the same order of magnitude as brain-derived aggregated A!. This is consistent with 

the idea that brain seeds impose their structure on the synthetic A! and render it seeding active. The 

strong reduction of A! aggregation by fixation prior to treatment suggests a factor in living HSC 

(and thus the brain) which contributes to the seeded A! aggregation. 

A! plaque features (congophilic amyloid, star-like appearance and parallel fibril bundles at 

ultrastructural level) and associated neural changes in HSC (dystrophic and phosphorylated Tau-

positive neurites, loss of dendritic spines) recapitulate largely the amyloid-associated neural changes 

in APP tg mouse models (Masliah et al., 1996; Phinney et al., 1999; Spires et al., 2005; Bittner et al., 

2010; Rupp et al., 2011) and AD brain (Probst et al., 1983). However and most remarkably, these 

amyloid features and neural changes in HSC occur in response to the induced aggregation of 

exogenously applied synthetic A!. Equally important and of note, all these changes occur in 

wildtype tissue and thus avoid the potential confounding overexpression of APP present in 

transgenic mice (Jucker, 2010). 

Microglia in HSCs show a typical ramified morphology (Hailer et al., 1996; Skibo et al., 2000), 

which was retained throughout the 10 week HSC period. Although microglia were more numerous 

and hypertrophic in areas with A! plaques (typically around the rim of the culture) indicating that a 

local inflammatory and phagocytic response was taking place, the tight clustering of microglia 

observed around A! deposits in vivo was not observed in HSC. This may be a result of the disruption 

of localized signals and microglial chemotaxis due to dilution of chemoattractants and/or the 

presence of synthetic A! in the culture medium. When microglia were depleted in HSC, the total A! 

load was not changed but a shift to more dense-cored plaques was found. Interestingly, this finding is 
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reminiscent of our in vivo observations, where in microglia-depleted APP23 animals a small but 

significant decrease in the diffuse A! load and a tendency towards an increase in the dense-cored 

amyloid load (albeit not significant) was observed after 4 weeks (Grathwohl et al., 2009). The lack of 

changes in total A! load after microglia-depletion in vitro and in vivo may at least partly be 

explained by overwhelming A! aggregation over (physiological) removal.  

In summary, we have demonstrated that A! aggregation and many of the previously described 

neuronal changes in APP tg mice and AD brain can be achieved by the seeded conversion of 

synthetic A! in living wildtype brain tissue. HSC combine advantages of in vitro tissue culture and 

in vivo analysis of mouse models. This easily accessible system is amenable to experimental 

manipulation and live imaging. Systems that model the complex brain environment are urgently 

needed to study the mechanisms governing A! aggregation in vivo, the downstream pathological 

processes of neurodegeneration, and to test therapeutic approaches. The finding of seeded conversion 

of synthetic A! into biologically active A! aggregates should ease further studies aiming at 

deciphering the factors responsible for its conversion. 
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Figures  
 

 
 

Figure 1. A!  deposition in HSC is induced by seeded aggregation of synthetic A! . (A) 
Experimental protocol. HSC were kept 10 days to achieve stable culture conditions. Thereafter HSC 
were treated once with brain extract and the medium was supplemented with synthetic (syn) A! 
during the following 9-week culture period.  (B) Image of four HSC placed on a membrane inset and 
illustration of one 150 "m thick HSC. Slices were fixed and further sectioned into 50 "m thick slices, 
enabling separate examination of top, intermediate and bottom layers for each slice of the culture. 
(C) A!-immunostained untreated HSC of an APP23 x APPPS1 double tg mouse after 10 weeks of 
cultivation. No A! deposition could be detected. (D, E) Similarly, no A! deposition was observed in 
HSC of APP23 x APPPS1 mice when the medium was supplemented with 1.5 "M human syn A!1–
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40 (D) or when HSC was treated once with brain extract of an aged APP23 tg mouse (E). (F) In 
contrast, robust A!-deposition (A!-immunostaining) was observed in HSC of APP23 x APPPS1 
mice treated once with APP23 brain extract and medium supplemented with 1.5 "M human syn 
A!1–40. (G, H) A! deposition was also observed in HSC of wildtype (G) and App-null mice (H) 
when treated on top once with brain extract and continuously with human syn A!1–40 in the 
medium. (I) Two examples of top, intermediate and bottom layers of wildtype HSC treated with 
APP23 brain extract and 1.5 "M A!1–40 show dominant A! deposits at the rim of all sections but 
also smaller fibrillar deposits in the center of the culture. Boxed areas are shown at higher 
magnifications. (J, K) Induced A! deposition in HSC was time-dependent and dependent on the A! 
concentration in the medium. Quantification of the induced A! load (%) at 1, 4, and 9 weeks with 
1.5 "M syn A!1–40 in the medium (n=11 cultures/time point; ANOVA, F(2,30)=13.45; p<0.0001; 
Tukey’s post-hoc multiple comparison test, *p<0.05; *** p<0.001) (J). Induced A! load (%)9 weeks 
after treatment with various concentrations of human syn A!1–40 in the medium (n=10–13 
cultures/concentration; ANOVA, F(3,42)=32.18; p<0.0001; Tukey’s post-hoc multiple comparison 
test, *** p<0.001) (K). (L) Immunoblot analysis with an antibody specific to murine (m) A! 
revealed a faint A! band in the APP23 brain extract (lane 4) and, upon longer incubation, also in 
HSC treated with APP23 extract and human syn A! in the medium (lane 3), but not in HSC treated 
with APP23 brain extract alone (lane 2; lane 1 shows an untreated HSC). This indicates that at least 
some HSC-derived murine A! is co-deposited with human A! in HSC. GAPDH was used as loading 
control. Scale bar: 200 "m (C–H and I), 20 "m (boxes in I).  
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Figure 2. Hippocampal slice cultures fixed prior to treatment reveal only modest A!  deposits 
and only at the rim of the culture. (A) Hippocampal slice cultures were fixed in 4% PFA before 
treatment with APP23 brain homogenate and synthetic A!1–40. A! deposits (anti-A!-
immunostaining) were only observed at the edge of the HSC (insert a) while no A! deposits were 
found in the center of the section (A). (B) In contrast numerous A! deposits were found with the 
same treatment in living HSC (see also Figure 1). Scale bar: 50 "m (A, B); 200 "m (inserts). 
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Figure 3. A!  morphotypes in HSC depend on the seed and synthetic A!  species. (A–D) 
Differences in structural appearance of induced A! deposits (immunostained with CN3 antibody) in 
10-week-old HSC inoculated with different brain extracts and incubated with 1.5 µM of either 
synthetic (syn) A!1–40 or A!1–42 in the culture medium. (A) Large fibrillary deposits of A! 
(arrows) were observed with APP23 brain extract and syn A!1–40. (B) Inoculation with APP23 
brain extract and syn A!1–42 revealed a mixed pattern of small and large fibrillary deposits. (C) 
APPPS1 brain extract combined with syn A!1–40 revealed large and compact A! deposits, while 
(D) numerous small A! deposits (arrows) were seen with APPPS1 brain extract and syn A!1–42. 
Scale bar: 20 "m for A–D. (E) Spectral properties of the induced A! deposits using the 
conformation-dependent amyloid-specific dye pFTAA. For quantitative comparison the ratio of light 
emitted at 599 nm and 502 nm was assessed for individual A! deposits and the mean ratio 
determined per HSC. Per condition 11-13 HSC were analysed and mean and SEM are presented. 
ANOVA (extract x syn A!) revealed a significant effect for extract (F(1,43)=6.41; p<0.05) and syn 
A! (F(1,43)=26.17; p<0.001) but failed to reach significance for the interaction (F(1,43)=1.61; 
p>0.05) .  
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Figure 4. Pathology associated with seeded A!  deposition in 10-week-old HSC. (A) Immuno-
electron microscopy of induced A! deposits in wildtype HSC treated with APP23 tg brain extract 
once on top and continuously supplemented with synthetic A!1–40 in the media revealed the typical 
bundles of amyloid fibrils interdigitated with cellular elements. Insert shows anti-A!-immunogold 
labeled amyloid fibers (arrows) at high magnification. (B, C) Congo red-stained compact A! 
deposits in HSC treated as in (A) combined with A!-immunostaining (dark-blue) under normal light 
(B) and with the characteristic apple-green birefringence between crossed polarizers (C). (D, E) 
Dystrophic GFP-positive structures in the vicinity of the induced A! deposits (A! immunostaining, 
red) in HSC of Thy1-GFP mice treated with APPPS1 brain extract and syn A!1–42. Dystrophic 
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neuritic elements were observed in stratum oriens (D) but they were also found in stratum radiatum 
and stratum lacunosum-moleculare of CA1 (E). Dystrophic elements were virtually absent in 
untreated cultures (F), cultures treated only with brain extract or only with syn A!1–42 (data not 
shown). Immuno-electron microscopy reveals an amyloid plaque in the stratum oriens (G) 
surrounded by several dystrophic boutons (asterisk). (H, I) Dystrophic structures and boutons were 
(at least partly) also immunopositive for hyperphosphorylated tau (AT8 antibody; red in H) and 
neurofilament light chain (red in I). The A! deposits were visualized with CN3 (green). (J, K) 
Dendritic spines in HSCs prepared from Thy1-GFP mice. Dendritic segments with numerous spines 
were observed in untreated HSCs (J). In contrast curved and thinned (arrowhead) dendritic segments 
with only very few spines were present in HSC treated with APPPS1 extract and syn A!1–42 (K). 
The number of dendritic spines/µm on side branches of apical dendrites (CA1 pyramidal neurons, 
stratum radiatum) was significantly reduced in HSC with A! deposits (L) compared to control 
cultures treated only with syn A!1–42 or APPPS1 brain extract and compared to untreated cultures 
(n=4 cultures per group; 3–8 segments analyzed in each culture; ANOVA, F(3,12)=10.21; p<0.001; 
post-hoc Tukey’s Multiple Comparison, *p<0.05). Scale bar: 1 "m (A), 0.1 "m (insert), 20 "m (B, 
C), 20 "m (D–F), 1 "m (G), 5 "m (H, I), and 5 "m (J, K).  
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Figure 5. Microglia-amyloid interaction and microglia depletion in HSC. (A, B) Double 
immuno-labeling of microglia (anti-Iba1, green) and A! (anti-A!, red) revealed the scattered 
distribution of microglial cells in untreated HSC and thus in the absence of A! deposits (A). In 
contrast, in HSC treated with APP23 brain extract and synthetic A!1–40 microglia were more 
numerous and appeared hypertrophic in areas rich in A! deposits (B). Scale bar: 20 "m (for A and 
B). (C) Confocal imaging and 3D surface reconstruction of microglia (Iba-1, green) and amyloid 
plaques (qFTAA, red) reveals a tight association of microglia processes with the amyloid suggestive 
of some uptake/interaction with the amyloid (yellow). Scale bar: 100 "m. (D) Clodronate treatment 
of HSCs greatly depleted microglia. Shown are 8 week-old HSC (n=29 and 25 cultures/group for 
depleted and control, respectively; Mann-Whitney U test; ***p<0.001). A similar microglia 
depletion was already found after 1 week in culture consistent with previous reports  (Kohl et al., 
2003). Despite the microglia depletion, no significant effect on the induced total A! deposition was 
found (p=0.640). However, when the amyloid-specific dye qFTAA was used a significant increase 
was found (p< 0.001). Mean and SEM are shown.  
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Figure 6. HSC homogenates with A!  deposits induce !-amyloidosis upon inoculation in APP tg 
mice. (A) Preparation of the different inoculates; (1) Brain extract of an aged APP23 tg mouse was 
used as a control; (2) Homogenates of HSC with abundant A! deposits (induced with APP23 extract 
and syn A!1–40); (3) Homogenates of HSC that lack A! deposits (treated only with APP23 extract); 
(4) preaggregated synthetic A!1–40. (B) A! concentrations in the different preparations. (C–F) 
Different preparations were injected into the hippocampus of young, 4-month-old APP23 tg mice on 
an App-null background (abbreviated here as APP23 tg mice). Brains were immunohistochemically 
analyzed for A! deposition together with Congo red staining 4 months later. The injection of the 
APP23 brain extract induced the expected A! deposition in hippocampus (dentate gyrus, C). 
Homogenates of amyloid-laden HSC also induced overt, albeit less, A! deposition (D) while 
homogenates from HSCs only treated with APP23 extract revealed minor A! deposition (E). 
Preaggregated synthetic A! only induced sparse and very localized A! deposition (F). (G) 
Stereological quantification of the induced A! load in the dentate gyrus (n=6–7/group; ANOVA, 
F(3,21)=19.45; p<0.0001; Tukey’s post-hoc multiple comparison test, *p<0.05; **p<0.01). Scale bar 
200 µm (C–F). 
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3.4	  Organotypic	  hippocampal	  slice	  cultures	  as	  a	  new	  tool	  	  

to	  study	  α-‐synuclein	  lesions	  
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4.	  Appendix	  

4.1	  Abbreviations	  

A53T	   Alanine-‐to-‐threonine	  amino	  acid	  substitution	  at	  position	  53	  of	  
the	  α-‐synuclein	  gene	  

ABCA	  7	   ATP-‐binding	  cassette	  sub-‐family	  A	  member	  7	  
AD	   Alzheimer’s	  disease	  
ADAM	   A	  disintegrin	  and	  metalloprotease	  
AICD	   APP	  intracellular	  domain	  
α-‐syn	   Alpha-‐synuclein	  
APOE	   Apolipoprotein	  E	  
APOE4	   Ε4-‐allele	  of	  the	  APOE	  
APP	   β-‐amyloid	  precursor	  protein	  
APP695,	  APP751,	  APP770	   APP	  isoforms	  695,	  751,	  770	  amino	  acids	  in	  length	  
APPsα	   APPs	  generated	  by	  α-‐secretase	  
APPsβ	   APPs	  generated	  by	  β-‐secretase	  
Aβ	   Amyloid-‐β	  peptide	  
Aβ40,	  Aβ42	   Aβ	  ending	  at	  amino	  acid	  40,42	  
Aβ25-‐35	   Aβ	  peptide	  36-‐43	  amino	  acids	  in	  length	  
BACE1	   β-‐site	  APP	  cleavage	  enzyme	  
BIN1	   Bridging	  integrator	  protein	  1	  
BSE	   Bovine	  spongiform	  encephalopathy	  
C-‐terminal	   Carboxyterminal	  
CD33	   Sialic	  acid–binding	  immunoglobulin	  (Ig)–like	  lectin	  
CJD	   Creutzfeldt-‐Jakob	  disease	  
CNS	   Central	  nervous	  system	  
CR1	   Complement	  receptor	  1	  
CTFα/C83	   CTF	  generated	  by	  α-‐secretase	  cleavage	  of	  APP	  (83	  amino	  acids	  

in	  length)	  
CTFβ/C99	   CTF	  generated	  by	  β-‐secretase	  cleavage	  of	  APP	  (99	  amino	  acids	  

in	  length)	  
DLB	   Dementia	  with	  lewy	  bodies	  
EOAD	   Early	  onset	  Alzheimer’s	  disease	  
EO-‐FAD	   Early	  onset	  familial	  Alzheimer's	  disease	  
FAD	   Familial	  Alzheimer's	  disease	  
GWAS	   Genome-‐wide	  association	  studies	  
HC	   Hippocampus	  
HCHWA-‐D	   Human	   hereditary	   cerebral	   hemorrhage	  with	   amyloidosis	   of	  

the	  Dutch	  type	  
HSC	   Hippocampal	  slice	  cultures	  
iPSCs	   Induced	  pluripotent	  stem	  cells	  
kDa	   Kilo	  Dalton	  
KO	   Knockout	  
LB	   Lewy	  body	  
LCO	   Luminescent	  conjugated	  oligothiophene	  
LCP	   Luminescent	  conjugated	  polythiophene	  
LN	   Lewy	  neurite	  
LOAD	   Late	  onset	  Alzheimer’s	  disease	  
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LO-‐FAD	   Late	  onset	  familial	  Alzheimer’s	  disease	  
MAPT	   Microtubule	  associated	  protein	  tau	  
MCI	   Mild	  cognitive	  impairment	  
MEM	   Minimum	  essential	  medium	  
MSA	   Multiple	  system	  atrophy	  
NFT	   Neurofibrillary	  tangle	  
nm	   Nanometer	  
NMR	   Nuclear	  magnetic	  resonance	  
OSC	   Organotypic	  slice	  culture	  
p3	   Product	  of	  the	  APP	  processing	  
p4	   Postnatal	  day	  4	  
PB	   Phosphate	  buffer	  
PBS	   Phosphate-‐buffered	  saline	  
PD	   Parkinson’s	  disease	  
PFF	   Preformed	  fibrils	  
pFTAA	   Pentamer	  formyl	  acetic	  acid	  
PHF	   Paired	  helical	  filament	  
PICALM	   Phosphatidylinositol-‐binding	  clathrin	  assembly	  protein	  
Prion	   Proteinaceaus	  infectious	  particle	  
PrP	   Prion	  protein	  
PrPC	   Cellular	  PrP	  
PrPSc	   PrP	  scrapie	  
PS	   Presenilin	  
pS129	   Phosphorylation	  of	  serine	  at	  position	  129	  
PSEN1,	  PSEN2	   Gene	  encoding	  presenilin	  1,2	  
RAGE	   Receptor	  for	  advanced	  glycation	  end	  products	  
RNA	   Ribonucleic	  acid	  
tg	   Transgene	  
TREM2	   Triggering	  receptor	  expressed	  on	  myeloid	  cells	  2	  
TSE	   Transmissible	  spongiform	  encephalopathy	  
wt	   Wildtype	  
μl	   Microliter	  
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