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Abstract    
Dissecting   the   intricacies   of   sterol   dysregulation   in   Huntington’s  

disease.  

Mariana  De  Fátima  Silva  Santos  

  
Background:   Huntington’s   disease   (HD)   is   a   devastating  

neurodegenerative  condition,  caused  by  an  expanded  polyglutamine  tract  in  the  

Huntingtin   (Htt)   protein.   HD   is  manifested   by   personality   changes,  movement  

disorders  and/or  dementia.  Prior  evidence  exists  for  sterol  dysregulation  in  HD  

models,  observed  both  in  neurons  and  astrocytes.  In  the  brain  the  cholesterol  is  

produced  in  situ,  as  the  blood  brain  barrier  prevents  the  cholesterol  metabolized  

in   the   periphery   to   be   used   by   the   brain   cells.   The   consensus   stablished  

supports  the  idea  that  neurons  synthesize  the  cholesterol  needed  in  the  soma,  

but  rely  on  the  cholesterol  delivered  by  astrocytes  in  the  form  of  apolipoproteins  

at   synapses.   A   key   player   studied   to   be   responsible   to   communicate   the  

cholesterol  status  of  neurons  to  astrocytes  is  the  24S-­hydroxycholesterol  (24S-­

OHC)  also  knows  as  the  cerebrosterol  (the  brain  oxysterol).    

Aim:   Prior   results   from   the   lab   showed   cholesterol   accumulation   in  
primary   striatal   neurons   infected  with   lentiviral   expression   vectors   encoding   a  

mutant  Htt  fragment  (Htt171-­82Q)  compared  to  cells  expressing  a  wild-­type  Htt  

fragment   (Htt171-­18Q).  Following  on   these   results  and   the  previous  published  

work   from   different   laboratories,   the   aim   of   this   thesis   was   to   investigate   the  

sterol   status  of  HD  striatal  neurons   in  order   to  better  understand   this  process  

and  the  consequences  for  the  neurons  and  astrocytes’  health  in  the  context  of  

HD.    

Methods:  Filipin  staining,  cholesterol  oxidase  assay,   isotope-­dilution  gas  
chromatography-­mass   spectrometry,   NeuN   positive   staining   cell   count   –  

neuronal   cell   death   assay,   Mitosox   assay,   Fluo-­4   AM   imaging,   extracellular  

multi-­electrode   array   recordings,   immunocytochemistry   and   real-­time  

quantitative  PCR.  
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Results:   I   observed   sterol   accumulation   in   primary   striatal   neurons  
expressing   mutant   Htt,   which   one   release   into   the   medium   significantly  

increased  levels  of  24S-­OHC.  The  cerebrosterol  is  toxic  to  striatal  neurons  and  

the  mechanism  elucidated  was  by   inducing   increased  superoxide   levels   in   the  

mitochondria.  Besides   the   toxicity   effect,   24S-­OHC  was  observed   to   sensitize  

N-­Methyl-­D-­aspartate   (NMDA)   receptor   function,   measured   by   increased  

calcium  influx  in  the  presence  of  NMDA  and  increased  amplitude  and  frequency  

of   firing   in   the   presence   of   glutamate,  modulating   NMDA   receptor   activity.   In  

addition,   the   studies   collected   support   that   24S-­OHC   induces   sterol  

dysregulation   in   astrocytes   by   downregulating   SREBP2   target   genes   and   the  

purposed  mechanism  is  by  blocking  the  transcription  factor’s  migration  into  the  

nucleus,   in   this   way   promotes   inhibition   of   cholesterol   and   its   precursors  

synthesis.   In   parallel   24S-­OHC   up-­regulates   LXR   target   genes   aiming   to  

increase  cholesterol  efflux.    

Conclusion:   The   results   part   of   this   thesis   conveyed   with   others’  
published  work  and  brought  novelty  into  the  field.  Like  others  I  observed  sterol  

accumulation  at  the  plasma  membrane  and  in  lysosomes  and  stablished  a  link  

with   the   sterol   dyshomeostasis   observed   in   my   model   with   HD   hallmarks   –  

mitochondrial   stress   and   excitotoxicity,   caused   by   the   increased   of   24S-­OHC  

efflux.  In  addition,  I  was  also  able  to  link  the  sterol  dysregulation  in  neurons  with  

astrocyte’s  cholesterol  dyshomeostasis,  as  evidenced  by  a  different  group.      

This   thesis   provides   new   insights   into   the   potential   aetiopathogenic  

mechanisms  of  HD  and  reconcile  some  apparently  disparate  previous  findings  

regarding  sterol  disposition  in  this  disorder.  
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1.  Introduction  
1.1.  Huntington’s  disease  

1.1.1.   Genetic  and  clinical  features  
Huntington’s  disease  (HD)  is  an  autosomal  dominantly   inherited  disorder,  

occurring  at  a  prevalence  of  5  to  12  in  every  100,000  people  in  United  Kingdom  

(Evans  et  al.,  2013;;  Wexler  et  al.,  2016).  

Huntington’s  disease   is  caused  by  a  CAG  trinucleotide   repeat  expansion  

in   the   Huntingtin   (Htt)   gene.   The   expanded   repeats   are   translated   into   an  

abnormally   long  polyglutamine  (polyQ)  tract   localized  in  the  N-­terminal  domain  

of  the  Huntingtin  protein  (Htt)  (Walker,  2007).  A  stretch  of  less  than  35Q  in  the  

Htt   protein   is   considered   normal,   and   HD   is   fully   penetrant   when   the   Htt  

contains   a   polyQ   of   more   than   40.   When   the   length   of   this   stretch   is   36-­39  

polyQ,   HD  may   or   may   not   manifest   (i.e.   alleles   show   reduced   penetrance).  

More  than  60  polyQ  repeats  usually  causes  juvenile-­onset  HD  (onset  ≤20  years  

of   age),   as   shown   in   Figure   1.1.   Long   CAG   repeats   are   instable   and   can  

expand,  especially  during  spermatogenesis  (Walker,  2007).  

  

  

  

  

  

  

  

  
  

  
Figure   1.1:  Correlation   of   age   of   onset   with   polyglutamine   repeats.   The   longer   the   poly-­
glutamine  length,  the  earlier  the  age  of  onset.  There  is  high  variability  in  the  age  of  onset,  when  

repeats  are   fewer   than  50.  The   curvilinear   relationship  between   the   two  variables   shows   that  

polyglutamine  chains   longer   than  60   typically   cause  an  age  of  onset  around  20  years  or   less  

(juvenile-­onset  HD).  Figure  from  Wexler  et  al.,  2004.  
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The   longer   the   polyQ   stretch,   the   earlier   the   first   disease   symptoms  

appear.   The   clinical   syndrome   is   manifested   as   progressive   personality  

changes,   movement   disorders,   impaired   cognition,   memory   loss,   and   sleep  

disturbances  (Gagnon  et  al.,  2008).  The  average  course  of  the  disease  usually  

lasts  between  10  to  20  years  from  the  onset  of  the  first  symptoms  (Landles  and  

Bates,   2004).   Disease   symptoms   progress   until   constant   patient   care   and  

surveillance  is  needed  (Leegwater-­Kim  and  Cha,  2004).  The  first  HD  symptoms  

typically   comprise   personality   changes   (e.g.   difficulty   with   multitasking,  

irritability)   accompanied   by   depression   and/or   the   appearance   of   involuntary  

movements  and/or  poor  coordination  (Biglan  et  al.,  2009;;  Duff  et  al.,  2010).   In  

the   middle   stages   of   the   disease,   the   movement   disorder   characterized   by  

involuntary  twitching  and  writhing  movements  of  the  face,  trunk  and  extremities,  

known  as  “chorea”,  worsens  and  is  accompanied  with  progressive  brain  atrophy  

(Figure  1.2)  (Ross  and  Tabrizi,  2011).  In  the  latter  stages  of  the  disease  chorea  

becomes  very  severe,  patients  have  difficulty  in  swallowing  and  choke  often.  A  

common  feature  described  at  this  stage  is  changes  in  metabolism  accompanied  

by  weight   loss,  which  may  be  due   in   part   to   pathophysiologic   changes   in   the  

hypothalamus  (Politis  et  al.,  2008;;  van  der  Burg  et  al.,  2009).  

Dementia   is   understood   as   a   progressive   decline   in   cognitive   abilities  

leading   to   social   impairment.   In   HD,   patients   show   a   profile   characterized   by  

attention  deficits,  difficulty   in  problem  solving,   impaired  planning  and  cognitive  

deficit.  The  cognitive  impairments,  which  can  occur  at  any  stage,  can  prevent  a  

patient   from   carrying   out   their   usual   routine.   Moreover,   evidence   exists   for  

progressive   memory   loss   in   HD   patients   being   more   emphasized   at   the   late  

stages  of  the  disease  (Peavy  et  al.,  2010).  

Significant   brain   atrophy   is   observed   in  HD,  with   the  most   affected   area  

being  the  striatum,  especially   the  caudate  and  putamen.   It   is  believed  that   the  

HD  pathology   is   related   to   the  vulnerability  of  GABAergic  medium-­sized  spiny  

neurons  (Mitchell  et  al.,  1999).  Other  affected  brain  areas  in  HD  are  the  layers  

III,   V,   and  VI,   in   the   cortex   together  with   the   hippocampus,   thalamus,   globus  

pallidus,   subthalamic   nucleus,   substantia   nigra   and   white   matter   (Vonsattel,  

2008;;  Walker,  2007;;  Zheng  and  Diamond,  2012).      

  



   22  

  

  

  

  

  

  

  

  

  

  
  

  

  

  

  

  

  

  

  

  
  

  

Figure   1.2:  Progression   of   Huntington’s   disease:   clinical   status   and   neuropathological  
changes  over  a  patient’s  lifespan.  The  first  signs  of  changes  in  functional  status  and  neuronal  
dysfunction  typically  begin  years  before  a  motor  diagnosis  is  given.  Neuronal  cell  death  occurs  

in  parallel  to  chorea  and  motor  impairment.  Both  neuronal  degeneration  and  motor  impairment  

worsen   until   death.   Figure   from   “Huntington’s   disease:   from   molecular   to   pathogenesis   to  

clinical  treatment”  (Ross  and  Tabrizi,  2011).  

  

The  “Interesting  Transcript  15”  (IT15)  gene,  which  contains  67  exons  and  

locates  in  the  chromosome  4p16.3,  translates  into  the  Htt  protein,  which  one  is  

composed   of   3144   amino   acids   (considering   23   glutamines   in   the   variable  

polyQ   domain   (≥36   glutamines   mutant   Htt)   and   11   prolines   in   the   adjacent  
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variable  polyproline  domain)  with  a  molecular  weight  of   347855  Daltons   (Da).  

Huntingtin  is  ubiquitously  expressed  in  humans  and  rodents,  with  higher  levels  

in  the  central  nervous  system  (CNS)  and  testes  (DiFiglia  et  al.,  1995;;  Ferrante  

et  al.,  1997;;  Fusco  et  al.,  1999;;  Trottier  et  al.,  1995).    

  

1.1.2.   Structural  features  of  the  Huntingtin  protein  
Despite  the  fact  that  Htt  was  identified  more  than  20  years  ago,  its  cellular  

roles  are  still  somewhat  unclear.  Huntingtin  has  been  observed  to  be  distributed  

in  various  cellular  compartments  including  the  plasma  membrane,  endoplasmic  

reticulum,  microtubules,  mitochondria   and   clathrin-­coated   vesicles   (DiFiglia   et  

al.,   1995;;  Gutekunst   et   al.,   1998;;  Sharp  et   al.,   1995).  Htt   protein   can  also  be  

detected   in   the   nucleus   where   the   mutant   form   can   accumulate   particularly  

(Kegel  et  al.,  2002;;  Tao  and  Tartakoff,  2001;;  Wheeler  et  al.,  2000).  

The  multiple  sites   for  Htt’s   localization   reflects   the  multitude  of   roles  and  

protein-­protein   interactions   described   for   this   protein.   So   far   more   than   300  

proteins   are   known   to   interact   with   Htt   including   proteins   involved   in  

transcription,  cellular  trafficking,  signalling  and  metabolism  (Harjes  and  Wanker,  

2003).  Some  proteins  have  a  differential  affinity  for  the  mutant  form;;  examples  

of  this  are:  Calmodulin  (Bao  et  al.,  1996),  CREB-­binding  protein  (CBP)  (Chai  et  

al.,  2001;;  Steffan  et  al.,  2000),  Cdc42-­interating  protein   (CIP4)   (Holbert  et  al.,  

2003),   endophilin   A3   (SH3GL3)   (Sittler   et   al.,   1998),   and   paired   amphipathic  

helix   protein   Sin3a   (Steffan   et   al.,   2000),   among   others,   which   implies  

dysregulation   of   gene   expression,   alteration   of   cellular   trafficking   and  

endocytosis,  and   impairment  of  neurotransmission.  Furthermore,  Htt  has  been  

shown  to  interact  with  specific   lipids  membranes  (Kegel  et  al.,  2005;;  Suopanki  

et  al.,  2006;;  Gao  et  al.,  2016).    

The  functional  domains  identified  in  Htt  include  a  proline-­rich  domain  next  

to   the   polyglutamine   tract   (Figure   1.3)   (Steffan   et   al.,   2004).   It   also   contains  

three   series   of  HEAT   (Huntingtin,  Elongation   factor   3,   regulatory  A   subunit   of  

protein   phosphatase   2A,   and   lipid   kinase   TOR)   repeats   which   are   usually  

involved   in   protein-­protein   interactions   and   observed   in   proteins   with   role   in  

intracellular  trafficking  and  chromosomal  segregation  (Andrade  and  Bork,  1995;;  

Neuwald   and   Hirano,   2000;;   Takano   and   Gusella,   2002)   (Figure   1.3).   The  
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identification  of  a  Nuclear  Export  Signal   (NES)   in   the  C-­terminal   region  of   the  

protein   indicates   that  Htt   can  shuttle  between   the  nucleus  and   the  cytoplasm,  

which  is  consistent  with  a  proposed  role  for  Htt  as  part  of  a  nuclear-­cytoplasmic  

shuttling   protein   complex,   as   Htt   can   mediate   the   transport   of   specific  

transcription   factors   such   as   CBP   into   the   nucleus   (Xia   et   al.,   2003)   (Figure  

1.3).    
The  N-­terminus  of  Htt  contains  numerous  sites  that  can  be  target  of  post  

translational  modifications   (PTMs),  which  ones  are   important   regulators  of  Htt  

stability,  localization  and  function,  and  affect  its  aggregation,  accumulation  and  

toxicity   (Arndt   et   al.,   2015).   The   PTMs   studied   in   the  N-­terminus   of   Htt   were  

ubiquitination   and   SUMOylation   (Kalchman   et   al.,   1996;;   Steffan   et   al.,   2004)  

(Figure   1.3   see   red   and   blue   circles),   acetylation   (Jeong   et   al.,   2009)   and  

phosphorylation  (Aiken  et  al.,  2009;;  Thompson  et  al.,  2009).  Also  Htt  is  believed  

to  be  palmitoylated  (DiFiglia  et  al.,  1995;;  Huang  et  al.,  2004).  

Different  studies  have  reported  that  Htt  phosphorylation,  at  serines  13  and  

16   is   associated   with   reduced   levels   of   mutant   Htt   toxicity   as   has   been  

observed   to   regulate  mutant  Htt  aggregation   (Mishra  et  al.,  2012;;  Arndt  et  al.,  

2015).  

Ubiquitination  and  SUMOylation   compete   for   the   same   lysines   -­   6,9  and  

15,   however   have   opposing   roles   on   Htt   related   toxicity.   While   SUMOylation  

has  been  implicated  in  Htt  toxicity,  as  confers  stability  to  the  exon  1  fragments  

reducing  aggregation   (Steffan  et  al.,  2004),  ubiquitination   tags   the  proteins   for  

degradation  by  the  ubiquitin  proteasome  system  reducing  in  this  way  the  toxicity  

of   mutant   Htt      (Jana   et   al.,   2005).   Likewise   in   primary   striatal   and   cortical  

neurons   and   in   a   transgenic  C.   elegans   model   of   HD,   it   was   observed   that  

acetylation  increases  clearance  of  Htt  through  autophagy,  specifically  when  the  

modification   occurs   at   lysine   444,   reversing   the   toxic   effects   of   mutant  

huntingtin  (Jeong  et  al.,  2009).  

Other   cellular   processing   events   can   generate   Htt   fragments   containing  

the  N-­terminal  region  with  the  polyQ  stretch.  Huntingtin  can  be  proteolysed  by  

calpain   (aminoacids   469   and   536,   see   Figure   1.3   blue   arrows),   and   there   is  

evidence   that  such  cleavage  occurs  preferentially   in   the  mutant   form.  Besides  

calpain,  Htt   is  proteolysed  by  caspases,  cathepsins  and   the  metalloproteinase  
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MMP10   (Saudou   and   Humbert,   2016)   as   indicated   in   Figure   1.3   (green   and  

orange  arrows).  These  sites  are  present  in  both  wild  type  and  mutant  Htt,  and  in  

vitro  both  are  good  candidates  for  proteolysis.  However  in  human  post-­mortem  

brain  tissues  a  specific  increase  was  observed  in  the  activity  of  these  proteases  

in  HD  brains  compared  to  controls  (Wellington  et  al.,  2002).  Nevertheless,   the  

known   sites   of   proteolysis   do   not   fully   explain   the   origin   of   the   N-­terminal  

fragments   found   in   HD   postmortem   brains.   Sathasivam   and   colleagues  

discovered   that   the   pathogenic   exon   1   Htt   fragments   result   from   aberrant  

splicing  (Sathasivam  et  al.,  2013).  By  taking  advantage  of  a  series  of  knock-­in  

HD  mouse  lines:  HdhQ20,  Q50,  Q80,  Q100,  Q150,  zQ175  and  mice  expressing  

Htt  human:  YAC128  and  BACHD,   they  demonstrated   that  aberrant   splicing  of  

mutant   Htt   occurs   and   generates   a   short   polyadenylated   mRNA   that   is  

translated  into  an  exon  1  protein,  which  is  highly  pathogenic  (Sathasivam  et  al.,  

2013).  

The   increased   generation   and   accumulation   of   Htt   fragments   facilitates  

their  assembly  into  toxic  aggregates,  which  can  be  found  in  the  cytoplasm  and  

nucleus   (Rubinsztein  and  Carmichael,  2003;;  Saudou  and  Humbert,  2016).  Htt  

aggregates   and   amyloid   inclusion   bodies   are   cleared   by   the   ubiquitin  

proteasome   system   (UPS)   and   through   autophagy   (more   detail   in   section  

1.1.4).  
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Figure  1.3:  Schematic  representation  of  the  Huntingtin  protein:  known  functional  domains  
and   other   regions   of   interest.   The   N-­terminal   of   Huntingtin   protein   is   rich   in   functional  
domains.  The  glutamine  repeat  tract  is  present  in  the  first  amino  acids  that  constitute  the  protein  

Q(n)   (pink   rectangle),  which   is   followed   by   the   polyproline   sequence,  P(n)   (purple   rectangle).  

HEAT   repeats   are   represented   by   red   squares   indicating   the   three   main   clusters.   The   blue  

arrowheads   indicate   the   calpain   cleavage   sites,   and   the   green   and   orange   arrows   and  

arrowheads   indicate   other   regions   of   proteolysis.   A,   B   and   C   identify   brain-­region-­selective  

cleavage  domains:  B  region  is  cleaved  preferentially  in  cerebral  cortex,  C  in  the  striatum,  and  A  

in  both  brain  structures.  The  red  and  purple  circles  indicate  the  sites  of  other  post-­translational  

modifications:   ubiquitination   (UBI)   and/or   sumoylation   (SUMO)   (red),   and   phosphorylation   at  

serine   421   and   serine   434   (purple).   The  C-­terminal   region   of  Huntingtin   contains   the   nuclear  

export  signal  (NES).  The  glutamic  acid  (Glu),  serine  (Ser)  and  rich  regions  are  indicated  (serine  

rich  regions  encircled  in  green).  Figure  from  Cattaneo  et  al.,  2005.  

  

1.1.3.   Huntingtin  functions  
There  has  been  intense  research  aimed  at  understanding  a  potential  role  

of   context   and   function  of   the  Htt   protein   in   the   specificity   and  severity   of   the  

pathogenicity  of  HD  (Saudou  and  Humbert,  2016).  Htt  is  ubiquitous  both  at  the  

tissue  and  subcellular  levels.  It  interacts  with  many  partners  and  has  long  been  

considered   having   no   clearly   defined   cellular   function   only   based   on   different  

studies   performed   over   the   years   Htt   roles   have   been   progressively   clarified  

with  a  multitude  of  cellular  roles  been  attributed  to  Htt.    

Some   of   the   functions   that   have   been   described   for  wild-­type  Htt   at   the  

molecular   level   include   vesicular   trafficking,   endocytosis,   vesicle   recycling,  

endosomal   trafficking  and  autophagy  regulation   (Saudou  and  Humbert,  2016).  

Huntingtin   develops   these   roles   either   directly   or   through   interaction   with  

specific   partners   like   Huntingtin   interacting   protein   1   (HIP1),   dynein   and  

dynamin   1,   in   special.   More   specifically   Htt   orchestrates   the   transport   of  

synaptic   precursor   vesicles   (Zala   et   al.,   2013),   autophagosomes   (Wong   and  

Holzbaur,  2014),  endosomes  and  lysosomes  (Caviston  et  al.,  2011;;  Liot  et  al.,  

2013)   BDNF   containing   vesicles   (Gauthier   et   al.,   2004),   amyloid   precursor  

protein-­positive   vesicles   (Colin   et   al.,   2008;;   Her   and   Goldstein,   2008)   and  

GABA   receptor-­containing   vesicles   (Twelvetrees   et   al.,   2010).   Huntingtin  

interacts   with   HIP1   to   facilitate   clathrin-­mediated   endocytosis   by   supporting  

membrane   invagination   and   the   assembly   of   clathrin   coating,   and   binds   to  
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dynamin  1  to  facilitate  membrane  fission   in  endocytosis  (Engqvist-­Goldstein  et  

al.,  2001;;  Legendre-­Guillemin  et  al.,  2002;;  Waelter  et  al.,  2001;;  El-­Daher  et  al.,  

2015;;   Kaltenbach   et   al.,   2007;;   Moreira   Sousa   et   al.,   2013).   Moreover,   Htt  

complex   with   dynein/dynactin/HAP1   regulates   retrograde   transport   of  

autophagosomes  along  axons  (Wong  and  Holzbaur,  2014).  The  identification  of  

a  p62-­interaction  domain   in  Htt  provides  clues   to   the  mechanism  by  which  Htt  

regulates  cargo   recognition  and  autophagy   induction,   further  supporting  a   role  

of  Htt   in  selective  autophagy   (Rui  et  al.,   2015).Wild-­type  Htt  holds  prosurvival  

properties  as  highlighted  in  several  studies  showing  that  expression  of  wild-­type  

Htt   in  cell   lines  and  primary  cultures  of  neurons  protects  cell  death  induced  by  

different   stimuli,   including   mutant   Htt   itself,   while   depletion   makes   striatal  

neurons  susceptible   to  apoptotic  stimuli   (Leavitt  et  al.,  2006;;  Rigamonti  et  al.,  

2000;;  Zhang  et  al.,  2003;;  Ho  et  al.,  2001)  

The   role   of   Htt   as   a   transcriptional   regulator   is   based   on   its   structure,  

interactors   and   through   repeated   transcriptional   dysregulation   observed   in  

postmortem  human  HD  brains   (Saudou  and  Humbert,   2016).   The  polyQ   tract  

motif   in  Htt   is   found   in   transcription   factors  and  serves   to  mediate   the  binding  

between   transcriptional   factors   and   transcriptional   regulators   (Saudou   and  

Humbert,  2016).  Wild-­type  Htt  binds  several  transcription  factors  including  CBP  

(Steffan   et   al.,   2000),   the   specific   protein-­1   (SP-­1)   (Dunah   et   al.,   2002),   the  

nuclear   factor-­kB   (NF-­kB)   (Takano   and   Gusella,   2002)   and   the   tumour  

suppressor   protein   53   (p53)   (Steffan   et   al.,   2000),   the   Repressor   Element-­1  

Silencing   Transcription   Factor   (REST)   /   Neuron-­Restrictive   Silencing   Factor  

(NRSF).   Huntingtin   prevents   the   recruitment   of   REST/NRSF   to   target   gene  

promoters,   and   by   doing   so   promotes   the   transcription   of   brain-­derived  

neurotrophic  factor  (BDNF)  (Ross,  2004;;  Zuccato  et  al.,  2001;;  De  Fabiani  et  al.,  

2010)  .  

Huntingtin   is   also   involved   in   another   very   important   neuronal   function,  

synaptic  plasticity,  by  interacting  with  the  SH3  domain  of  Post  Synaptic  Density  

protein  95  (PSD95)  (Duyao  et  al.,  1993).  Moreover,  Htt  is  also  implicated  in  the  

regulation   of   calcium   mobilisation   (Lim   et   al.,   2008).   At   last   studies   with    

Huntingtin   knockout   (KO)   mice   fail   to   survive   beyond   embryonic   day   8.5,  

demonstrating  the  importance  of  Htt  for  embryogenesis  (Nasir  et  al.,  1995).    
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1.1.4.   Pathogenesis  of  HD  
HD   is   a   complex   disease   triggered   by   multiple   events,   including   the  

proteolysis   and   aggregation   of   mutant   Htt   (for   Htt   structure   refer   to   section  

1.1.2)  that   lead  to  a  myriad  of  cellular  dysfunctions,  such  as  the  impairment  of  

the   ubiquitin   proteasome   system,  mitochondrial   dysfunction   and  excitotoxicity.  

Moreover,  recent  research  implicates  both  the  polyQ  protein  and  the  expanded  

RNA   in   causing   toxicity   leading   to   neurodegeneration   in   HD,   highlighting   the  

possibility  for  the  transport  of  the  toxic  protein  and  RNA  in  extracellular  vesicles  

and  in  this  way  spreading  the  pathology  through  other  cells  (Zhang  et  al.,  2016).  

  

Huntingtin  cleavage  
N-­terminal  fragments  containing  the  polyQ  tract  aggregate  and  incite  more  

neuronal   toxicity   than   full-­length   mutant   Htt.   Such   fact   was   highlighted   by  

several   studies   which   all   concluded   that   caspase-­dependent   proteolytic  

cleavage  of  mutant  Htt  might  be  one  of  the  pathological  pathways  that  leads  to  

degeneration   of   striatal   neurons   in  HD   (Goldberg   et   al.,   1996;;  Graham  et   al.,  

2006;;  Wellington   et   al.,   2002).   Therefore   a   therapeutic   strategy   has   been   to  

inhibit   cleavage   (Graham   et   al.,   2006)   and   to  modify   the  Htt   protein   –   taking  

advantage  of   antisense  oligonucleotides   to   induce  skipping  of   exon  12   in  Htt,  

where   cleavage   sites   are   localized,   inhibiting   the   formation   of   mutant   Htt,  

therefore  reducing  toxicity  (Evers  et  al.,  2014).    

The  importance  of  mutant  Htt  cleavage  for  the  pathology  is  highlighted  by  

successful   studies  where   the   actions   of   the   cleavage-­mediated   proteins  were  

inhibited.  The  use  of  a  peptide  that  compete  for  caspase-­6  activity  and  inhibits  

the  proteolysis  of  Htt  was  shown  to  protect  cells  from  mutant  Htt  related  toxicity  

and   continuous   administration   of   the   peptide   protected   pre-­symptomatic  

BACHD   form   motor   deficits   and   behavioural   abnormalities   and   resulted   in  

partial  recovery  of  motor  performance  in  the  same  model  at  advanced  disease  

state  (Aharony  et  al.,  2015).  Taking  advantage  of  the  same  HD  rat  model  was  

observed  that  treatment  for  12  months  with  olesoxime,  a  mitochondria-­targeting  

compound,   reduced   levels   of   mutant   Htt   fragments   due   to   suppression   of  

calpain-­mediated   cleavage   and   ameliorated  BACHD   cognitive   and   psychiatric  

phenotypes  (Clemens  et  al.,  2015).  
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Huntingtin  aggregation  
Aggregation   is  a  dynamic  process  (Bates,  2003;;  Hands  and  Wyttenbach,  

2010)  and  is  another  hallmark  of  Huntington’s  pathology.  The  expanded  polyQ  

repeat   in   mutant   Htt   causes   the   misfolding   of   the   abnormal   protein   and   the  

formation   of   mutant   Htt   aggregates   in   neuronal   nuclei   and   neuropils   in   HD  

patients  brains   (DiFiglia  et  al.,   1997;;  Gutekunst  et  al.,   1999).  Evidences  point  

that  the  aggregates  are  formed  by  the  cleaved  N-­terminal  portion  of  the  mutant  

Htt,   based  on  specific  antibodies   staining  and  by   the  use  of  HD  mice  models  

expressing   N-­terminal   mutant   Htt,   which   ones   form   abundant   aggregates   in  

their  neuronal  nuclei  and  processes  (Davies  et  al.,  1997;;  Schilling  et  al.,  1999).  

The   degree   of   toxicity   conferred   by   the   mutant   Htt   aggregates   is   still  

debated,   studies   report   that   mutant   Htt   aggregates   are   both   harmful   and  

beneficial,  as  demonstrated  by  studies  showing  that  dying  cells  do  not  contain  

aggregates  and  these  are  important  for  the  extent  cells’  lifespan  (Arrasate  et  al.,  

2004).  Perhaps  the  toxicity  exerted  by  the  aggregates  depends  on  the  disease  

stage,   interaction  with  other  proteins  and  organelles  and  the  degree  of  cellular  

functions,   consequently   disturbed.  Wild   type  Htt   has   been   found  entangled   in  

the  aggregates  (Rajan  et  al.,  2001)  and  this  observation  may  explains  why  wild  

type   cannot   buffer  Htt  mutant   toxic’s   effects.   The   hypothesis   that   rose   is   that  

aggregates  retain  the  pathogenic  Htt,  being  instead  protective.  

  

Mutant  Huntingtin  impairs  ubiquitin-­proteasome  system  
The   ubiquitin-­proteasome   system   (UPS)   consists   in   targeting   proteins   to  

degradation  by  adding  ubiquitin   in  specific   lysine   residues,  and   this  clearance  

system   is   dysregulated   in   HD   (Bence   et   al.,   2001;;   DiFiglia   et   al.,   1997;;  

Holmberg   et   al.,   2004).   Aggregated   and  misfolded  Htt   is   itself   target   of  UPS.  

However  due  to  the  long  polyQ  the  degradation  is  not  efficient  and  Htt  with  long  

glutamine  stretch  blocks   the  catalytic   core  of   this   clearance  system,   impeding  

the  degradation  of  other  substrates  (Imarisio  et  al.,  2008).  

Besides   the   UPS,   cells   count   on   autophagy   to   eliminate   the   unwanted  

cellular   residues.   Huntingtin   aggregates   are   also   cleared   by   autophagy  

(Ravikumar  et  al.,  2004;;  Sarkar  and  Rubinsztein,  2008).    
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Activation  of  autophagy  by  overexpression  of  key  autophagic  components  

or   by   rapamycin   treatment   increases   removal   of   Htt   and   reduces   aggregates  

formation  (Jia  et  al.,  2007;;  Ravikumar  et  al.,  2004).    

  

Mitochondrial  dysfunction  
Mitochondrial   dysfunction   in   HD   results   in   impaired   energy   production,  

reduction  of  membrane  potential,  inability  to  buffer  intracellular  calcium,  and  can  

ultimately  trigger  apoptosis  (Browne  et  al.,  1997;;  Panov  et  al.,  2002).  Mutant  Htt  

may   have   a   detrimental   effect   on   mitochondria   by   interacting   with   the   outer  

membrane  (Orr  et  al.,  2008;;  Panov  et  al.,  2002).  Moreover  mutant  Htt   inhibits  

the   Peroxisome   proliferator-­activated   receptor   gamma   coactivator   1-­alpha  

(PGC-­1α)   transcription,   impairing   mitochondrial   biogenesis   (Cui   et   al.,   2006).  

Mitochondria  are  the  power  source  of  the  cells,  generating  energy,  and  reactive  

oxygen  species  (ROS)  are  the  residues  produced.  In  non-­pathologic  conditions,  

the   cell   is   able   to   eliminate   ROS,   however   in   HD   an   increase   in   ROS   is  

observed,  which  causes  lipid  peroxidation  and  DNA  damage  (Bogdanov  et  al.,  

2001;;  Perez-­Severiano  et  al.,  2000;;  Polidori  et  al.,  1999).  

  

Excitotoxicity  
Excitotoxicity   in   the   striatum   occurs   when   excessive   glutamatergic  

signaling  and  disrupted  intracellular  calcium  levels  lead  to  mitochondrial  energy  

failure  and  cell  death.  Excitotoxicity   is  another  pathological  pathway   triggering  

the   neurodegeneration   of   striatal   neurons   (Cicchetti   et   al.,   2011).   Striatal  

neurons   are   95%   projection   neurons   (GABAergic)   and   5%   interneurons  

(GABAergic,   cholinergic)   (Rikani   et   al.,   2014).     GABAergic  projection  neurons  

are   selectively   affected   in   HD   (Vonsattel   and   DiFiglia,   1998).   Studies   have  

shown   that   cells   expressing  GluN1/GluN2B,   the   predominant   NMDA   receptor  

(NMDAR)  subunits  in  GABAergic  projection-­medium  size  spiny  neurons  (MSN),  

together  with  mutant  Htt,  are  particularly  sensitive  to  excitotoxicity  (Zeron  et  al.,  

2001).   Moreover,   data   from   HD   mouse   models   demonstrated   an   altered  

NMDAR  function  in  corticostriatal  synapses,  and  NMDAR  mediated  toxicity  was  

potentiated  in  striatal  neurons  (Fan  and  Raymond,  2007).  Furthermore,  there  is  

evidence  that  Htt  and  PSD-­95  interact  directly  and  form  a  complex  together  with  
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NMDAR,  which  favors  excitotoxicity  in  HD  (Sun  et  al.,  2001).  These  are  some  of  

the  many  proposed  mechanisms  by  which  NMDAR  sensitivity  and  excitotoxicity  

is   increased  in  HD  (Dong  et  al.,  2009)  and  is  accepted  that   in  HD,  changes  in  

glutamate  release,  uptake  and  postsynaptic  signaling  converge  to  promote  the  

excitotoxicity   of   MSN   (Sepers   and   Raymond,   2014).   Increased   glutamate  

release   occurs   at   early   stages   of   HD,   followed   by   the   loss   of   glutamatergic  

terminals  in  fully  symptomatic  HD,  indicating  a  disconnection  of  the  cortex  and  

striatum   (Raymond   et   al.,   2011).   At   corticostriatal   synapses,   glutamate   is  

removed   from   the   extracellular   space   by   astrocytes   that   express   glutamate  

transporters   (GLT),   however   has   been   consistently   observed   reduced  mRNA  

and  protein   levels  of  GLT-­1   in  symptomatic  rodent  models  of  HD  (Miller  et  al.,  

2012;;  Estrada-­Sanchez   and  Rebec,   2012;;   Faideau   et   al.,   2010)   and   reduced  

expression   in   post-­mortem   HD   brain   despite   the   increased   number   of  

astrocytes.  These  observations  link  to  the  astrocytes  deficient  uptake  of  excess  

glutamate   at   the   corticostriatal   synapses,   promoting   excitotoxicity,   such   is  

highlighted   by   studies   with   restricted   expression   of   mutant   Htt   to   astrocytes  

alone   is   sufficient   to   reduce  GLT-­1   expression,   reduce   glutamate   uptake   and  

cause  dysfunction  (Bradford  et  al.,  2009;;  Faideau  et  al.,  2010).  

  

1.2.  Sterol  biosynthesis  and  its  known  regulatory  mechanisms  
Cholesterol   is   an   essential   component   of   eukaryotic   membranes   and  

sterol  biosynthesis  (synthesis  of  cholesterol  itself  and  precursors)  is  believed  to  

be   an   evolutionary   acquisition   that   allowed   the   development   of   eukaryotic   life  

(de   Duve,   2007).   Cholesterol   is   a   major   component   of   membrane   lipids   and  

regulates   plasma   membrane   organization,   rigidity   (Miao   et   al.,   2002),   and  

selective   permeability   (Haines,   2001),   thereby      having   a   strong   influence   on  

intercellular   signalling   (Maxfield   and  Tabas,   2005).  Cholesterol   levels   need   to  

be   regulated   within   a   very   narrow   range,   as   small   changes   in   cholesterol  

content   induce   consequential   changes   in   overall   membrane   composition   and  

membrane-­associated  signalling.    

Mammals   acquire   sterols   from   both   dietary   intake   and   via   de   novo  

synthesis   of   cholesterol   (Espenshade   and   Hughes,   2007;;   Maxfield   and   van  

Meer,   2010).      It   has  been  observed   that   a  healthy  adult   human  may   typically  
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ingest   0.3   g   and   synthesize   a   relatively   larger   1   g   of   cholesterol   per   day.  

Besides   the   amount   of   cholesterol   ingested,   only   roughly   half   of   dietary  

cholesterol   is  absorbed  (Ostlund  et  al.,  1999).  Therefore,  de  novo  synthesis   is  

clearly   the  major   source  of  whole  body   cholesterol.  Of   this,   liver   accounts   for  

approximately  20%-­25%  of  cholesterol  production  (van  der  Wulp  et  al.,  2013).  

In   the   liver   occurs   the   catabolism   of   cholesterol   leading   to   the   formation   of  

oxysterols  which  ones  are  obtained  by   the   introduction  of  a  hydroxyl  group   in  

the  cholesterol  by  action  of  specific  monooxygenase,  mainly  those  belonging  to  

the   cytochrome  P-­450   family,   leading   ultimately   to   the   formation   of   bile   acids  

(Crosignani  et  al.,  2011).  

Almost  all   cells  can  undertake  de  novo  cholesterol   synthesis   from  acetyl  

coenzyme  A   (acetyl-­CoA)   (Bloch,   1987).   In   the   first   step   of   this   process,   two  

molecules   of   acetyl-­CoA   are   condensed   by   the   cytoplasmic   enzyme  

acetoacetyl-­CoA   thiolase   (encoded   by   the  ACAT2   gene)   to   form   acetoacetyl-­

CoA.  Acetoacetyl-­CoA  and  a   third  molecule  of  acetyl-­CoA  are  converted   to  3-­

hydroxyl-­3-­methylglutaryl   coenzyme  A   (HMG-­CoA)   by  HMG-­CoA   synthase,   in  

the   cytoplasm.   HMG-­CoA   is   then   converted   to   mevalonate   by   HMG-­CoA  

reductase   (HMGCR),   which   is   anchored   by   its   N-­terminal   domain   into   the  

membrane   of   the   endoplasmic   reticulum   (ER).   Mevalonate   undergoes   two  

successive   phosphorylations   (catalyzed   by   mevalonate   kinase,   and  

phosphomevalonate   kinase),   to   form   isopentenyl-­5-­pyrophosphate   in   cytosol,  

which   is   in   equilibrium   with   its   isomer,   dimethylallyl   pyrophosphate.   One  

molecule  of  each   isomer   is   then  converted   to  geranyl  pyrophosphate   to  which  

an   additional   isopentenyl-­5-­pyrophosphate   is   added   to   form   farnesyl  

pyrophosphate   (FPP),   an   important   precursor   for   protein   prenylation   (Zhang  

and   Casey,   1996),   and   heme   A,   dolichol   and   ubiquinone   synthesis.   Finally,  

squalene  synthase  catalyzes  the  head-­to-­tail  condensation  of  two  molecules  of  

FPP,  yielding  squalene.  Like  HMGCR,  squalene  synthase   is   tightly  associated  

with   the  ER.  Squalene   then  undergoes  a   two-­step  cyclization   to  yield   the   first  

sterol  product,  lanosterol.  Through  a  series  of  19  additional  reactions,  lanosterol  

is   trimmed   to   cholesterol   (Figure   1.4).   Cholesterol   is   converted   into   7α-­

hydroxycholesterol   (7α-­OHC)   by      cholesterol   7α-­monooxygenase   (CYP7A)   in  

the  liver,  or  into  27-­OHC  by  Putative  cytochrome  p450  cyp27  subfamily  protein  
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(CYP27)   in   extra-­hepatic   cells,   and   this   derivative   can   undergo   further  

hydroxylation   at   the   7α   position   by   an   oxysterol   7α-­hydroxylase   (CYP7B)  

distinct  from  CYP7A  in  when  reaches  the  liver  (Crosignani  et  al.,  2011).  These  

oxysterols  accounts  for  more  than  95%  of  total  bile  acid  synthesis  per  day  (De  

Fabiani  et  al.,  2010;;  Javitt,  2002).  

The  order  and  mechanisms  of  these  subsequent  reactions  is  debated,  with  

two   alternative   pathways   often   referred   to   as   the  Kandutsch-­Russel   pathway,  

via  lathosterol,  being  the  cholesterol  immediate  precursor  7-­dehydrocholesterol  

(Katja   et   al.,   2009)   and   the   Bloch   pathway,   via   desmosterol   (Bloch,   1965;;  

Tabernero   et   al.,   1993).   A   number   of   human   malformation   syndromes   are  

related  with  disruption  of  the  enzymatic  activities  involved  in  these  late  steps  of  

cholesterol  biosynthesis  (Phillipi  et  al.,  2008).  
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Figure  1.4:  Cellular  sterol  biosynthesis.  Citrate  from  the  mitochondria  is  converted  into  acetyl-­
CoA  in  the  cytosol  and  this  step  initiates  the  cholesterol  biosynthetic  pathway.  The  rate-­limiting  
step   involves   the   synthesis   of   mevalonate   by   HMG-­CoA   reductase   (HMGCR).   After   the  

synthesis   of   lanosterol,   the   pathway   diverges   and   cholesterol   can   be   synthesised   from   the  

precursors   desmosterol   or   lathosterol.   The   immediate   cholesterol   precursor   through   the  

Kandutsch-­Russel  pathway   is  7-­dehydrocholesterol.   In   vivo  conversion  of   cholesterol   into  bile  

acids  occurs  following  different  pathways  and  begins  by  the  introduction  of  one  hydroxyl  group  

at  different  positions  of  cholesterol:  C7α,  C27.  In  the  liver  27-­hydroxycholesterol  can  

undergo   further   hydroxylation   at   the   7α   position   being   converted   into   7   α-­hydroxycholesterol.  

These   intermediates  enriched   the  bile  acids   (figure  adapted   from  Leoni  and  Caccia,  2015,   for  

information  on  detailed  pathway  follow  figure  and  text  from  Introduction  section  1.2.  

  

The   genes   encoding   cholesterol   biosynthetic   enzymes   are   under   the  

coordinated  control  of   transcription   factors  known  as  sterol   regulatory  element  

binding   proteins   (SREBPs).   Two   genes   encode   three   isoforms   of   SREBPs.  

SREBP-­2,   encoded   by   one   gene,   is   believed   to   be   specialized   to   transcribe  

cholesterol   biosynthesis   (and   some   other   cholesterol   homeostasis-­related)  

genes  (Horton  et  al.,  2002).  While   the  SREBP-­1  gene  produces   two   isoforms,  

SREBP-­1a,  which   regulates   genes   involved   in   both   cholesterol   and   fatty   acid  

synthesis  and  SREBP-­1c,  which  demonstrates  stronger  regulation  of  fatty  acid  

biosynthesis   genes.   Once   synthesized,   SREBPs   localize   in   the   endoplasmic  

reticulum  (ER)  in  an  inactive  form.  Their  C-­terminal  region  binds  to  the  SREBP  

cleavage   activating   protein   (Scap),   which   one   serves   as   a   sensor   for   cellular  

cholesterol  levels  and  coordinates  SREBPs  localization  and  activation,  either  in  

the  nucleus  when  the  cell  is  in  need  of  cholesterol  (Rawson,  2003)  or  in  the  ER  

when  sterol  levels  are  high,  keeping  the  complex  SREBP-­Scap-­  Insulin  induced  

gene  1  (INSIG)  intact  (Peng  et  al.,  1997;;  Rawson,  2003).  

The   intracellular   levels  of   sterols  are  meticulously   controlled.  When  cells  

are  depleted  of  sterols  (Figure  1.5  A),  signals  direct   the   transcription  of  genes  

for   production   and   sterol   cellular   import,   such   as   HMGCR   and   Low   density  

lipoprotein   receptor   (LdLr).   Such   genes   are   under   the   control   of   SREBP-­2.  

Under   these   conditions   (Figure   1.5   A),   cholesterol   no   longer   occupies   its  

binding  site  on  Scap  and  the  Scap-­SREBP  complex  is  released  from  INSIG  to  

be   transported   to   the   Golgi   apparatus.   In   the   Golgi,   SREBP   undergoes   two  

sequential   proteolytic   cleavages,   by   the   Site   1   (S1P)   and   Site   2   (S2P)  
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proteases,   to   release   its   N-­terminal   DNA-­binding   domain,   which   is   then  

transported   to   the  nucleus  (SREBP  N-­terminus)   (Rawson,  2003).  Concomitant  

dimerization   and   nuclear   transport   of   the   SREBP   constitute   conversion   to   its  

active   form.   In   the   nucleus   the   active   SREBP2   recognises   sterol   regulatory  

element   (SRE)   sequences,   where   the   transcription   factor   binds   to   and  

increases   the   transcription   rate   of   genes   involved   in   sterol   synthesis   (ex.  

HMGCR)  and  uptake  (ex.  LDLR)  (Espenshade  and  Hughes,  2007).  

Although   cleavage   by   SP1   and   SP2   is   typically   seen   as   the   major  

regulatory  step   in  SREBP  activation,  evidence   for  additional   regulatory  control  

by  phosphorylation  (Kotzka  et  al.,  2012)  and  acetylation  (Ponugoti  et  al.,  2010;;  

Walker  et  al.,  2010)  has  been  reported.    

  

When  sterol  levels  increase  (Figure  1.5  B),  SREBPs  are  inhibited  (retained  

in   the   ER)   and   in   parallel   Liver   X   receptors   (LXRs),   a   family   of   transcription  

factors  activated  by  oxysterols,  initiate  the  transcription  of  genes  responsible  for  

sterol  transport  out  of  the  cell  (Espenshade,  2006).  Scap  alters  its  conformation;;  

loop1   of   the   Scap   protein   binds   cholesterol   and   allosterically   regulates   the  

conformation  of  loop  6,  allowing  the  complex  to  bind  to  INSIG,  retaining  it  in  the  

ER  (Figure  1.5  B).   INSIG  also  contains  a  sterol-­binding  domain   that   regulates  

its  interaction  with  Scap  by  sensing  the  presence  of  oxysterols  (Radhakrishnan  

et   al.,   2007).   Moreover,   INSIG   promotes   HMGCR   degradation   when   sterol  

levels  are  high  (Goldstein,  DeBose-­Boyd  et  al.  2006)  (Figure  1.5  B).    
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Figure  1.5:  Cellular  regulation  of  sterols.  A-­  Under  low  cholesterol  conditions  the  cell  acts  in  
order  to  elevate  its  levels  of  cholesterol.  A  key  player  in  the  process  is  SREBP-­2,  a  protein  that  

reside   in   the   ER   and   is   bound   to   SCAP.   In   a   situation   of   low   sterols,   the   complex   SREBP-­

2/SCAP   is   independent   from   INSIG,   which   one   is   ubiquitinated   and   degraded   by   the  

proteasome   system   (UPS),   allowing   the   complex   to  migrate   from   the  ER   to   the  Golgi.   In   the  

Golgi,   SREBP-­2   suffers   two   sequential   cleavages   by   SP-­1   and   SP-­2   resulting   in   a   fragment  

which   consists   in   the  N-­terminal   of  SREBP-­2.  This   fragment  migrates   into   the  nucleus  where  

recognizes  sterol  regulatory  element  (SRE)  in  the  promoter  of  genes  as  examples:  HMGCR  and  

LDLr,   which   transcription   promotes   the   synthesis   of   cholesterol   and   uptake,   respectively.  B-­  
Under  high  sterol  conditions  the  cell  acts  to  stop  cholesterol  synthesis  and  uptake  and  promotes  

cholesterol   efflux.   SCAP   senses   cholesterol   which   alters   its   conformation   gaining   affinity   for  

INSIG,  which   senses  oxysterols   and   is   retained   in   the  ER.  Therefore,  SREBP-­2/SCAP/INSIG  

form  a  complex  held  in  the  ER,  and  SREBP-­2  target  genes  are  not  transcribed.  INSIG  in  the  ER  

promotes   HMGCR   ubiquitination,   being   degraded   by   the   UPS.   In   the   nucleus   oxysterols   are  

LXR   agonists   promoting   the   transcription   of   genes   such   as   (example)   ABCA1   and   APOE,  

leading  to  cholesterol  efflux  and  transport  out  of  the  cells.  

  

HMGCR   is   the   rate-­limiting   enzyme   in   the   cholesterol   biosynthetic  

pathway,   (Jasinska   et   al.,   2007)   and   is   subject   to   tight   regulation.   When   in  

sterol-­replete  conditions,  INSIGs  mediate  the  association  between  HMGCR  and  

membrane-­bound   ubiquitin   ligases   (glycoprotein   78).   The   ligase   ubiquitinates  

HMGCR,  which  one  becomes  a  target  for  degradation  by  the  26S  proteasome.  
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The  cholesterol  biosynthesis  intermediate  lanosterol  can  also  promote  HMGCR  

degradation  (Song  et  al.,  2005).  Diminished  ATP  levels  can  inhibit  the  activity  of  

HMGCR   by   triggering   its   phosphorylation   by   AMP   dependent   protein   kinase,  

presumably   to   balance   cholesterol   synthesis   with   other   cellular   energetic  

demands  (Sato  et  al.,  1993).  

  

1.3.   Cholesterol  dynamics  in  the  brain    
The  importance  of  cholesterol   for   the  nervous  system  was  recognized  by  

Couerbe   in   1834,  when   he   referred   to   cholesterol   as   the   principal   element   in  

nervous  system  (Bickel,  1996).  Unlike  other  organs,  the  brain  satisfies  its  sterol  

needs  almost  entirely  via  de  novo  synthesis  in  situ  (Dietschy,  2009).    

Sterols   are   essential   for   neuronal   development   and   survival,   with  

cholesterol  being  particularly  important  for  the  functions  of  axons  and  synapses  

(Koudinov   and   Koudinova,   2001).   Cholesterol   is   also   the   precursor   for  

neurosteroids  and  an  integral  component  of  neuritic  transport  vesicles  (Pfrieger,  

2003   a;;   2003   b).   Oxysterols   also   serve   important   roles   in   transcellular  

communication   in   the   brain   (Bjorkhem,   2006;;  Gill   et   al.,   2008;;  Miyoshi   et   al.,  

2014;;  Radhakrishnan  et  al.,  2007).  Brain  cholesterol  synthesis  and  disposition  

is   likewise   maintained   under   tight   metabolic   control,   albeit   with   some   unique  

features.  

  

1.3.1.   Brain  cholesterol  homeostasis  and  distribution    
The   central   nervous   system   (brain   and   spinal   cord,   CNS)   is   separated  

from   the   cholesterol   exchange   orchestrated   by   the   liver   by   the   blood   brain  

barrier.  Therefore,  the  CNS  must  synthesize  its  own  cholesterol  (Chobanian  et  

al.,  1962;;  Turley  et  al.,  1996).  The  brain’s  relative  cholesterol  content  is  almost  

10  times  higher  (15-­20  mg/g)   than   in   the  body  as  a  whole  (approx.  2.2  mg/g),  

representing   about   25%   of   the   total   body   cholesterol   (Dietschy   and   Turley,  

2004).   The   importance   of   cholesterol   for   neuronal   electrical   conductivity   is  

undoubtedly  a  major  reason  for  these  high  concentrations.  Cholesterol  in  myelin  

surrounding  axons  confers  high  conductance  and   low  resistance,  allowing  fast  

and   efficient   forward   neuronal   conduction   of   action   potentials   (Saher   et   al.,  
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2011).   The   central   myelining   cells,   oligodendrocytes,   contain   the   majority   of  

brain  cholesterol  (more  than  70%)  (Muse  et  al.,  2001)  with  the  remaining  pools  

distributed   among   astrocytes   (glia   20%)   and   neuronal   cell  membranes   (10%)  

(Dietschy  and  Turley,  2004).  

Whereas  the  timing  of  the  myelination  process  varies  considerably  among  

mammalian   species,   the   developmental   rates   of   cholesterol   synthesis  

nonetheless  reflect  the  extensive  need  for  cholesterol  in  this  process.  In  mouse,  

hamster  and  human,  myelination  occurs  during  the  first  period  of  postnatal   life  

(Dietschy   and   Turley,   2004).   Messenger   RNA   (mRNA)   levels   for   HMGCR,  

which  encodes  the  rate-­limiting  enzyme  of  sterol  biosynthesis,  rapidly  increase  

in  mouse   brain   five   days   before   birth,   consistent  with   the   rapid   generation   of  

axonal   and   dendritic   processes   and   the   proliferation   of   oligodendrocytes  

(Hanaka  et   al.,   2000).  Cholesterol   synthesis   and   its   incorporation   into  myelin,  

peaks   between   2   and   3  weeks   of   age,   while   the   incorporation   of   other   lipids  

appear   to   proceed  more   continuously   (Ando   et   al.,   2003;;  Quan   et   al.,   2003).  

The   decrease   in   brain   cholesterol   synthesis   is   paralleled   by   an   increased  

expression  of  CYP46A1,  a  p450  family  enzyme  that  hydroxylates  cholesterol  to  

form   24S-­hydroxycholesterol   (24S-­OHC).   The   significance   of   this   enzyme  will  

be  discussed  below.  

In   contrast   to   the   high   cholesterol   synthesis   seen   during   postnatal   brain  

development,   radionuclide   incorporation   studies   suggest   that   total   cholesterol  

synthesis   is   very   low   in   the   adult   CNS   when   compared   to   other   tissues  

(Pfrieger,  2003  a;;  2003  b).  Whereas  the  rate  of  incorporation  during  myelination  

peaks  at  0.26  mg/day   in   the  developing  mouse  brain,  cholesterol   incorporates  

in   the  adult  brain  at  a  much  slower   rate  of  0.012  mg/day   (Quan  et  al.,  2003).  

Interestingly,  this  rate  of   incorporation  is  estimated  to  be  around  3  times  lower  

than   the   rate   of   cholesterol   synthesis   (0.035  mg/day)   suggesting   that   a   small  

portion   of   brain   cholesterol   is   constantly   renewed   and   excess   cholesterol   is  

excreted   to   the   systemic   circulation   (Quan  et   al.,   2003).   In   adults,   the   rate   of  

cholesterol   incorporation   into   the   main   pool,   the   mature   myelin   sheath,   is  

measured   as   negligible   (Ando   et   al.,   2003).   As   the  myelin   pool   is   stable,   the  

remaining   cholesterol   production   is   thought   to   reflect   a   much   more   dynamic  

compartmentalization  of  sterols  in  neurons  and  astrocytes.    
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Both   neurons   and   astrocytes   possess   the   enzymatic  machinery   needed  

for  cholesterol  biosynthesis  and  are  capable  of  synthesizing  cholesterol  in  vitro  

(Saito  et  al.,  1987).  However,  uncertainty  exists  whether  both  continue  to  do  so  

during  adulthood  under  normal  conditions.   In  vitro  studies  of   isolated  neuronal  

and   astrocytic   cultures   have   indicated   that   astrocytes   might   be   much   more  

efficient  cholesterol  synthesizers  (Nieweg  et  al.,  2009;;  Tabernero  et  al.,  1993).  

In   vitro   studies,   have   also   suggested   that   astrocytes   and   neurons   express  

different   ratios   of   enzymes   and/or   use   different   biochemical   pathways   for   the  

synthesis   of   cholesterol,   causing   accumulation   of   different   sterol   species   or  

precursors   in  each  cell   type.  Lanosterol  seems  to  accumulate   in  neurons,  due  

to  the  decreased  levels  of  enzymes  to  convert  it   into  cholesterol.  Nevertheless  

was   detected   7-­dehydrocholesterol   in   neurons   hypothesizing   that   these  

synthesise  cholesterol  via  Kandutsch-­Russel  pathway  (Leoni  and  Caccia,  2015)  

(Figure   1.4).   In   contrast,   cholesterol   and   desmosterol   predominate   in  

astrocytes,   presumably   representing   synthesis   via   the   Bloch   pathway   (Figure  

1.4)  (Nieweg  et  al.,  2009).  Although  the  potential  biological  relevance  of   these  

differences   remains   unclear,   astrocytes   do   excrete   lipoproteins   rich   in  

desmosterol   and   lathosterol   (thus   differing   from   the   composition   of   plasma  

lipoproteins).  The  view  that  astrocytes  produce  the  majority  of  cholesterol  in  all  

brain  regions   is  not  uniformly  accepted,  as   in  vitro  and   in  vivo  observation  are  

discordant.      For   example,   one   recent   study   reported   that   the   relative   mRNA  

expression   of   cholesterol   synthesizing   genes   is   higher   in   the   hippocampus   in  

vivo  than  in  glial  cells  (Valdez  et  al.,  2010).  Nonetheless,  the  current  consensus  

opinion   seems   to   rest   in   favour   the   delivery   of   sterols   from   astrocytes   to  

neurons.  

  

1.3.2.   Brain  cholesterol  transport  
In   the   same   way   that   glucose-­derived   lactate   is   ‘fed’   to   neurons   by  

astrocytes,   it   is   generally   presumed   that   astrocytes   also   bear   the   work   of  

cholesterol   production.   An   alternate   but   related   view   is   that   even   if   neurons  

synthesize  their  own  cholesterol  at   the  cell  body,   they  rely  on  cholesterol   from  

astrocytic  stores   to  maintain  synapses   (Brown  and  Goldstein,  1986;;  Mauch  et  

al.,  2001;;  Simons  and   Ikonen,  2000).  Other  studies  have  shown   that  neurons  
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may   be   particularly   reliant   on   cholesterol   supplied   from   astrocytes   after   brain  

injury   and   cell   damage   (ischemia   and   excitotoxicity)   (Aoki   et   al.,   2003;;  

Champagne  et  al.,  2005;;  Xu  et  al.,  2006).  

The   potential   mechanisms   coordinating   the   shuttling   of   cholesterol   from  

astrocytes  to  neurons  have  been  explored  considerably  in  retinal  ganglion  cells.  

In   this   context,   astrocytes   were   shown   to   excrete   cholesterol   via   ApoE-­

containing   lipoproteins,  whose   uptake   into   neurons  was   dependent   on   LDLR-­

mediated   transport   (Rothe   and   Muller,   1991).   Extrusion   of   sterol-­loaded  

lipoproteins   from  astrocytes  appears   to  be  mediated  primarily  by  ATP  binding  

cassette  transporter  1  (ABCA1)  (Bjorkhem  et  al.,  2011;;  Bu,  2009;;  Vance  et  al.,  

2005;;  Wahrle  et  al.,  2004).  

Neurons  also  possess  mechanisms  to  extrude  cholesterol  which  may  rely  

on  a  different  transporter,  ABCG4  (Chen  et  al.,  2013).  One  presumed  function  

of  this  export  is  to  release  sterols  when  they  are  present  in  excess.  The  enzyme  

CYP46A1,  expressed  exclusively   in  neurons,  hydroxylates  cholesterol   into   the  

main   oxysterol   in   the   brain:   24S-­hydroxycholesterol   (24S-­OHC)      the  

cerebrosterol  (Dietschy  and  Turley,  2004),  which  is  subsequently  released  from  

the  neurons.  24S-­OHC  is  believed  to  be  more  than  a  derivative  of  cholesterol,  

when  this  in  excess  in  neurons,  the  body  of  knowledge  supports  24S-­OHC  as  a    

signal  molecule  between  neurons  and  astrocytes  (Brown  and  Goldstein,  1997;;  

Whitney   et   al.,   2002).   The   current   consensus   is   that   24S-­OHC   informs  

astrocytes  on  the  sterol  status  of  neurons  thereby  serving  as  a  feedback  signal  

to  cease  sterol  production  and  delivery.  Additional  possible   roles  of  24S-­OHC  

will  be  discussed  in  later  sections  of  the  thesis.  

  

1.3.3.   Oxysterols  
Oxyterols   are   the   product   of   cholesterol   oxidation.   The   introduction   of  

hydroxyl   group   occurs   enzymatically   (Russell,   2003)   or   by   reactive   oxygen  

species   (Murphy   and   Johnson,   2008).   Oxysterols   were   first   identified   as   the  

intermediates   in   bile   acid   and   steroid   hormone   production.   Now   their  

importance  is  known  to  go  beyond  those  roles.    

In   contrast   to  cholesterol,   steroid  side-­chain  oxidized  cholesterol   species  

are   able   to   cross   lipophilic   membranes   at   higher   rates,   potentially   with   and  
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without   the   help   of   transporters   and   receptors.   Cholesterol   oxidation   into   27-­

OHC   and   24S-­OHC   may   thus   facilitates   the   cell’s   efflux   of   sterols   and  

participate  in  maintaining  sterol  homeostasis  (Bjorkhem,  2013).  

The   main   oxysterols   discussed   in   the   literature   are   the   bile   acid  

intermediates:   7α-­hydroxycholesterol,   27-­hydroxycholesterol,   24S-­

hydroxycholesterol  and  25S-­hydroxycholesterol,  and  22R-­hydroxycholesterol,  a  

steroid   hormone   synthesis   precursor   (Crosignani   et   al.,   2011).   As   discussed  

above,  synthesis  of  24S-­OHC  occurs  exclusively   in  neurons,  and  is  thought  to  

comprise   a   major   mechanism   of   cholesterol   elimination   from   the   brain  

(Bjorkhem  et  al.,  1997;;  Lutjohann  et  al.,  1996).  Besides  24S-­OHC,  cholesterol  

is   converted,   to   a   lesser   extent,   into   27-­OHC   in   the   brain   by   the   cytochrome  

P450  Family  27  subfamily  A  member  1/  Sterol  27-­hydroxylase  (CYP27A1),  and  

then   into   7α-­hydroxy-­3-­oxo-­4-­cholestonic   acid   (7-­OH-­4-­C)   by   the   enzyme  

CYP7B.  In  the  liver  is  eliminated,  as  well  the  others  oxysterols  (Bjorkhem  et  al.,  

2009).  

Oxysterols  are  now  known  to  also  fulfil  signalling  roles  in  the  regulation  of  

cholesterol   homeostasis,   including   regulating   the   activities   of   SREBP   (Brown  

and   Goldstein,   2009;;   Radhakrishnan   et   al.,   2007)   and   LXR   (Janowski   et   al.,  

1999)   transcription   factors.   In   addition,   oxysterols   bind   to   G   protein-­coupled  

(Iguchi  et  al.,  2010)  and  ionotropic  receptors  (Paul  et  al.,  2013).  

Current   evidence   also   suggests   that   oxysterols   may   play   roles   in  

pathogenic   processes   in   the   brain   from   their   involvement   in   modulating  

neuroinflammation  and  cell  death  (Gamba  et  al.,  2015).  

  

1.3.4.   Cholesterol  dyshomeostasis  in  neurodegenerative  diseases    
An   imbalance   in  cholesterol  homeostasis   in   the  brain  has  been   linked   to  

neurodegenerative   diseases   such   as   Niemann-­Pick   disease   type   C   (NPC),  

Smith-­Lemli-­Optiz   syndrome   (SLOS),   Alzheimer’s   (AD),   Parkinson’s   disease  

(PD)  and  Huntington’s  disease  (HD).    

NPC   disease   is   a   rare   autosomal   recessive   neurovisceral   pathology  

caused   by   loss-­of-­function   mutations   in   either   NPC1   or   NPC2.   Symptoms   of  

NPC   include   delays   in   motor   milestones,   speech   delay,   ataxia,   dystonia   and  
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dementia,   and   systemic   symptoms:   hepatosplenomegaly   (Patterson   et   al.,  

2012).  

Although   the   functions   of   the   NPC1   and   NPC2   proteins   are   still   not  

completely   clear,   current   knowledge   highlights   their   role   in   the   cholesterol  

transport   within   the   late   endosomal-­lysosomal   compartment   (Vanier,   2015).  

Therefore   the   consequence   of  mutations   in  NPC1  or  NPC2   is   a   disruption   of  

sterol  disposition,  leading  to  the  accumulation  of  unesterified  cholesterol  in  most  

organs  (Chang  et  al.,  2005).  In  NPC,  lipids  are  trapped  in  endosomal/lysosomal  

vesicles   during   cholesterol   import;;   therefore   they   do   not   reach   the   ER,  

consequently   cholesterol   is   neither   esterified   by   Sterol   O-­acyltransferase  

(ACAT)   for   storage   nor   incorporated   into   the   plasma   membrane   where   it   is  

needed   for   proper   membrane   function.   Moreover,   the   accumulation   of   lipids  

within   lysosomal   storage   organelles   interferes   with   normal   protein   and   lipid  

trafficking  (Choudhury  et  al.,  2004;;  Pipalia  et  al.,  2007).  

Efforts   to   develop   therapies   to   treat   NPC   patients   have   attempted   to  

rescue   lipids   trapped   in   the   endosome/lysosomes   vesicles,   and   so   far  

cyclodextrin  has  been  showing  some  good  results.  Subcutaneous  injections  of  

this   cholesterol-­binding   compound  were   published   to   slow   neurodegeneration  

and  expand  the  NPC1-­/-­  mice  life  span  (Liu  et  al.,  2009).  

SLOS  is  an  autosomal  recessive  disorder  caused  by  mutations  in  the  gene  

encoding   the   enzyme   7-­dehydrocholesterol   reductase   (DHCR7),   which   is  

involved  in  the  last  step  of  the  cholesterol  biosynthetic  pathway  (Irons  and  Tint,  

1998),  resulting  in  high  levels  of  7-­dehydrocholesterol  (7DHC)  and  low  levels  of  

cholesterol.    

SLOS   patients   exhibit   pre-­   and   post-­natal   growth   retardation,  

microcephaly,   intellectual   disability   and   the   external   malformations   (e.g.  

abnormally   shaped   facial   features,   cleft   palate,   and   underdeveloped   external  

genitalia   in   males   (Nowaczyk   and   Irons,   2012;;   Smith   et   al.,   1964).  Whereas  

most  SLOS  research  has   focused  on  cholesterol  deficiency,   it   is  also  possible  

that   the   accumulation   of   7-­dehydrocholesterol   may   be   pathogenic   (Vance,  

2012).  

The  first   line  of   therapy   is   to   feed  patients  with  a  high   fat  diet   in  order   to  

normalize  plasma  cholesterol   levels   (Porter  and  Herman,  2011),  which  seems  



   44  

quite   beneficial.   However,   it   is   difficult   to   understand   how   the   ingested   lipids  

could  replace  cholesterol  in  the  brain  (Dietschy  and  Turley,  2001).  

  

Subtler  effects  of  sterol  dysregulation  have  also  been  implicated  in  AD,  PD  

or  HD.  Interest  in  these  effects  has  increased  in  recent  years.  

Late  onset  Alzheimer’s  Disease  (LOAD)  is  a  sporadic,  age-­related  form  of  

dementia   (Castellani,   2010).   LOAD   brains   show   cortical   and   hippocampal  

atrophy   and   histological   tissue   modifications   related   to   the   deposition   of  

extracellular   beta-­plated   amyloid   plaque   (Aβ)   and   intracellular   Tau   protein  

neurofibrillary   tangles   (Castellani,   2010),   characteristic   of   Alzheimer’s   disease  

in  general.  

The  major   aetiologic   link   between  LOAD  and   cholesterol   homeostasis   is  

that   the  APOE4  allele  was  shown   in  numerous  studies   to   increase   the   risk  of  

LOAD  (Corder  et  al.,  1993).  Inheritance  of  one  copy  of  APOE4  allele  increases  

the  risk  fourfold,  while  two  copies  raises  the  risk  of  disease  by  tenfold.  One  of  

the   mechanisms   by   which   ApoE4   facilitates   AD   pathogenesis   may   be   its  

propensity  to  undergo  proteolytic  cleavage,  resulting  in  loss  of  function,  leading  

to  impaired  cholesterol  transport  and  beta-­amyloid  clearance  (Rohn,  2013).  

  Although  it  is  generally  accepted  that  increased  brain  cholesterol  favours  

development  of  AD,   results  of  clinical   trials  with  statins   (HMGCR   inhibitors)   in  

AD   patients   have   not   universally   supported   this   idea,   with   some   studies  

suggesting  a  beneficial  effect   (Jick  et  al.,  2000),  and  others  showing  no  effect  

(Feldman   et   al.,   2010).   Although   there   are   still   strong   supporters   of   such  

compounds,  recent  results  have  also  uncovered  potential  adverse  effects  of  this  

approach   to   treatment,   especially   in   the   hippocampus;;   statins   treatment  

decreased   cholesterol   levels   to   an   extent   that   caused   decreased   synapse  

density  and  synaptic  vesicle  release  impairment  (Mailman  et  al.,  2011).  

Parkinson’s   disease   is   the   second   most   common   neurodegenerative  

disease  after  AD.  Like  in  AD,  a  low  number  of  PD  cases  is  caused  by  mutation  

in   specific   genes:   α-­synuclein,   DJ-­1,   Parkin,   PINK1,   LRRK2,   whereas   the  

majority   of   the   cases   are   sporadic   (Davie,   2008).   PD   is   characterized   by  

degeneration  of  dopaminergic  neurons  in  the  substantia  nigra  (Jankovic,  2008)  
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and  development  of  Lewy  Bodies  in  neurons,  formed  mainly  by  the  aggregation  

of  α-­synuclein  protein  (Breydo  et  al.,  2012).    

Cholesterol   dyshomeostasis   in   PD   is   debated,   due   to   the   conflicting  

results  obtained  thus  far  (Paul  et  al.,  2015).  

Studies   have   been   conducted   to   understand   whether   ApoE4   alleles  

increase   the   risk   to  develop   the  disease;;   these  proved   inconclusive,  however.  

Nevertheless,  increased  risk  to  develop  PD  was  observed  in  individuals  carrying  

both  LDL   receptor   related  protein  associated  protein  1   (LRPAP1)   I   along  with  

APOE  e4  allelic  variants  (Singh  et  al.,  2014).  

No  differences   in   sphingomyelin  or   cholesterol   content  were  observed   in  

post  mortem  samples   from  patients  with  early  motor  stages  and   incidental  PD  

compared   to   healthy   subjects   (Martin   et   al.,   2014).   However   significantly  

reduced   levels   of   polyunsaturated   fatty   acids   were   observed   in   raft   fractions  

from  PD  patients  (Bar-­On  et  al.,  2006).  

Attempts   have   been   made   to   better   understand   the   effects   of   sterol  

dysregulation  by  reducing  sterol  levels  in  cultured  neuron  and  animal  models  of  

synucleinopathies.   Treatment   with   the   cholesterol   extracting   drug   methyl-­β-­

cyclodextrin   decreases   the   levels   of   α-­synuclein   preventing   its   aggregation.  

Moreover,  treatment  with  statins  also  reduces  the  aggregation  of  α-­synuclein  in  

vitro  and  in  vivo  (Martin  et  al.,  2014).  

The  optimal  approach  to  implementing  such  therapies  will  be  to  determine  

the  right  concentration  of  statins  to  use  in  order  to  lower  cholesterol  levels  and  

restore   the   AD   and   PD   phenotypes   without   compromising   normal   synaptic  

activity.   More   importantly   investigation   continues   to   better   understand   the  

specific  aspects  of  sterol  dyshomeostasis  in  these  neurodegenerative  diseases  

in  order  to  more  efficiently  tackle  the  underlying  issues.  

In   Huntington’s   disease   (HD)   dysregulation,   of   cholesterol   homeostasis  

has  also  elicited   increased  attention.  Being   the  main  aim  of  my   studies,   I  will  

discuss  this  in  detail.  

  

1.4.   Evidence  for  cholesterol  dyshomeostasis  in  HD    
During  the  past  ten  years,  a  number  of  groups  have  identified  changes  in  

sterol  homeostasis  in  HD.  
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Among   the   first   reports,   Sipione   et   al.   aimed   to   study   early   cellular   and  

molecular   dysfunctions   caused   by   expanded   poly(Q)   Huntingtin   fragments.  

They  observed  by  DNA  microarray  analysis  that  mRNAs  encoding  for  proteins  

involved   in   cholesterol   biosynthesis   were   downregulated   in   their   cell   system  

(Sipione  et  al.,  2002).    

Though   blood   lipid   parameters   had   been   studied   previously   in   HD  

patients,   no   significant   changes   being   observed   in   cholesterol   levels  

(Hooghwinkel   et   al.,   1966),   the   investigation  of   brain   sterol  metabolism   in  HD  

has  received  increasing  attention  from  2005.  The  same  group  that  observed  the  

downregulation  of  mRNAs  from  proteins  involved  in  the  cholesterol  biosynthetic  

pathway   showed   the   decreased   expression   of   HMGCR,   CYP51   and   DHCR7  

mRNAs   in   R6/2   HD   mouse,   human   HD   brain   (cortex   and   striatum)   and  

peripheral  cells.  They  attributed  this  reduction  in  gene  expression  to  impairment  

in   SREBP2   translocation   into   the   nucleus   as   detected   in   vitro   in   HD19   cells  

(Q26)  and  HD  43  cells  (Q105),  and  HD  mouse  brain  tissue  (Table  1)  (Valenza  

et  al.,  2005).    

Valenza  M.,  et  al  subsequently  published   two  papers  on  abnormalities   in  

cholesterol  and  cholesterol  precursors   in  HD  models;;  one   in  R6/2  mice  (Table  

1)   (Valenza,   Leoni   et   al.,   2007)   and   the   other   in   YAC128   mice   (Table   1)  

(Valenza,   Carrol   et   al.,   2007).   The   brains   of   R6/2   transgenic  mice   presented  

progressively  decreased  levels  of  lathosterol  and  lanosterol,  and  exhibited  lower  

activity   of   HMGCR   beginning   with   pre-­symptomatic   stages   of   the   disease.  

Despite   the   reduction   in   the  cholesterol  biosynthesis   its   levels,  as  detected  by  

isotope-­dilution   mass   spectrometry,   are   constant.   To   explain   this   fact   the  

authors   hypothesized   the   existence   of   a   possible   compensatory   mechanism.  

However,   this   data   is   somewhat   contradictory   to   what   was   published   in   their  

previous   paper   (Table   1)   (Valenza   et   al.,   2005),  which   used   a   different   sterol  

detection  method  (cholesterol  oxidase  assay).  Finally,  they  measured  the  levels  

of   24S-­OHC  and   concluded   that   these  were   not   significantly   affected   in  R6/2  

mice  (Valenza,  Leoni  et  al.,  2007).  Findings  reported  by  this  group   in  YAC128  

HD  mice,  however,  showed  a  small  but  significant  decrease  in  24S-­OHC  at  10  

months  of  age  (Valenza,  Carrol  et  al.,  2007).  The  brains  of  YAC128  mice  also  

presented  a  reduction  in  HMGCR  activity  at  10  months  of  age,  which  correlated  
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with   significantly   decreased   levels   of   lathosterol,   desmosterol,   and   24S-­OHC.  

The   surprisingly   finding   of   this   study   was   the   possible   ability   of   Htt  

overexpression   (wild   type  protein  with  18CAG)   to   induce  higher  activity  of   the  

cholesterol  biosynthetic  pathway  as  compared  with  littermate  controls  (Table  1)  

(Valenza,  Carrol  et  al.,  2007).    

In   parallel   to   the   above   work,   however,   Trushina   et   al.   demonstrated  

cholesterol   accumulation   in   neurons   and   brains   from   HD72   mice   and   in  

differentiated  PC12   cells,   using   filipin   staining   and   thin-­layer   chromatography.  

The  mechanism  presented  to  support  these  observations  is  that  mutHtt  binds  to  

Cav1   and   inhibits   clathrin-­independent   endocytosis,   thereby   causing  

accumulation   of   plasma   membrane   cholesterol   within   caveolae   (Table   1)  

(Trushina  et  al.,  2006).  Trushina  et  al.  also  showed  cholesterol  accumulation  in  

primary  striatal  neurons  from  HD72  HD  mice  (Trushina  et  al.,  2009).  Moreover  

they   demonstrated   that   Tricyclic   Pyrone   (TP)   compounds   both   suppress   the  

aggregation  of  mutHtt  and  abolish  cholesterol  accumulation  in  HD72  neurons.  

In   another   study   focusing   on   neuronal   effects,   Del   Toro   et   al.   observed  

cholesterol   accumulation   in   striatal   cells   derived   from   wild-­type   (7Q)   versus  

mutHtt-­expressing   knock-­in  mice   (111Q),   as   well   as   other   HD   systems,   by   a  

combination  of   filipin  staining  and  biochemical  methods   (Table  1)   (del  Toro  et  

al.,  2010).  In  this  publication  the  authors  also  considered  effects  of  mutHtt  at  the  

plasma   membrane.   Like   Trushina   et   al.   previously,   they   showed   that   mutHtt  

increases   cholesterol-­rich   plasma  membrane   subdomains   (as   reflected   in   the  

levels  of  Cav-­1  and  glycosphingolipid  GM1).  Interestingly,  they  go  on  to  provide  

an   alternate   mechanism   of   toxicity,   however,   by   suggesting   that   in   HD-­like  

conditions   NMDA   receptors   are   redistributed   into   cholesterol-­enriched  

extrasynaptic   domains,   which   are   more   prone   to   induce   excitotoxicity  

(Fernandes  and  Raymond,  2009).   Importantly,   they  observed  enhancement   in  

NMDAR-­mediated   excitotoxicity   which   was   reversed   by   treatment   with   the  

cholesterol   lowering   drugs   simvastatin   and   B-­cyclodextrin   (del   Toro   et   al.,  

2010).  

Other  work  by  the  Cattaneo  group  explored  additional  aspects  of  the  HD-­

associated   sterol   dysregulation   that   occur   in   glial   cells.   Astrocytes   from   Htt  

transgenic   mice   with   progressive   increases   in   CAG   repeats   showed  
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downregulation  of  proteins  involved  in  the  cholesterol  biosynthetic  pathway  and  

genes  responsible  for  the  transport  of  cholesterol  (Valenza  et  al.,  2010).  In  the  

same   study,   the   authors   reported   that   the   ApoE   complexes   from   HD  mouse  

cerebrospinal   fluid   was   associated   with   smaller   lipoproteins.   Moreover   the  

authors  claimed   that   the   low  cholesterol  biosynthesis  was  caused  by   impaired  

SREBP   translocation   to   the   nucleus.   Thus,   they   suggested   that   astrocytes  

contributed   to   sterol   dyshomeostasis  due   to  mutant  Htt,   causing  astrocytes   to  

deliver   less   ApoE-­bound   cholesterol   to   neurons   (Table   1.1)   (Valenza   et   al.,  

2010).   Further   studies   by   this   group   using   both   R6/2  mice   and   differentiated  

neural  stem  cells  also  supported  this  conclusion.  Glial  conditioned  medium  from  

wild   type   astrocytes  was   able   to   rescue  HD-­related   neurite   outgrowth   deficits  

and   increase   the   number   of   Bassoon/GABA   or   Bassoon/vGLUT2   punctata   in  

both  striatal  and  cortical  HD  neurons,   respectively   (Table  1.1)   (Valenza  et  al.,  

2015).  

An   additional   non-­neuronal   aspect   of   the   dysregulation   of   sterol  

homeostasis   in   HD   was   highlighted   by   studies   of   Xiang   Z.,   which   showed  

abnormalities   in   oligodendrocytes.   Oligodendrocytes   from   R6/2   mice   and  

BACHD   transgenic   rats,   showed   postnatal   defects   in  myelination,   which   they  

linked  to  the  HD-­related  hypofunction  of  the  transcriptional  co-­regulator  PGC1α.  

These  effects  were  linked  to  specific  deficiencies  in  PGC1α-­induced  expression  

of   the   sterol   biosynthesis   genes  HMGCS1   and  HMGCR,   as  well   as   the   gene  

encoding  myelin  basic  protein  (Table  1.1)  (Xiang  et  al.,  2011).  

Our   lab   entered   into   this   research   area   somewhat   by   chance.   Our   first  

publication  (Luthi-­Carter  et  al.,  2010)  entered   into   the  HD  cholesterol   research  

field  by  uncovering  a  new  mechanism  of  action  of  the  Sirt  2  inhibitors  AK-­1  and  

AGK-­2.   SIRT2   is   a   tubulin   deacetylase   and   an   important   regulator   of   cell  

division  and  myelinogenesis  (North  and  Verdin,  2007;;  Werner  et  al.,  2007;;  Li  et  

al.,  2007),  nevertheless   the  exact   roles  of  SIRT2   in  non-­dividing  cells  such  as  

neurons  are  still  unclear.  The  neuroprotection  achieved  by  AK-­1  and  AGK-­2  in  

primary  striatal  cells  carrying  the  mutant  Htt  (82Q)  includes  the  suppression  of  

toxic  aggregates.  Surprisingly,  however,  HD  cells   treated  with  AK-­1  showed  a  

transcriptomic  profile  in  which  the  genes  encoding  the  enzymes  involved  in  the  

cholesterol   biosynthetic   pathway   were   downregulated.   Following   on   from   this  
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result,   the   lab   demonstrated   that   the   specific   sterol-­regulatory   effect   reversed  

the   cellular   accumulation   of   cholesterol   and   rescued   the   viability   of   striatal  

neurons  (Table  1.1).  Following  on  this  discovery  the  team  identified  and  tested  

a  more  blood  brain  barrier  (BBB)  permeable  Sirt  2  inhibitor:  AK-­7  (Taylor  et  al.,  

2011),   which   demonstrated   the   same   cellular   and   biochemical   effects.  

Kazantsev  and  other  members  of  the  original  team  further  went  on  to  show  that  

AK-­7   demonstrated   therapeutic   efficacy   in   two   HD   mouse   models,   the   R6/2  

(which   expresses   a   mutHtt   fragment)   and   the   140   CAG   Htt   knock-­in   model  

(Chopra  et  al.,  2012).  Chronic  treatment  with  AK-­7  ameliorated  HD  phenotypes  

including   improving   motor   function,   extending   survival   and   reducing   brain  

atrophy.  

  

From   this   collection  of   publications   I  must  point   out  a  duality:   one  set  of  

results   support   a   reduction   of   cholesterol   and   sterol   precursors   (lanosterol,  

lathosterol  and  desmosterol)  in  HD,  and  attribute  this  to  an  effect  of  decreased  

expression  of  genes   involved   in   the  cholesterol  biosynthetic  pathway  (Valenza  

M.,   2005,   2007,   2007,   2010),   whereas   another   line   of   evidence   shows   that  

cholesterol   accumulates   and/or   redistributes   in   HD   models   (Trushina   et   al.,  

2006;;  del  Toro  et  al.,  2010;;  Luthi-­Carter  et  al.,  2010).  The  cholesterol  phenotype  

in   HD   afflicted   patients   and   HD   models   might   thus   be   very   complex   and  

dependent   on   disease   progression   and   the   preponderant   cell   type   affected.  

Research  efforts  need  to  be  pursued  in  order   to  deepen  the  understanding  on  

how  mutant  Htt  affects  cholesterol  synthesis  and  trafficking  in  the  different  brain  

cell  subpopulations,  and  how  these  subpopulations  interact.  

I  hope  to  reconcile  some  of  these  disparate  findings  in  the  present  project.  
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Table  1.1:  Summary  of  Huntington’s  disease  research,  on  sterol  metabolism.  Different  HD  
models  were  used  to  determine  the  sterol  status  in  HD  affected  specimens.  The  different  groups  

involved   in   the   investigation  of   sterol   dysregulation   in  HD  applied  different  methods   for   sterol  

analyses.  For  more  details  see  introduction  section  1.4.  

  

  

  

  

  



   51  

1.5.   Aims  of  the  thesis  
The  idea  for  my  PhD  project  laid  on  the  previous  published  work  from  the  

laboratory,   in   which   they   observed   sterol   accumulation   in   primary   striatal  

neurons  expressing  mutant  Htt.    

The   field  of   research  comprehending   the  sterol  dyshomeostasis   in  HD   is  

controversial,  therefore  there  is  an  urge  to  understand  how  the  sterol  status  of  

the   brain   progresses   along   the   disease   and   how   it   relates   with   the   disease  

hallmarks.  Therefore,   the  main  motivation   to  pursue   this  project  was   to  clarify  

these  aspects  and  to  convey  the  available  knowledge  from  the  different  groups  

in  the  field.    

Taking  advantage  of  a  disease  model   in  vitro   that   recapitulates   the  early  

stages  of   the  disease,  as  neuronal  death  and  Htt   aggregates  do  not  occur  at  

DIV   13   in   vitro,   allowed   me   to   tackle   the   sterol   status   at   an   early   aetiologic  

event   in   HD.   In   section   3.1   I   proposed   to   investigate   the   sterol   accumulation  

and   intracellular   compartmentalization   at   the   plasma   membrane   and  

lysosomes.  Also  taking  advantage  of  this  in  vitro  model  I  aimed  to  investigate  in  

section  3.1  the  type  of  sterol  enriched  in  the  medium  of  primary  striatal  neurons  

expressing  the  N-­terminal  fragment  of  Htt  with  82Q.  Having  identified  24S-­OHC  

as  a  sterol  enriched  in  the  medium  of  HD  neurons,  in  section  3.2,  I  intended  to  

disseminate   the   effects   of   24S-­OHC   for   the   neuronal   health   taking   in  

consideration   the   HD   hallmarks   such   as   excitotoxicity,   endoplasmic   reticulum  

(ER)  stress  and  increased  respiratory  oxidative  species  (superoxide),  in  order  to  

understand   if   this   aetiologic   aspect   observed   in   the   model   –   increased   24S-­

OHC  efflux   from  HD  neurons,   can  sensitize  neurons   to  develop   the  proposed  

HD  hallmarks.    

In   the   last   section   3.3,   I   aimed   to   investigate   the   effects   of   physiologic  

concentrations   of   24S-­OHC   for   the   sterol   status   and   health   of   astrocytes   in  

vitro.   I  hypothesised  that  24S-­OHC  acted  at   the  transcriptional   level  regulating  

SREBP2   and   LXR   target   genes,   altering   in   this  way   astrocytes’   sterol   status.  

Moreover,  I  proposed  to  investigate  if  24S-­OHC  could  affect  astrocytes’  survival  

and   influence   HDs'   hallmarks   investigated   in   section   3.2-­   ER   stress   and  

increased  superoxide  levels.    
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I   intended   that   the   results   presented   in   this   thesis   provided   a   new   and  

more  cohesive  view  of  transcellular  sterol  dysregulation  and  neurodegeneration  

in  HD.  
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Figure  1.6:  Working  model  of  sterol  dyshomeostasis  in  HD.  Based  on  publications  (Trushina  
et  al.,  2006;;  del  Toro  et  al.,  2010;;  Luthi-­Carter  et  al.,  2010).  1)  HD  neurons  accumulate  more  
sterols   and/or   show   abnormal   sterol   distribution   compared   to   their   wild-­type   counterparts.   2)  
CYP46A1   in  neurons   converts  accumulated/redistributed  sterols   into  24S-­OHC   (orange  dots),  

which   can   signal   to   adjacent   astrocytes   (and   possibly   also   oligodendrocytes).   3)   Astrocytes  
respond  by  decreasing  sterol  biosynthesis,  which  may  eventually   lead   to  a  decreased   level  of  

cholesterol   in   neurons.   4)   Myelin   synthesis   is   disrupted   in   oligodendrocytes   via   transcellular  
and/or  cell-­autonomous  mechanisms.  5)  AK-­1  and  similar  compounds  counteract  the  early  initial  
phase  of  sterol  accumulation  in  neurons.    
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2.  Material  and  Methods  
2.1.  Primary  striatal  neuron  preparation  

2.1.1.  Poly-­L-­lysine  and  Poly-­D-­lysine  coating  plates  
A  solution  of  0.1mg/mL  of  poly-­L-­lysine  (Sigma  -­  P1274)  was  prepared  in  

tissue  culture  graded  water  and  used  to  coat  plastic  plates,  while  poly-­D-­lysine  

(Sigma  –  P7280)  at  the  same  concentration  and  same  preparation  was  used  to  

coat  glass  cover  slips.  

The   poly-­L/D-­lysine   solution   was   added   to   the   plates/cover   slips,   the  

enough   volume   to   cover   the   entire   wells   surface.   Plates   were   left   inside   the  

hood  overnight.   In   the  morning   the  poly-­L/D-­lysine  solution  was   removed,  and  

surfaces  were  washed  3  times  with  sterile  water.    

During   the   preparation   of   the   primary   neurons,   the   surfaces   were   dried  

inside   the   hood,   to   be   ready   to   receive   the   primary   cells   at   the   end   of   the  

preparation.  

  

2.1.2.   Dissection  of  striatum  from  E16  embryos  
Timed-­pregnant   Sprague-­Dawley   rat  were   requested   from  Charles  River  

and   maintained   until   embryonic   day   (E)   16   in   the   Central   Research   Facility  

(CRF)  unit  of   the  University  of  Leicester.  Once  reached  the  embryonic  day  16  

the  female  rat  was  euthanized  by  CO2  asphyxiation,  by  a  member  of   the  CRF  

facility,  who  was  responsible  to  remove  the  uterus  and  place  them  in  cold  DMX  

solution   (Ca2+   -­   and   Mg2+   -­free   phosphate   buffered   saline   (PBS)   (Invitrogen   -­  

20012019),  0.6%  glucose  (Sigma),  10  mM  HEPES  (Calbiochem:  391338  (MW  :  

238.3))   and   1%   Penicilin-­Streptomicin   (10,000   units/mL,   10,000   μg/mL,  

respectively,  Invitrogen-­15140-­122).  

The   embryos  were   dissociated   from   the   embryonic   sac   and   decapitated  

under   a   sterile   hood.   Dissection   was   performed   under   the   SXZ12-­131  

stereomicroscope   (Olympus)   in   ice-­cold   dissection   medium   (DMX).   All   the  

dissecting  tools  used  were  sterilized  in  70%  ethanol  and  flamed.    

Brains  were  removed  from  the  skull  and  transferred  to  a  60mm  dish  on  ice  

filled   with   DMX   solution.   Each   brain   was   turned   into   ventral   view,   two  
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hemispheres  were  separated  and  ganglionic  eminences  removed  and   isolated  

in  another  60mm  dish  with  DMX.  

After   dissociation   of   all   the   brains,   tissue   was   minced   with   forceps   and  

transferred   into  a  50  millilitre   falcon   tube   (Smith  et   al.,   1964).  After   the   tissue  

was  settled  in  the  bottom  of  the  falcon,  the  supernatant-­  DMX  was  removed  and  

a   volume   of   10   mL   from   a   solution   of   0.05%   Trypsin   (Life   technologies   -­  

15090046)  diluted   in  DMX,  was  added  to  start   the  tissue  digestion  at  370C  for  

10  minutes  (Phillipi  et  al.,  2008).  

In  order  to  stop  trypsin  action,  the  digested  tissues  were  let  to  settle  at  the  

bottom  of  tube,  and  solution  was  removed,  10  mL  of  culture  medium  (NBM)  with  

10%   horse   serum   was   then   added   and   incubated   for   2-­3   min   at   room  

temperature  (RT).  Culture  medium  (NBM)  is  constituted  by:  Neurobasal  medium  

(Invitrogen  -­  21103-­049),  2%  B27  (Invitrogen  -­  17504.044),  0.5  mM  of  penicillin-­

streptomycin,   15mM   of   KCl   and   0.5   mM   L-­Glutamine   (Life   technologies   –  

25030-­081).  After   the   incubation  period   the  supernatant  was   removed  and  10  

mL  of  medium  with  horse  serum  was  added  to  initiate  tissue  trituration  using  a  5  

mL  pipette.  After  the  tissue  trituration,  the  homogenous  solution  was  centrifuged  

at   1300   rpm   for   8  min.   At   the   end   of   the   centrifugation,   the   supernatant  was  

discarded   and   the   cells   were   re-­suspended   in   10  mL   of   NBM.   The   last   step  

before  counting  consisted  in  filtering  the  cells  using  100  µm  filter  (name  brand).    

Before  plating,  cells  were  counted  to  determine  the  number  of  viable  cells  

per  millilitre.   To   enable   live   cells   visualisation,   trypan   blue   was   used.   Trypan  

blue   cell   count   is   a  method   based   on   the   principle   that   live   cells   possess   an  

intact   membrane   which   blocks   the   passage   of   blue   dyes,   therefore   excludes  

necrotic   cells   observed   under   the  microscope   as   dark   blue   cell   body,   from   a  

shiny   and   transparent   viable   cell   (Strober,   2001).   The   solution   for   cell   counts  

consisted   in  ¼  of   cells,  ¼   trypan  blue   and  ½  medium,   and   from   this   volume,  

only  5  µL  were  loaded  into  a  clean  haemocytometer  (Figure  2.1).  

Upper  and  lower  central  grids  (blue  circle)  were  used  to  count  the  number  

of  cells  in  it  and  the  total  number  was  determined  by  using  the  formula:  (number  

of   cells   upper/   number   of   cell   lower)/2   x   dilution   factor   x   104.   The   factor   104  

comes  from  the  fact  that  each  small  square  (delineated  in  pink-­  Figure  2.1)  has  

an  area  of  0.04  mm2
  and  the  haemocytometer  hold  the  cover  slip  0.1mm  off  the  
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grid,   therefore   the   volume   of   the   entire   middle   square   is   (0.04   x   25)   x   0.1=  

0.1mm3=  10-­4  cm3=10-­4  mL  (Figure  2.1).  
  

  

  
  

  

  

  

  
  

  

  

  

  
Figure  2.1:  Representation  of  haemocytometer  grid.  The  cells  inside  the  limits  of  the  square  
with   more   divisions,   represented   by   a   blue   circle,   were   counted,   and   the   formula   used   to  

determine  the  number  of  cells  has  in  consideration  the  area  of  the  pink  square:  0.04  mm2  x  25  

(total   number   of   squares   in   the   blue   circle)   =   1  mm2  the   haemocytometer   hold   the   cover   slip  

0.1mm  off  the  grid,  therefore:  1  mm2  x  0.1mm  =  0.1  mm3  =  10-­4  mL.  

  

Striatal   cells  were   then   plated   at   a   concentration   of   5x105  cells/mL,   at   a  

final  volume  of  3  mL  in  a  6  well  plate,  1.2  mL  in  12  well  plate  and  600  µL  in  a  24  

well  plate.  Plates  were  kept  at  370C  with  5%  CO2  and  half  volume  of  media  was  

replaced  once  per  week  (Zala  et  al.,  2005).  
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Figure   2.2:   Cultured   medium   spiny   neurons   express   DARPP-­32   and   GAD-­65.   A-­   The  
marker   for  medium  spiny  neurons:  DARPP-­32  and  B-­  GABAergic  cells:  GAD-­65  were  used  to  
classify   the  cells  as  medium  spiny  neurons  (DARPP-­32  positives/GAD-­65  positives)   (Iwabuchi  

et  al.,  2013).  

  

2.2.   Primary  astrocyte  preparation  
As   previously   described   for   striatal   neuron   preparation,   a   pregnant  

Sprague  Dawley  was   requested   to  Charles  River   to   arrive   in   the  CRF  unit   at  

E16,  and  was  kept  in  that  facility  until  the  pups  were  born.  At  P1  the  pups  were  

collected  and   transported   into  an  appropriate   laboratory  where   the   rest  of   the  

protocol  took  place.    

Each   pup   was   decapitated   and   the   head   was   kept   inside   a   glass   flask  

filled   with   Earle's   Balanced   Salt   Solution   (EBSS)   (Ca/Mg   free)   [Invitrogen  

14155-­048]   base   solution   completed   with   1%   MgSO4   (stock   3.82g/100ml)  

[Sigma  M2643],  0.3%  (W/V)  BSA  (fraction  V)  [Sigma  A9418]  and  0.25%  (W/V)  

glucose   (D-­(+)-­Glucose)   [Sigma  G5767].   In  order   to  extract   the  brain,   the   first  

step  was  to  cut  off   the  skin   from  the  direction  of   the  neck  to   the  middle  of   the  

eyes,   and   fold   the   tissue   laterally.   The   skull   was   removed   carefully   not   to  

damage   the  brain  underneath   it.  Once   the  skull   is  all   removed,   the  brain  was  
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retrieved,   the   cerebellum  was   cut   off   and   the   cortices   were   isolated.   Tissues  

were   kept   in   cold  EBSS  solution.  The  cortices  were  minced   into   small   pieces  

and   transferred   into   a   falcon   tube.   Digestion   occurred   in   the   presence   of   a  

trypsin  solution  (2.5mg  Trypsin  (Sigma  T9201)   in  10mL  EBSS),  at  370C  for  15  

min.    

After  the  digestion,  cells  in  a  falcon  tube  were  placed  inside  the  hood,  and  

1/6th  volume  of   the   following  solution  was  added:  1%  DNase  (stock  4mg/ml   in  

PBS,   DNase   I,   Type   IV,   15KU   [Sigma   D5025]),   0.12%   (w/v)   trypsin   inhibitor  

(Type  1-­S   [Sigma  T9003]),   1%  MgSO4   in  EBSS  solution,  and   incubated   for  5  

min.   After   incubation,   supernatant   was   decanted   off   and   2.5   mL   of   the  

described  solution,  not  diluted  this  time,  was  added  to  the  trypsinized  cells.  The  

cells  were  triturated  with  a  5  mL  pipette.    
The  last  step  consisted  in  adding  a  solution  of  BSA  (0.4g)  and  a  volume  of  

80   µL   from   a   solution   of   0.3M   MgSO4   in   10mL   EBSS.   A   homogenate   was  

centrifuged  at  1000  rpm  for  8  min.  After  discarding  supernatant,  the  pellet  was  

re-­suspended   in  DMEM  media  containing  1%  Gentamycin,  1%   fungizone  and  

10%  fetal  calf  serum  (FCS).  Cells  from  3  brains  were  plated  in  175cm2  flask  in  a  

volume  of  50  mL.    

Mixed   culture   of   astrocytes   were   incubated   at   370C   with   5%   CO2   for   3  

days.   At   3   Days   in   vitro   (DIV)   media   was   changed   and   at   DIV   6   the   mixed  

culture   was   shaken   at   320   rpm   over   night   at   370C,   this   step   cleared   out   the  

unwanted  cells  such  as  microglia,  oligodendrocytes  and  possible  fibroblasts.    

After   shaking   the  medium   containing   unwanted   cells   was   discarded   (for  

astrocytes   culture   purity   see   Figure   2.3).   The   remaining   cells   attached   to   the  

flask   were   washed   with   PBS   and   trypsinized.   DMEM  medium   complete   with  

antibiotics  and  FCS  was  added   to   inhibit   trypsin,  and   the  cell  suspension  was  

collected  and  centrifuged  at  1300  rpm  for  8  min.  Cell  pellet  was  re-­suspended  in  

20  mL   of   DMEM,   complete   and   proceed   to   cell   count   as   described   in   2.1.2.  

Astrocytes   were   plated   at   0.16x106   cells/mL   in   different   dishes   format  

depending  on  the  experimental  aim.  One  day  after  plating,  media  was  changed  

to   DMEM  with   gentamycin,   fungizone   and  G5   supplement   (Invitrogen   17503-­

012)   and   astrocytes  were   left   to   differentiate   in   that  media   for   48h,   after   that  

experiments  were  initiated.    
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Figure  2.3:  Characterization  of  cultured  astrocytes  by  immunostaining.  Glial  fibrillary  acidic  
protein   (GFAP)   labels   astrocytes   (red)   and  Hoechst   labels   nucleus   (blue).   The  merge   image  

shows  the  elevated  purification  of  the  astrocytes  culture.  

  

2.3.  Primary  striatal  neuron  infections  with  lentiviral  expression  
vectors,  a  Huntington’s  disease  model  in  vitro  
The   model   used   to   replicate   HD   pathology   was   generated   by   infecting  

primary   striatal   neurons  with   two   lentiviral   vectors.   The   first   one   contains   the  

cDNA   of   the   first   171   amino   acids   of   Huntingtin   followed   by   18   or   82  

polyglutamines  (nonpathologic  Htt171-­18Q  or  mutant  Htt171-­82Q),  respectively,  

under   the  control  of  Tetracycline-­response  element   regulated  promoter   (TRE),  

the  plasmid   is   the   following:  SIN-­TRE-­Htt171-­18Q/82Q-­WPRE  (Gagnon  et  al.)  

(Figure   2.3)   The   second   vector   encodes   the   tetracycline   Transactivator   (tTA)  

under  the  control  of  phosphoglycerate  kinase  1  (PGK)  promoter:  SIN-­PGK-­tTA-­

WPRE  (Regulier  et  al.,  2002)  (Figure  2.3)  

The  viral  productions  were  performed  in  293T  cells,  by  laboratory  of  Nicole  

Deglon  in  Lausanne,  with  a  four-­plasmid  system  as  described  previously  (Zala  

et  al  2005;;  Deglon  et  al.,  2000;;  de  Almeida  et  al.,  2001;;  Regulier  et  al.,  2003).  

The  viruses  were   resuspended   in  PBS  with  1%  BSA  and  matched   for  particle  

content   to   1500   ng   p24   antigen/mL   for   18/82Q   virus   and   2400   ng   p24  

antigen/mL   for   tTA   virus   as  measured   by  ELISA   (RETROtek,  Gentaur,   Paris,  

France).   The   cell   cultures   were   infected   at   DIV   2,   with   Htt-­expressing  

lentiviruses  at  a  concentration  of  50  ng/mL  in  the  culture  medium  together  with  

a   vector   encoding   the   tetracycline-­controlled   transactivator   tTA1   under   the  

control  of  PGK  promoter  (at  a  concentration  of  80ng  p24/mL).  At  DIV  6,  half  of  
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the   medium   was   replaced   with   freshly   prepared   culture   medium.   The  

transduction   efficiency   of   primary   neurons   under   these   conditions   has   been  

shown   to  be  ≥95%  (Runne  et  al.,  2008;;  Zala  et  al.,  2005).  Moreover   the  high  

transduction   rate   and   sustained   transgene   expression   observed   by   neurons  

infected   with   lentiviral   vectors,   allows   the   study   of   mutant   Htt-­induced   cell  

toxicity  and  its  cellular  pathways  (de  Almeida  et  al.,  2002;;  Regulier  et  al.,  2003;;  

Zala  et  al.,  2004)  more  efficiently  than  through  transfection  methods,  where  the  

transgene  expression  is  low  and  not  consistent.  

  

  

  

  

  

  

  
Figure  2.4:   Schematic   representation   of   lentiviral   vector   system.   Lentiviral   vector   system  
used   for   the   expression   of   tetracycline-­regulated   wild-­type   (18   CAG)   or   mutated   (82   CAG)  

followed  by  the  first  171  amino  acids  of  human  Huntingtin  (SIN-­TRE-­Htt171-­18Q/82Q-­WPRE),  

added   together   at  DIV   2  with   the   tTA   transactivator   (SIN-­PGK-­tTA-­WPRE):   tetracycline   gene  

under   control   of   Phosphoglyceryl   kinase   (PGK)   promoter,   which   corresponds   to   a   highly  

expressed  housekeeping  gene  in  neurons.  

  

2.4.  MTT  assay  
MTT   (3-­(4,5-­dimethylthiazol-­2-­yl)-­2,5-­diphenyltetrazolium   bromide)   assay  

(M6494   -­   Life   technologies)   is   a  method   that   allows   the   determination   of   the  

number  of  viable  cells.    

The   method   consists   in   adding   MTT   (3-­(4,5-­dimethylthiazol-­2-­yl)-­2,5-­

diphenyltetrazolium  bromide)  to  cultured  cells,  and  this  compound  is  converted  

into   formazan   crystals   by   the   actively   respiring   cells   (Liu   et   al.,   1997).   The  

formazan   crystals   are   dissolved   in  DMSO  and   their   concentration   determined  

by  optical  density  at  540  nm  using  a  Tecan  absorbance  reader.  

MTT  stock  made  at  12  mM,  was  prepared   in  PBS   the  day  before  of   the  

assay,  and  stored  at  40C.  
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On  the  day  of  the  assay,  MTT  was  added  to  primary  cells  after  respective  

treatments  were  performed  at  a  final  concentration  of  1.2  mM,  and  incubated  for  

4h   in   the   incubator   (370C).   The   assay   was   terminated   by   dissolving   the  

formazan  crystals  with  DMSO,  and  absorbance  was  read  at  540  nm.  

  

2.5.  Immunostaining  
Cell   cultures   were   washed   with   cold   PBS   and   fixed   in   4%  

paraformaldehyde   (Sigma   P6148)   for   10   min   at   room   temperature.   Cultures  

were   subsequently   washed   with   PBS   and   then   incubated   in   a   blocking   and  

permeabilizing  solution  of  5%BSA  +  0.1%Trition-­X100  in  PBS  for  1h  at  RT.  The  

cells   were   then   incubated   overnight   at   40C   in   blocking   solution   containing  

primary   antibody:   GFAP   (MAB3771),   NeuN   (MAB   377   Milipore),   DARPP-­32  

(Chemicon   AB   1656),   SREBP2   (ab30682),   GluN1   (NMDA   subunit)   (BD  

biosciences   556308)   and  GluN2B   (NMDA   subunit)   (BD   biosciences   610416).  

The  primary  cells  were  incubated  with  each  antibody  at  a  concentration  of  1:400  

GFAP   and   NeuN;;   DARPP-­32,   GluN1,   GluN2B   and   SREBP2   at   1:200.      Cells  

were  washed  after  primary  antibody  incubation,  to  eliminate  unspecific  binding,  

and   incubated   for   1h   at   RT   with   secondary   antibodies   coupled   with  

fluorophores.  The  secondary  antibodies  used  were  anti-­mouse  Alexa  fluor  488  

(Life   technologies   A21121)   at   1:500;;   anti-­mouse   Alexa   fluor   546   (Life  

technologies   A21123)   at   1:500   to   bind   to   GFAP,   and   cells   containing   the  

primary  antibody  for  DARPP-­32  were  incubated  with  goat  anti-­rabbit  Alexa  fluor  

488   (Life   technologies   A11008)   while   cells   incubated   primarily   with   SREBP2  

were  incubated  with  goat  anti-­rabbit  Alexa  fluor  546  (Life  technologies  A11035).  

After   1h   of   incubation   with   secondary   antibody   diluted   in   blocking   and  

permeabilizing  solution,  cells  were  washed  with  PBS.  

When  cells  were   immunostained  for  NMDA  receptor   isoforms  GluN1  and  

GluN2B  as  well   as  with  SREBP2  and  DARPP-­32,   a   further   staining   followed:  

Hoechst  was  applied  at  0.0001  mg/mL  for  30min  at  RT  to  label  the  nucleus.    

Primary  neurons  on  coverslips  stained  with  GluN1  and  GluN2B  antibodies  

were  mounted  in  mowiol  and  let  them  to  dry  overnight.  Images  were  accessed  

using  Leica  SP5  CLSM  confocal  microscope,  with  a  magnification  of  60x.  
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Primary   neurons   labelled   with   NeuN,   DARPP-­32   and   GFAP,   and  

astrocytes   incubated   with   SREBP2   were   grown   on   24   well   plates.   For   both  

experiments,   the   images  were   taken   using  Nikon   inverted  microscope   (Nikon  

eclipse  Ti)  with  a  magnification  of  20x.  

  

2.5.1.   Fluorescence  microscopy  
NeuN   cell   counts   and   NeuN   integrated   density:   For   the   purpose   of   the  

analyses,   all   the   images   were   taken   with   the   same   exposure.   The   analyses  

were  performed  in  the  following  way:  1)  open  NeuN  image  and  make  a  copy;;  2)  

Select  the  copy  image,  adjust  threshold  and  analyse  particles,  send  to  regions  

of   interest   (ROI);;   3)   Select   the   original   image   and   add   particles   from   ROI,  

measure   integrated   density   (the   product   of   area  with  mean  grey   value,   being  

the  last  one  the  sum  of  the  grey  values  of  all  pixels  in  the  selection  divided  by  

the  number  of  pixels).  The  number  of  particles  corresponded  to  the  number  of  

NeuN  positive  counts.  These  procedures  were  performed   in   the  same  way  for  

all   the   images   for   Htt171-­18Q   versus   Htt171-­82)   and   for   NMDA   and   24S-­

hydroxycholesterol   treatment   neurotoxicity   experiments.   In   an   experiment,   18  

wells  per  condition  were  analysed  (N=1,  n=18)  to  validate  the  HD  model,  and  to  

determine  the  toxicity  of  NMDA  and  24S-­OHC,  3  wells  were  used  per  condition,  

and  the  experiments  were  performed  3  times  (N=3,  n=9).  Where  manual  scans  

were  performed,  the  same  sequence  were  always  followed:  taking  a  picture  on  

the   top,  bottom,   left,   right   and  centre  of   each  well.  On   image  J,   only   the  ROI  

from  10  to  infinite  size  (microns)  were  considered  in  counting.  

SREBP2:  For  the  purpose  of  the  analyses,  all  the  images  were  taken  with  

the   same   exposure.   The   analysed   were   performed   in   the   following   way:   for  

each  images  there  were  two  channels,  Hoechst  and  SREBP2.  To  determine  the  

intensity   of   SREBP2   in   the   nucleus,   the   analyses   started   by   opening   the  

Hoechst   channel,   adjusting   the   threshold   and   analysing   particles   (nucleus),  

send  the  regions  of  interest:  nucleus  to  ROI.  Select  the  SREBP2  image  and  add  

particles  from  ROI,  measure  integrated  density.  I  performed  the  same  sequence  

for   all   the   images   in   both   conditions   (DMSO   versus   24S-­hydroxycholesterol  

treated  cells).  Two  independent  experiments  were  performed  for  each  condition  

18  wells  per  condition  were  analysed  (N=2,  n=39).  
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2.6.  Filipin  staining  
Filipin   is   a   known   antifungal,   naturally   extracted   from   the   bacteria  

Streptomyces   filipinensis   (Gottlieb   et   al.,   1958).   When   filipin   binds   to  

unesterified   sterols   fluoresces  under  ultraviolet   transillumination   (Schroeder  et  

al.,   1971).   This   property   has   made   filipin   a   histochemical   marker   for   free  

cholesterol   in   numerous   diseases   (del   Toro   et   al.,   2010;;   Harzer   and  

Kustermann-­Kuhn,  2001;;  te  Vruchte  et  al.,  2004;;  Trushina  et  al.,  2006).    

Striatal  neurons  plated  in  24  well  plates  (5x105/mL)  were  fixed  in  4%  PFA  

for  10  min  at  RT,  11  days  after  transfection  with  Huntingtin  expression  vectors  

(Htt171-­18Q/82Q).   In   order   to   quench   the   paraformaldehyde,   cells   were  

incubated  with  1.5mg  glycine/mL  PBS  for  10min  at  RT.  Cells  were  rinsed  with  

1XPBS  and  incubated  protected  from  light  with  500  μL  of  5  μg/mL  filipin  (Sigma,  

F9765)  in  PBS  for  2h  at  RT.  Cells  were  washed  again  with  1X  PBS,  coverslips  

were  mounted  in  mowiol,  let  dry  protected  from  light.  Cells  were  observed  under  

the  confocal  microscope:  Leica  SP5  CLSM,  using  a  UV  filter  set   (340-­380  nm  

excitation,  40  nm  dichroic,  430-­nm  long  pass   filter).   Images  were   taken  with  a  

60x  magnification,  zoom  factor  2.5  1024x1024  pixels.  
  

2.7.  Live  cell  stains  
Primary  neurons  were  cultured  in  a  24  well  plate  format  on  coverslips,  and  

on   the   day   to   be   fixed,   cells   were   incubated   with   5   μg/mL   of   the   plasma  

membrane   marker   (C10046-­   Molecular   probes)   and   75   nM   of   the   lysosome  

marker  (L7528-­  Molecular  probes).  Upon  adding  the  reagents  into  the  cultured  

medium,   cells   were   left   inside   the   incubator   for   1h.   After   that   time,   dye   was  

removed  and  cells  were  washed  with  1X  PBS  and  fixed  with  4%  PFA  for  10  min  

at  RT.  Followed  by  filipin  staining  and  confocal  analyses.  

Plasma   membrane   deep   red   excitation/emission:   649/666   nm,   and  

Lysotracker   red  DND-­99  excitation/emission:  577/590  nm.   Images  were   taken  

with  a  60x  magnification,  zoom  factor  2.5  1024x1024  pixels.  



   64  

2.7.1.   U-­18666A  treatment  
The  amphipathic  steroid  3-­β-­[2-­(diethylamino)ethoxy]androst-­5-­en-­17-­one,  

named   as   U-­18666A   by   the   company   Upjohn,   has   been   widely   used   in   lipid  

research   (Cenedella,   2009).   Due   to   its   structure   as   an   amphipatic   cationic  

amine  can   interact  with  several  proteins  and  cause  several  effects   in   the  cell.  

Was   discovered   that   U-­18666A   blocks   cholesterol   synthesis   by   inhibiting   the  

enzyme   oxidosqualene   cyclase   (Sexton   et   al.,   1983).   Moreover   the   same  

compound   inhibits   the   escape   of   cholesterol   from   late   endosomes   and  

lysosomes   (Liscum   and   Faust,   1989).   Interestingly,   this   effect   caused   by   U-­

18666A  mimics  what  happens  in  Niemann-­Pick  disease  type  C,  being  therefore  

a   recurrent   used   compound,   to   mimic   the   intracellular   disease   phenotype  

(Mohammadi  et  al.,  2001).  

I  treated  primary  striatal  neurons  with  U-­18666A  to  cause  increased  sterol  

accumulation  in  lysosomes,  acting  as  positive  control  for  the  filipin  staining  with  

lysosomal  marker.    

Striatal   cells   plated   in   24   well   plates   were   treated   with   1.25   μM   of   U-­

18666A  dissolved  in  culture  medium  for  48h  prior  to  cells  fixation.  

  

2.7.2.   Confocal  microscopy  
Filipin:  For  the  purpose  of  the  analyses,  all  the  images  were  taken  with  the  

same  exposure.  The  analyses  were  performed  in  the  following  way:  open  filipin  

image  and  make  a  copy.  Select   the  copy  image,  adjust   threshold  and  analyse  

particles,   send   to   regions  of   interest   (ROI).  Select   the  original   image  and  add  

particles  from  ROI,  measure  integrated  density.  I  performed  the  same  sequence  

for   all   the   images   in   both   conditions   (Htt171-­18Q   versus   Htt171-­82Q).   I  

performed   3   independent   experiments;;   the   number   of   wells   analysed   per  

experiment  were  4  in  each  condition  (N=3,  n=  12).  

  

Plasma  membrane:  For  the  purpose  of  the  analyses,  all  the  images  were  

taken  with   the  same  exposure.  The  analyses  were  performed   in   the   following  

way:  for  each  image  there  were  two  channels,  plasma  membrane  and  filipin.  To  

determine   the   intensity  of   filipin   in   the  plasma  membrane,   the  analysis  started  

by   opening   the   plasma   membrane   channel,   adjusting   the   threshold   and  
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analysing   particles   (plasma   membrane   structures),   sending   the   regions   of  

interest  (plasma  membrane  structures)  to  ROI.  Then  I  selected  the  filipin  image  

and   added   particles   from  ROI,   and  measured   integrated   density.   I   performed  

the   same   for   all   the   images   in   both   conditions   (Htt-­171   18Q   versus   Htt-­171  

82Q).   I   performed   3   independent   experiments;;   the   number   of   wells   analysed  

per  experiment  were  4  in  each  condition  (N=3,  n=  12).  

  

Lysosome:   For   the   purpose   of   the   analyses,   all   the   images   were   taken  

with  the  same  exposure.  The  analyses  were  performed  in  the  following  way:  for  

each  image  there  were  two  channels,  Lysotracker  and  filipin.  To  determine  the  

intensity   of   filipin   in   the   lysosome   positive   structures,   the   analyses   started   by  

opening  the  lysosome  channel,  adjusting  the  threshold  and  analysing  particles  

(lysosome   positive   structures),   sending   the   regions   of   interest   (lysosome)   to  

ROI.   Then   I   selected   the   filipin   image   and   added   particles   from   ROI,   and  

measured   integrated  density.   I   performed   the  same   for  all   the   images   in  both  

conditions   (Htt-­171   18Q   versus   Htt-­171   82Q).   I   performed   3   independent  

experiments,   the   number   of   wells   analysed   per   experiment   were   4,   in   each  

condition  (N=3,  n=  12).  

  

2.8.  NMDA  treatment  
Cells   cultured   in   24   well   plates   were   exposed   to   different   NMDA  

concentrations  (1,  10,  50,  100,  200,  500  and  1000  μM)  at  DIV  13.  I  treated  the  

cells  with  NMDA  in  Locke’s  solution  (154  mM  NaCl,  5.6  mM  KCl,  2.3  mM  CaCl2,  

25  mM  NaHCO3,  10  mM  HEPES,  20  mM  glucose  and  10  µM  glycine,  solution  

pH  7.3).  The  cells  were  incubated  for  20  min  in  the  incubator  (Xifro  et  al.,  2008).  

The   Locke’s   solution   and   NMDA   was   replaced   for   conditioned   medium   (half  

medium   from   the   cells,   removed   in   the   beginning   of   the   experiment   and   half  

fresh   medium)   at   the   end   of   the   experiment   time   (20   min).   24h   after   NMDA  

treatment,  cell  viability  was  accessed  by  NeuN  staining  and  cell  count  using  the  

Nikon  inverted  microscope  (Nikon  eclipse  Ti)  with  a  magnification  of  20x.    

Experiments   containing   MK-­801,   NMDA   receptor   antagonist,   this  

compound  was  added  30  min  before   (in   the  medium)   to  NMDA  addition,   and  

maintained  during  NMDA  treatment.    
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2.9.  Cholesterol  Assay  

2.9.1.   Cell  harvesting  
In   order   to   perform   this   assay   the   first   step   was   to   prepare   the   cellular  

lysate.  
Neuronal   cells   cultured   in   a   12-­well   plate   were   harvested   on   ice.   The  

medium,  in  which  they  were  cultured  in,  was  either  collected  into  an  Eppendorf  

tube   and   stored   at   -­800C   for   future   analyses   (Isotope   dilution   mass  

spectrometry   analyses)   or   disposed   off.   Cells   were   washed   with   1X   PBS   to  

remove  any  traces  of  culture  medium,  and  harvested  in  150  µL  of  1X  Reaction  

Buffer,   diluted   in   deionized   water   from   5X   Reaction   Buffer   (0.5   M   potassium  

phosphate,   pH   7.4,   0.25   M   NaCl,   25   mM   cholic   acid,   0.5%   Triton®   X-­100   -­  

Invitrogen   A12216).   Cells   were   scraped   from   the   wells,   collected   into   an  

eppendorf  on  ice  and  sonicated.  The  lysates  were  centrifuged  at  13,000  rpm  for  

15min  at  37  0C  and  the  supernatant  was  collect.  Samples  were  stored  in  the  -­

800C  or  proceeded  to  cholesterol  assay  and  BCA  assay.  

  

2.9.2.   BCA  assay  
Protein   concentration  was   determined   using   the   colorimetric   assay   BCA  

assay  from  Pierce  (Thermo  Scientific:  23227).  A  standard  curve  was  conducted  

with  8  samples  of  known  concentration  (2,  1,  0.75,  0.5,  0.25,  0.125,  0.025  and  0  

µg/µL)  using   the  BSA  diluted   in  1X  Reaction  buffer   (5X   reaction  buffer:  0.5  M  

potassium  phosphate,  pH  7.4,  0.25  M  NaCl,  25  mM  cholic  acid,  0.5%  Triton®  X-­

100  -­  Invitrogen  A12216).  5  µL  of  each  sample  or  standard  was  pipetted  into  a  

multiwall   transparent  plate   (Sterilin),  and  100  μL  of  BCA  assay   reagents  were  

added.      Incubation  of   the  plate   took  place   for  30  min  at  370C,  after  which   the  

absorbance  was  read  in  a  Tecan  machine  at  562nm.  

  

2.9.3.   Cholesterol  Oxidase  Assay    
The  amplex  red  cholesterol  kit  (Invitrogen  A12216)  is  based  on  the  simple  

fluorimetric   chemical   reaction   that   allows   the   sensitive   quantification   of  

cholesterol.   The   assay   is   based   on   an   enzyme-­coupled   reaction   that   detects  

both   free  cholesterol  and  cholesteryl  esters.  Cholesteryl  esters  are  hydrolyzed  
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by   cholesterol   esterase   into   cholesterol,  which   is   then  oxidized  by   cholesterol  

oxidase   and   the   final   products   are   hydrogen   peroxide   (H2O2)   and   the  

corresponding  ketone  product.  The  H2O2   is   then  detected  using  10-­acetyl-­3,7-­

dihydroxyphenoxazine  (Amplex®  Red  reagent).    In  the  presence  of  horseradish  

peroxidase   (HRP),   Amplex®   Red   reagent   reacts   with   H2O2   with   a   1:1  

stoichiometry   to   produce   highly   fluorescent   resorufin   (absorption   and  

fluorescence   emission   maxima   of   approximately   571   nm   and   585   nm,  

respectively)  (Zhou  et  al.,  1997).  

In  order  to  perform  this  assay  I  setup  a  standard  curve  with  8  samples  (0,  

2,  4,  10,  20,  50,  75  and  100  µg/mL  of  cholesterol)  each  of  them  were  pipetted  (a  

volume  of  25  µL)  in  triplicate  into  a  96  well  plate  (Corning  3340).  The  samples  in  

1X   Reaction   buffer   (5X   reaction   buffer:   0.5   M   potassium   phosphate,   pH   7.4,  

0.25   M   NaCl,   25   mM   cholic   acid,   0.5%   Triton®   X-­100),   were   pipetted   the  

volume  of  12.5  µL  in  triplicate,  and  in  order  to  dilute  them  was  added  a  volume  

of   12.5   µL   of   1X   Reaction   buffer.   On   top   of   the   diluted   samples   and   the  

standards,  the  same  volume  (25  µL)  of  working  solution  was  added  (Amplex  red  

reagent,  HRP,  cholesterol  oxidase,  cholesterol  esterase  in  1X  Reaction  buffer).  

The  plate  was   incubated   for  30  min  at  370C,   the  Tecan  machine  was  used   to  

measure  the  fluorescence  at  an  excitation  of  560nm  and  emission  at  590nm.  

  

2.10.  RNA  analysis  

2.10.1.   RNA  extraction  
The   principle   of   RNA   extraction   using   Trizol   (Sigma   T9424)   and  

chloroform   is   based   on   the   fact   that   RNA   is   separated   from   DNA   in   the  

presence   of   chloroform   in   an   acidic   environment.   Trizol   recreates   that  

environment   once   is   a   mono-­phasic   solution   of   phenol   and   guanidine  

isothiocyanate.  Moreover  Trizol  enables  RNA  integrity  while  promotes  cell  lysis.  

Trizol   enables   the   separation  of  DNA,  proteins  and  RNA.  After   centrifugation,  

RNA   remains   in   the   aqueous   phase   (upper)   while   DNA   and   proteins   are  

restricted  in  the  organic  phase  and  interface.  The  RNA,  in  the  aqueous  phase  is  

isolated,  by  precipitation  with  isopropanol.    
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Detailed  protocol  for  24  well  plates:  Was  added  a  volume  of  500  µL  Trizol  

reagent  to  each  sample  and  let  act  for  5  min  at  Room  Temperature  (RT).  After  

that   a   volume   of   100   µL   of   chloroform  was   added,   the   lids   of   the   Eppendorf  

tubes  were  closed   to  proceed   to   the  mix  of   the  samples  by  vigorous  shake  of  

the   samples   by   hand   for   15   seconds.   Incubation   took   place   at  RT   for   3  min.  

Samples  were   centrifuged   at   12,000   g   for   15  min   at   40C.   In   order   to   harvest  

upper  (aqueous)  phase,  which  one  contains  RNA,   into  a  new  Eppendorf   tube,  

the  tube  was  inverted  450,  after  harvest  RNA,  was  added  250  µL  of  isopropanol.  

This  step  was   followed  by   incubation   for  10  min  at  RT   to   let  RNA  precipitate.  

The  samples  were,  then  centrifuged  at  12,000  g  for  10  min  at  40C  and  proceed  

to   the   careful   removal   of   supernatant;;   at   this   stage   RNA   is   a   gel-­like   pellet,  

which   can   be   aspirated   in   the   process.   RNA   pellet   was   washed   2   times   by  

adding  500  µL  of  80%  ethanol  followed  by  centrifugation  at  7,500  g  for  5  min  at  

40C.  Once  RNA  was  washed,  samples  dried  out  for  5  min,  after  that  the  pellet  

was  resuspended  in  50  µL  RNAase-­free  water  and  samples  were  incubated  for  

5  min  at  600C  to  help  RNA  solubilisation.  Store  RNA  at  -­800C.  

  

2.10.2.   Reverse  transcription  and  qRT-­PCR  
The  concentration  of  the  RNA  extracted  from  the  primary  striatal  cells  and  

astrocytes   was   measured   in   the   Thermo   Scientific   NanoDrop.   Absorbance  

measurements  made   in  any  spectrophotometer   includes   the  absorbance  of  all  

molecules   in   the   sample.   Nucleotides   absorb   at   260   nm   while   protein   and  

phenol   at   280   nm.   RNA   samples   are   considered   pure   if   the   260/280   ratio   is  

approximately  2.0.  The  trizol  reagent   is  a  phenolic  solution  and  absorbs   in  the  

UV   at   230   nm   and   around   270   nm.      Moreover   EDTA,   carbohydrates   and  

guanidine  isothiocyanate  are  some  of  the  molecules  that  absorb  at  230  nm  and  

can   increase   the  260/230   ratio,   and  compromise   the  RNA  purity   (expected  at  

2.0  –  2.2).  

Only   samples   with   good   quality   of   RNA   were   considered   for   reverse  

transcriptase  and  real-­time  quantitative  PCR  (qRT-­PCR)  analyses.  

RNA  samples  were  normalized  to   the  same  concentration  and  converted  

to   complementary   DNA   (cDNA)   using   the   Reverse   Transcriptase  

(MultiScribe™),  a  recombinant  enzyme  isolated  from  moloney  murine  leukemia  
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virus  (rMoMuLV).  This  polymerase  uses  RNA  as  template  and  in  the  presence  

of   primers   and   dNTPs   has   the   capacity   to   synthesize   single   stranded  

complementary  DNA  (4368814  Applied  Biosystems).    
The  mix  was  then  composed  by  10  µL  of  RNA  extracted,  2  µL  buffer  (2X),  

2   µL   Random   primers,   0.8   µL   dNTPS   and   1   µL   MultiScribe   enzyme.   The  

optimal  cycles  for  the  reaction  are  the  following:  
  

  

  
  

 

  

The  thermal  cycler  used  for  the  reaction  is  Light  Cycler  480  Roche.  
A   concentration   of   5   ng   of   cDNA   was   used   to   perform   real-­time  

quantitative  polymerase  chain  reaction  (qRT-­PCR).  The  qRT-­PCR  method  used  

was   SYBR   green   (SYBR   green   PCR   Master   Mix   from   Applied   biosystems,  

catalog  number  4309155),  the  master  mix  contains  SYBR  green  I  dye,  Amplitaq  

gold  DNA  polymerase,  dNTPs  with  dUTP  and  a  passive  reference,  all  diluted  in  

an  optimized  buffer.  
SYBR   green   I   dye   is   an   asymmetrical   molecule   that   belongs   to   the  

polymethine  group.  Is  a  synthetic  dye  that  binds  preferentially  double  stranded  

DNA,  the  complex  dye  and  DNA  absorbs  light  with  λmax=  497  and  emits  green  

light:   λmax=   520,   being   this   light   captured   by   the   PCR   machine   in   real   time,  

which  allows  to  determine  the  amount  of  double  stranded  DNA  in   the  sample.  

The  data  collect   is  represented  in  a  numeric  value:  Ct,  which  means  threshold  

cycle.  The  Ct  is  the  intersection  between  an  amplification  curve  and  a  horizontal  

line  that  separates  in  the  amplification  curve  at  which  cycle  of  the  reaction  the  

amplicon   started   to   be   synthesized   (Figure   2.5).   The   lower   the   Ct   more  

template  there  is  in  the  sample.  
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Figure  2.5:  Schematic  representation  of  a  qRT-­PCR  reaction.  Ct  is  the  value  resultant  from  
the  intersection  of  the  threshold  line,  which  one  is  positioned  at  the  point  when  the  amplification  

curve  turns  vertical,  with  the  amplification  curve.  

  

Amplitaq   gold   DNA   polymerase   is   a   recombinant   thermostable   DNA  

polymerase   isolated   from   Thermus   aquaticus,   this   enzyme   requires   heat  

activation   (950C)   (Faloona   et   al,   1990;;   Chou   et   al   1992),   well   above   the  

temperature  for  optimal  annealing  (600C).  Considering  the  requirements  of   the  

enzyme   used,   the   amplicon   reactions   occurred   in   a   defined   sequence:  

polymerase   is   activated,   binds   template   (cDNA),   temperature   decreases   and  

primers   anneal   at   specific   position   on   the   template,   and   polymerase   starts   to  

synthesise.  This  process  results  in  specific  PCR  products.  

A  passive  reference  is  included  in  the  mix,  corresponds  to  a  reference  dye  

that  does  not  act  during   the  PCR  reactions,   is  useful  as   internal   reference,   to  

which  SYBR  green  can  be  normalized  to  during  data  analysis.  

The   primers   used   to   amplify   the   desired   sequence   in   the   cDNA,   were  

designed  by  me,  and  ordered   from  Sigma.  Each  pair   of   primers   (forward  and  

reverse)  was  used  at  200  nM   in   the   reaction  mix.  The  primers  efficiency  was  

determined   using   10   fold   dilutions   of   cDNA   corresponding   to   input   RNA  

amounts  of  100,  10,  1,  0.1  and  0.01  ng/µL.  The  Ct  values,   resultant   from   the  

qRT-­PCR   reaction   from  each  pair   of   primers,  were  plotted   versus   the   log10  of  

cDNA  concentrations.  The  slope,   resultant   from   the   line   that  unites   the  points  
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on  the  graph,  was  calculated  and  used  in  account  to  determine  the  amplification  

efficiency  (E):  E=  10(-­1/slope)  (Table  2.1).    

The  pairs  of  primers  used  in  this  thesis  had  efficiencies  close  to  2.0,  and  

one  single  melting  curve.  

Primer  efficiency  was  taken  in  consideration  in  data  analyse.  
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Table  2.1:  Primer  sequences  and  efficiencies.  The  table  list  the  genes  names,  which  RNA  ‘s  
were  measured  in  this  thesis,  and  the  respective  sequence  and  efficiency.  
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The  qRT-­PCR  reaction  mix  consisted  of:  5  ng  cDNA,  1X  SYBR  green  PCR  

Master  Mix  and  200  nM  Forward  Primer  and  200  nM  Reverse  Primer.      

The  cycle  programme  run  was  the  following:  

  

  
  

  

  

  

The  plate  setup  was  usually  a  384  well  format,  where  for  each  condition  a  

minimum  of  3  biological  replicates  together  with  3  technical  replicates  were  run.  

The  selected  method  to  analyse  the  results  was  the  Pfaffl  method  (Figure  

2.6).   The   Pfaffl   method   is   a   relative   quantification   analysis   that   takes   in  

consideration  the  steady-­state  mRNA  levels  of  a  gene  of  interest  and  compares  

it   to   the  mRNA   levels   of   an   internal   control   (housekeeping   gene)   in   order   to  

normalize   for   variation   in   RNA   input.      The   expression   ratio   also   corrects   for  

differences   in   amplification   efficiencies   for   different   primer   pairs.   The  

mathematical  model  is  the  following:  
  

  

  

  

  

  

  

  

Figure  2.6:  Pfaffl  mathematical  model  for  calculation  of  relative  expression  from  qRT-­PCR  
assay  results.  The  mRNA  levels  of  the  gene  of  interest  (target)  are  determined  relatively  to  a  
housekeeping  gene  (reference).  The  primers  efficiency  is  elevated  to  the  difference  of  Ct  values  

between  control  and  test  samples.  Calculating  the  ratio,  or  the  fold  change  of  mRNA  expression  

of  the  target  gene  relatively  to  the  housekeeping  gene  (reference).  
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Table   2.2:   qRT-­PCR   results   for   genes   involved   on   cholesterol   metabolism   in   primary  
striatal  neurons.  The  Cts  from  all  the  genes  analysed,  do  not  vary  between  the  two  conditions:  
Htt-­171  18Q  versus    Htt-­171  82Q.    

  

  

  

  

  

  

  

  

  

  

  

  

Table   2.3:   qRT-­PCR   results   for   genes   involved   on   endoplasmic   reticulum   stress   in  
primary  striatal  neurons.  The  Cts  from  the  genes  analysed  (BiP  and  CHOP)  are  lower  in  table  
C  compared  to  A  and  B.  Treating  cells  with  tunicamycin  (TM)  and  thapsigargin  (TG)  induces  BiP  

and  CHOP  overexpression.  The   same   is   not   so  evident   between  24S-­OHC  concentrations   in  

table  A  and  B.  

  

Htt#171&18Q Htt#171&82Q
HMGCR 22.4 22.6
HMGCS1 17.9 18.1
LDLr 25.4 25.7
FDFT1 22.2 22.96
ABCA1 26.2 26.4
ABCG4 25.4 25.5
ApoE 21.6 21.6
CYP46A1 26.1 26.3

Actin 20

Average&Cts

0"μM"24S(OHC 0.5""μM"24S(OHC 1""μM"24S(OHC 2""μM"24S(OHC 4""μM"24S(OHC
18.88 18.34 18.87 18.79 18.69 Actin
23.52 22.58 23.04 23.04 22.85 BiP
28.59 27.54 28.30 28.29 28.03 CHOP

8""μM"24S(OHC 10""μM"24S(OHC 20""μM"24S(OHC
17.60 18.45 19.14 Actin
22.98 23.70 24.31 BiP
28.01 28.96 29.98 CHOP

TM# TG
17.64 19.51 Actin
21.19 20.07 BiP
26.20 24.59 CHOP

A  

B  

C  
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Table  2.4:  qRT-­PCR  results   for  genes   involved  on  cholesterol  metabolism  in  astrocytes.  
Table  presents  the  average  Cts  from  different  time  points  from  different  concentrations  of  24S-­

OHC  and  one  concentration  of  TO-­901317.  For  more  detail  see  Figure  3.3.1.  

  

  

  

  

  

  

  

0"μM"24S(OHC 0.5"μM"24S(OHC 1"μM"24S(OHC 2"μM"24S(OHC 0".5μM"TO901317 Time Gene
17.52 16.79 17.57 16.98 17.93 2h
16.76 17.31 17.14 17.04 17.17 4h
16.14 16.42 17.31 17.21 17.30 12h
16.82 17.68 17.41 16.97 16.88 24h
24.83 24.76 25.69 24.74 25.00 2h
24.86 27.86 28.57 27.93 25.28 4h
23.76 25.58 27.95 27.60 24.68 12h
24.75 27.02 28.22 27.33 25.10 24h
21.88 21.39 22.09 21.75 22.55 2h
21.69 23.06 23.73 23.50 22.39 4h
20.51 22.59 24.64 24.60 22.60 12h
21.99 23.53 25.42 25.52 24.19 24h
26.09 25.85 26.35 26.34 26.79 2h
25.91 27.31 27.96 28.10 26.69 4h
24.71 26.17 27.93 28.15 26.78 12h
25.60 27.12 27.61 27.01 26.56 24h
25.10 25.12 25.61 24.60 25.06 2h
24.91 28.21 28.57 28.31 25.11 4h
23.93 25.48 27.42 27.80 25.20 12h
25.55 27.79 28.10 28.02 25.20 24h
25.92 25.34 25.79 24.82 24.35 2h
25.93 25.02 24.79 24.76 22.12 4h
26.49 24.06 24.55 24.39 22.80 12h
26.48 24.51 23.97 22.73 21.63 24h
30.53 31.46 31.23 30.60 29.96 2h
29.77 29.58 29.32 27.10 26.32 4h
30.61 26.15 26.59 26.76 27.03 12h
33.12 29.48 29.02 27.39 26.46 24h
22.65 22.72 23.17 22.84 22.58 2h
21.93 23.67 24.53 21.05 20.75 4h
23.51 21.51 20.90 22.72 21.69 12h
23.31 20.83 20.37 19.66 19.98 24h
29.54 30.16 29.34 29.26 30.41 2h
30.51 30.95 30.72 29.14 29.90 4h
30.35 30.79 30.39 31.26 31.78 12h
32.67 32.07 32.38 32.05 30.19 24h
22.59 21.88 22.50 21.89 22.49 2h
22.24 22.98 23.31 22.35 21.73 4h
21.35 21.72 23.30 23.55 22.34 12h
23.14 23.73 23.85 22.71 21.57 24h

ABCG1

SREBP1C

Glut4

ApoE

Actin

HMGCR

HMGCS1

FDFT1

LDLr

ABCA1
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2.11.  Isotope  Dilution  Mass  Spectrometry  (IDMS)  
Isotope   dilution   mass   spectrometry   allowed   the   quantification   of   24S-­

hydroxycholesterol  (24S-­OHC)  in  the  striatal  cells  and  cultured  medium.  
This   technique   relies   on   the   isotope   composition   and   the  mass   of   each  

compound.   Thus   the   sample,   in   our   case   24S-­OHC,   with   known   mass   and  

isotope   composition   was   blended   with   a   Spike.   The   Spike   is   an   isotopically  

enriched   compound   with   known   mass,   isotope   composition,   and   will   be   an  

internal   reference,   once   the   amount   of   it   used   to   blend   with   our   sample   is  

known,  and  will  be  used  to  calculate  isotope  ratio.  
The   mixture   of   sample   and   Spike   is   ionized   and   the   electrons   in   the  

molecules  gain  charge.  Acceleration   is   induced  causing  the  electrons  to   travel  

in  an  electric   field.  There   the  molecules  are  separated   in   function  of  mass-­to-­

charge   ratio.   Electrons   are   deflected   by   a   magnetic   field   and   hit   a   detection  

material   that   acquires   the   data.   The   amount   of   sample   is   then   calculated  

considering  the  values  acquired  by  the  detection  machine,  which  counted  spike  

molecules,   and   sample  molecules,   plus   is   known   the   amount   of   Spike   in   the  

initial  mixture,  so  the  amount  of  sample  is  determined  by  the  ratio:  

  
  

  

  

2.12.  SDS  Page  
Cells   plated   on   6  well  Nunc   plates  were   carefully  washed  with   40C   cold  

PBS  and   lysed  with  150  µL  of  RIPA  buffer  complete  (150mM  NaCl,  1%  Triton  

X-­100,   0.5%   sodium   deoxycholate,   0.1%   SDS   and   50mM   Tris   pH   8.0),   1%  

phosphatase   inhibitor   cocktail   2   (P5726   Sigma)   and   3   (P0044   Sigma),   10%  

Phenylmethanesulfonyl   fluoride   (PMSF,   dissolved   at   200   mM   in   isopropanol,  

P7626  Sigma)  and  1%  of  protease  inhibitor  cocktail  (P8340  Sigma).  
RIPA  was  let  to  act  for  5  min  and  after  that  cells  were  harvest  from  the  well  

with  a  scraper,  and  content  transfer  to  an  Eppendorf  tube  on  ice.  In  order  to  get  

a   cell   lysate,   samples   in   Eppendorf   tubes   were   let   on   ice   for   30   min   and  
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vortexed   every   10  min.  After   that   time  were   centrifuged   for   15  min   at   12,000  

rpm  at  40C.  After  centrifugation  supernatant  was  collected  into  a  new  Eppendorf  

tube  and  protein  content  was  determined  by  BCA  assay  (Material  and  Methods  

section  2.7.2).  
Lysates  were  mixed  with  4X  sample  buffer  (40%  Glycerol,  240mM  Tris-­Cl  

pH   6.8,   8%   SDS,   0.1%   bromophenol   blue   and   water)   and   the   mixture   was  

incubated   for   5   min   at   990C,   before   loading   in   a   SDS-­page   gel.   The   protein  

amount  loaded  was  between  20-­30  μg,  and  the  gel  percentage  was  dependent  

on   the  molecular  weight   of   the   protein   target,   therefore   for  HMGCR   (97   kDa)  

7.5%,  for  histone  H1  (runs  at  30  kDa)  12.5%,  and  the  same,  12.5%,  was  used  

to  detect  tubulin.    

In  order  to  separate  the  proteins  by  molecular  size  in  the  acrylamide  SDS  

page   gels,   I   used   the  BioRad  mini   system.  Proteins   run   at   150V   for   1h-­1h30  

with  1X  SDS-­running  buffer  (Table  2.6)  5  μL  pre-­stained  broad  range  molecular  

weight  marker  (BioRad,  161-­0373)  served  as  a  molecular  weight  standard.  

  

2.13.  Western  Blotting  
Following   SDS-­Page,   proteins   were   transfer   onto   a   nitrocellulose  

membrane   (Nitrocellulose   Hybond   ECL   GZRPN2003D   Fischer   Scientific)   for  

1.5h   at   100V   in   1X   transfer   buffer   (Table   2.6),   in   a   BioRad   system.  

Subsequently  nitrocellulose  membrane  was  stained  with  Ponceau  red,  to  check  

whether   the   proteins   have   been   transferred   to   the  membrane   correctly.   Next  

step  consisted  in  distain  the  membrane  with  distilled  water  to  remove  any  traces  

of  Ponceau  red,  and  block  with  5%  BSA  (5g  of  BSA  in  100  mL  of  1X  TBS  (10X:  

30.25g  Trizma  base,  90g  NaCl,  distilled  water  to  1L,  pH  8.1)  +0.1%  Tween  20).  

After   1h   blocking   at  RT,   primary   antibodies  were   incubated   o/n   at   4oC   (more  

antibodies  details  in  Figure  2.6)  in  blocking  solution.  
                        

  Table  2.5:  Primary  and  secondary  antibody  details.  
  

Catalog number Company Antibody name Concentration Raised Incubation time
ab174830 abcam HMGCR 1/500 rabbit over night

05-457 Milipore anti Histone 1 1/500 mouse over night
T5168 Sigma α-Tubulin 1/1000 mouse 1h RT

926-32211 LiCor  IRDye® 800CW Goat polyclonal anti-Rabbit IgG (H+L) 1/10,000 Goat 1h RT
925-68072 LiCor  IRDye® 680RD Donkey anti-Mouse IgG (H + L) 1/10,000 Goat 1h RT
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Next   day,   primary   antibodies  were   collected   and  membranes  washed   in  

1XTBS-­Tween,   3   times   for   10   min.   After   washes   blots   were   incubated   with  

secondary   antibodies   as   specified   in   Figure   2.6,   covered   in   aluminium   foil.  

Before  scan  the  blots.  Membranes  were  washed  with  TBS-­Tween:  1X  5  min,  1X  

15  min,  2X  10  min.  Bands  were  detected  and  quantified  with  LI-­COR  Odyssey  

Infrared  Imager  (LI-­COR  Biosciences).  
  

2.14.  Mitosox  superoxide  indicator  
Mitosox  red  reagent  (Life  Technologies  –  M36008)  is  a  cell  permeant  dye,  

specifically  targeted  to  mitochondria  in  live  cells.  Mitosox  oxides  in  the  presence  

of  superoxide,  and  emits  fluorescence  at  wavelength  of  600  nm.  

Primary   striatal   cells   and   astrocytes   differentiated   were   treated   for   24h  

with  2  μM  of  24S-­OHC  and  for  12h  with  10  mM  of  3-­NP.    

Mitosox  was  loaded  to  live  cells,  after  the  specified  time  of  incubation  with  

the  respective  drug,  in  HBSS/  Ca/Mg  at  5  μM.  The  incubation  took  place  in  the  

incubator  during  10  min.  After  incubation  time,  cells  were  washed  3  times  with  

HBSS/  Ca/Mg  and  images  taken  with  Nikon  inverted  microscope  (Nikon  eclipse  

Ti)  with  a  magnification  of  20x.  

For  the  purpose  of  the  analyses,  all  the  images  were  taken  with  the  same  

exposure.   The   analysis   was   performed   in   the   following   way:   open   Mitosox  

image  and  make  a  copy.  Select   the  copy  image,  adjust   threshold  and  analyse  

particles,   send   to   regions  of   interest   (ROI).  Select   the  original   image  and  add  

particles  from  ROI,  measure  integrated  density.  Were  performed  2  independent  

experiments,  for  each  one  of  them  8  biological  replicates  were  used  for  DMSO  

and  2  μM  24S-­OHC  and  4  biological  replicates  were  considered  for  3-­NP  (N=2,  

n=16   /   n=8),   for   the   experiment   with   primary   striatal   neurons.   In   astrocytes  

treated  with   increasing   concentrations   of   24S-­OHC,   only   one  experiment  was  

performed  with  4  technical  replicates  (N=1,  n=4).  
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2.15.  SREBP2  Transcription  Factor  Assay  
The   SREBP2   transcription   factor   assay   kit   (Cayman   chemical   –  

10007819)   is   a   sensitive   method   to   detect   the   specific   transcription   factor:  

SREBP2  contained  in  nuclear  extracts.  The  assay  is  based  on  the  premise  that  

SREBP2  contained  in  nuclear  extracts  isolated  from  cells,  recognizes  the  sterol  

responsive   element   and   binds   to   it.   Further   on,   SREBP2   bound   to   dsDNA   is  

recognised  by  a  primary  antibody,  which  one  was   raised  against  a  secondary  

antibody  conjugated  with  HRP  that  provides  a  sensitive  readout  at  450  nm.  

To   perform   this   experiment,   astrocytes   were   plated   on   10   cm   dishes,   2  

days   after   being   in  G5   supplement.  While   under   treatment   with  DMSO,   24S-­

OHC,   U-­18666A,   tunicamycin   (TM)   and   thapsigargin   (TG),   the   medium   was  

without  fetal  bovine  serum  and  correspondent  compounds  were  added:  2  μM  of  

24S-­OHC  for  12h,  0.5  μg/mL  U-­18666A  for  48h,  0.5  μg/mL  TM  and  100  nM  TG  

for  24h.  

At   the   end   of   the   treatments   astrocytes   were   harvested   on   ice   and  

preceded  to  fractionation  protocol  to  isolate  nuclear  extracts.  

Astrocytes   growing   on   a   10   cm   dish   were   scraped   on   PBS,   and   pellet  

collected  after   centrifugation  at   5,000  g   for  5  min.  Pellet  was   lysed   in  100  μL  

cytoplasm  extraction  buffer   (10  mM  HEPES  pH  7.9,  1mM  EDTA,  60  mM  KCl,  

0.075%   Igepal   plus   proteases   and   phosphatase   inhibitors)   passing   pellet  

through   a   200   μL   pipette.   Lyse   continued   at   40C   for   45  min,   terminating  with  

centrifugation  at  5.000  g  for  5  min  to  generate  cytoplasm.  Another  centrifugation  

at   12,000   g   for   10  min   took   place,   to   yield   final   cytoplasm   extract.   The   final  

pellet  containing  the  nucleus  was  lysed  in  nuclear  extraction  buffer  (20  mM  Tris-­

HCL,  1.5  mM  MgCl2,  420  mM  NaCl,  25%  glycerol,  0.2  mM  EDTA,  0.5%  Igepal,  

proteases   and   phosphatase   inhibitors).   Five   molar   was   added   to   the  

resuspended  nuclear  pellet  in  extraction  buffer,  and  incubation  lasted  for  45  min  

at  40C.  The   last  centrifugation,  at  12,000  g   for  10  min,  yielded  nuclear  extract  

(Zhao  and  Brinton,  2003).  

Prior   to   use   samples   for   SREBP2   transcription   factor   assay,   nuclear  

isolation   was   confirmed   by   western   blot.   Histone  H1  was   the   nuclear  marker  

chosen,  and  α-­Tubulin  the  cytoplasm  (Figure  2.7).  
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Figure  2.7:  Subcellular  fractionation  of  astrocytes.  Astrocytes  were  lysed  and  cytoplasm  and  
nuclear  fraction  used  for  western  blot  analyses.  Respective  cellular  fractions  were  identified  with  

specific  antibodies,  cytoplasm  with  α-­Tubulin   (50  kDa)  and  nucleus  with  Histone-­H1  (31  kDa).  

Posteriorly  nuclear  fraction  was  used  in  the  SREBP2  transcription  factor  assay  kit.  

  

Nuclear   extractions   from   the   different   treated   samples   were   normalised,  

after   protein   concentration   was   determined   by   BCA   assay   (Material   and  

Methods  section  2.9.2).  Nuclear  extracts  were  loaded  in  the  96  well  assay  plate  

at  10  μL  volume  (approximately  10  μg  protein).  

The  assay  was  performed  as   indicated   in   the  assay  protocol   (Cayman   -­  

10007819):    

Prepare  complete  transcription  factor  binding  assay  buffer  (CTFB):  73  μL  

ultrapure  water,  25  μL  4X  transcription  factor  binding  assay  buffer,  1  μL  reagent  

A  and  1  μL  300  mM  DTT  (volumes  required  per  well).  

Add  90  μL  CTFB  per  well   (80  μL   if  adding  competitor  dsDNA,  100  μL   to  

blank  and  non-­specific  binding  wells).  

Add  10  μL  of  competitor  dsDNA  to  appropriate  wells.  

Add  10  μL  of  positive  control  (from  kit)  to  appropriate  wells:  positive  control  

and  competitor  sdDNA).  

Add  10  μL  study  samples  (astrocytes  treated)  to  appropriate  wells.  

Incubate  over  night  at  40C.  

Wash  wells  5  times  with  200  μL  1X  wash  buffer.  

Add  100  μL  of  diluted  SREBP2  antibody  per  well,  except  blank.  

Incubate  one  hour  at  room  temperature.  

Wash  wells  5  times  with  200  μL  1X  wash  buffer.  
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Add  100  μL  of  diluted  secondary  antibody  per  well,  except  blank.  

Incubate  one  hour  at  room  temperature.  

Wash  wells  5  times  with  200  μL  1X  wash  buffer.  

Add  100  μL  developing  solution  per  well.  

Incubate  20  min  with  gentle  agitation.  

Add  100  μL  of  stop  solution  per  well.  

Measure  absorbance  at  450  nm.  

  

The   samples’  OD  at   450   nm   is   approximately   0.4,   the   negative   controls  

provided  by   the  kit   (blank,  competitor  dsDNA  and  non-­specific  binding)  OD  at  

450  nm  is  around  0.05,  while  the  positive  control  provided  in  the  kit  OD  at  450  

nm  1.8.  

  

2.16.  Calcium  Imaging  
Calcium  imaging  was  performed  on  DIV  13  striatal  neurons  growing  in  30  

mm   culture   dish.   Calcium   imaging   consists   of   loading   the   cells   with   the  

membrane-­permeable   calcium   indicator   Fluo-­4   AM   (Life   technologies   F-­

142012;;   Ex   494/   Em   506),   which   exhibits   an   increase   in   fluorescence   upon  

binding  of  calcium  (Ca2+).    

At  DIV  13  primary  striatal  neurons  were   incubated   in  2  μM  Fluo-­4  AM   in  

HBSS   without   calcium   and   magnesium   (Life   technologies   14170-­112)   for   30  

min   at   370C   to   load   the   neurons   with   the   dye.   After   dye-­loading,   cells   were  

washed  3  times  with  HBSS  solution  (material  and  methods  section  2.6).  

After  washing,  neurons  were  either   incubated   for  5  minutes  with  Locke’s  

solution  (control)  or  10  μM  24S-­hydroxycholesterol  in  Locke’s  solution.  

A   patch   pipette   (resistance:   5-­6   MΩ)   was   filled   with   10   μM   NMDA   and  

connected   to   a   custom-­build   picospritzer   for   focal   application   of   NMDA.   The  

NMDA-­loaded  pipette  was  positioned,   consistently,   approximately  80  μm  over  

the  neurons  in  the  center  of  the  dish.  

The   cultures   were   imaged  with   a   Nikon   TE2000   inverted  microscope   at  

20x  magnification  using  a  QIClick  ccd  camera   (QImaging)  and  a  custom-­build  

LED   light   source   with   appropriate   filters   (Semrock:   excitation:   FF01-­475/35;;  

emission:   FF01-­530/43;;   dichroic:   FF499-­DiO1).   Image   acquisition   was  
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performed  using  the  Micromanager  (v.  1.4.22)  software  package  that  controlled  

both  the  camera  and  light  source.    

Series  of  120  or  200  frames  were  collected  at   intervals  of  500  ms,  and  a  

puff  of  NMDA  (50  ms,  10  psi)  was  applied  at   frame  40  (20  s  after  start  of   the  

image  acquisition).  

The  image  series  were  analysed  using  Fiji-­ImageJ.  Data  was  analysed  as  

DF/F0.   For   this   purpose,   images   prior   to   NMDA   application   (images   1   to   40)  

were  averaged  (F0)  and  subtracted  from  all  images  in  a  series.  The  resulting  DF  

series  was  divided  by  F0.  

ROIs   were   manually   defined   for   all   Fluo4-­loaded   neurons,   which  

responded   after   NMDA   application   (40th   frame).   For   each   ROI,   DF/F0   was  

measured   for   all   images   in   a   series.   The   average   DF/F0   values   for   all  

responsive  cells  were  averaged  and  plotted.  

Two   independent   experiments   using   different   cultures   were   performed.  

Each   experiment   contained   both   control   and   24S-­hydroxycholesterol-­treated  

dishes,  and  all  dishes  were  stimulated  with  NMDA  (10  μM).  In  each  experiment  

4  dishes  were  used  per  condition  (control  and  24S-­hydroxycholesterol-­treated).  

  

2.17.   Multi  Electrode  Arrays  

  

  

  
  
  

  

  

  

Figure   2.8:  Multi   electrode   arrays.  One   well   multi   electrode   array,   composed   by   59   active  
electrodes,  allowed  the  extracellular  recording  of  primary  striatal  neurons  (DIV  19)  cultured  with  

glutamatergic  inputs  (cortex  and  thalamus).  
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Commercial   MEAs   (MEA60-­200-­30-­Pt)   with   planar   platinum   substrate  

electrodes   (QWANE,   Lausanne,   Switzerland)   were   used   for   ex   vivo  

extracellular  recordings.  Substrate  electrodes  had  a  diameter  of  30  μm  (Figure  

2.8)  and  were  organized  in  an  8  x  8  square  grid  with  200-­μm  spacing,  being  in  

total  59  active  contacts  and  a   reference.  Electrophysiological   recordings  were  

performed   at   370C   and   5%   carbon   dioxide,   inside   a   low-­humidity   incubator  

comprising   an   electronic-­friendly   environment   (SANYO   MCO-­17AIC).   MEA  

electrodes  had  an  impedance  of  800-­1100  kΩ  at  1kHz.  The  electronic  amplifier  

(Multi  Channel  Systems  MEA1060-­Up)  had  a  gain  of  x1200,  with  a  bandwidth  

filter  1-­3000  Hz  with  large  input-­impedance  (10  11  Ω  in  parallel  to  10  pF).  

Before   plating   the   neurons   in   the   MEAs,   they   had   to   be   washed   with  

autoclaved  water,  sterilized  with  70%  ethanol   for  15  min   inside   the  hood,  and  

coated  with  0.1M  boric  buffer  with  0.1  mg/mL  poly-­L-­lysine  over  night.  On   the  

plating   day,   the   poly-­L-­lysine   solution   was   removed;;   the  MEAs  were   washed  

with  autoclaved  water  3X  and  coated  with  laminin  -­  0.02mg/mL  for  30  min  at  37  
0C.   Laminin   was   removed   and   100   μL   of   striatal   neurons   with   thalamic   and  

cortical  inputs  at  1.3X10^6  cells  were  placed  on  the  middle  square  (Figure  2.7).  

MEAs  were   placed   in   the   incubator   for   30  minutes   to   let   the   neurons   attach.  

Once  the  neurons  were  attached,  which  was  visualized  under  the  microscope,  

the  MEAs  was  filled  with  1  mL  of  neurobasal  medium  with  supplements.  

  

MEA  Data  Acquisition  and  Analysis.  After  5  minutes  of  accommodation  
time  after   the  mounting  of  each  MEA   inside   the  recording  setup,  spontaneous  

electrical   activity   from   the   cultured   neurons   was   detected,   amplified,   and  

recorded  at  each  of  the  59  substrate  extracellular  electrodes  simultaneously  for  

15  min  at  25  kHz  per  channel.  Recorded   traces  often  consisted  of  single  unit  

activity,   directly   related   to   the   firing   of   action   potentials   by   a   neuron   in   the  

proximity   of   each  electrode.  MC_Rack   software   (Multi  Channel  Systems)  was  

used   to   acquire   and   store   the   data   files   (2.7   Gb   mcd   files),   which   were  

processed  off-­line,  channel  by  channel.  Raw  voltage  wave-­forms  were  digitally  

filtered  between  0.3   and  4.0   kHz.  The  occurrence  of   an  action  potential,   at   a  

given   electrode   was   identified   by   a   peak-­detection   algorithm,   based   on   the  

crossing  of  an  adaptive  threshold  (Gambazzi  et  al.,  2010).  The  occurrence  and  
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duration   of   population   bursts   (episodes   of   synchronized   activation   along  

network   (Gambazzi  et   al.,   2010)  were   identified  and  detected  as  described   in  

(van  Pelt  et  al.,  2004),  by  post  processing  the  spike-­time  histograms.    

  MEA   plating   and   treatment   with   2   μM   of   24S-­hydroxycholesterol   was  

performed   by   myself   while   MEA   recording/analysis   were   carried   out   by   Dr.  

Alberto  Capurro.  

  

2.18.  Pharmacological  treatments  
To  study  the  effect  of  different  compounds  on  primary  striatal  neurons  and  

astrocytes,  the  concentrations  and  treatment  times  were  varied.    

For  primary  striatal  cells  treatments,  half  of  the  culture  media,  in  each  well,  

was  replaced  with  the  same  volume  containing  double  concentration  of  the  test  

compound.   In   astrocytes   treatment,   differentiation  media   (containing  G5)  was  

removed,  and  replaced  with  media  without  serum  containing  the  test  compound  

in  the  desired  concentration.  

The  test  compounds  were  the  following:  

  

AK-­7   (ChemBridge,   San   Diego,   CA,   USA):   5   mM   aliquots   prepared   in  

molecular  biology  grade  dimethyl  sulfoxide  (DMSO)  were  stored  at  -­200C.  AK-­7  

was   loaded   in   cells’  medium   to   a   final   concentration   of   10   μM  and   treatment  

lasted  for  24h.  

U-­18666A  (Cayman  chemicals  –  10009085):  Stock  solution  of  2.5  mg/mL  

prepared  in  DMSO,  was  stored  at  -­200C.  AK-­7  was  loaded  in  cells’  medium  to  a  

final  concentration  of  1  μM  and  treatment  lasted  for  48h.  

24S-­hydroxycholesterol   (24S-­OHC)   (Enzo   lifesciences   –   BML-­GR230-­

0001):  2.5  mM  aliquots  prepared  in  DMSO  were  stored  at  -­200C.  Experiments  in  

culture  media,  24S-­OHC  was   loaded  as  discussed  above.   In  Locke’s  solution,  

24S-­OHC  was  added  to  the  desired  final  concentration  in  Locke’s  solution  to  be  

added   to   each  well.   24S-­OHC   concentrations   ranged   from   0.25   μM   to   4   μM,  

and  the  treatments  times,  from  2  to  24h.  

TO-­901317  (Sigma  –  T2320):  Stock  solution  of  2  mM  prepared  in  DMSO,  

was   stored   at   -­200C.   The   LXR   agonist:   TO-­901317  was   loaded   in   astrocytes  
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medium  to  a  final  concentration  of  0.5  μM  and  treatment  lasted  for  2,  4,  12  and  

24h.    

3-­Nitropropionic  acid  (3-­NP)  (Sigma  –  N5636):  was  prepared  fresh  before  

each  experiment.  Working  solution  was  prepared  by  weighting  15  mg  of  3-­NP  

(sored   in   fridge)   and   dissolving   in   500   μL   ethanol,   making   the   final  

concentration  of  250  mM.  3-­NP  was  loaded  in  cells  to  a  final  concentration  of  10  

mM  (Liot  et  al.,  2009).  

Thapsigargin   (TG)   and   tunicamycin   (TM)   (Sigma   –   T9033   and   T7765,  

reapectivly):   TG   and   TM   are   the  most   commonly   used   compounds   to   induce  

endoplasmic  reticulum  stress  in  culture  cells  (Breckenridge  et  al.,  2003).    

Stock   solutions  prepared   in  DMSO   (TG)  and  ethanol   (TM)  were  used  at  

final  concentration  of  0.1  μM  (Fradejas  et  al.,  2010)  and  0.5  μg/mL  (Benavides  

et  al.,  2005)  in  astrocytes.  In  striatal  neurons,  tunicamycin  was  used  at  3  μg/mL  

(Chen  et  al.,  2007)  and  thapsigargin  at  0.1  μM  (Galehdar  et  al.,  2010)  for  24h.  

  

2.19.  Statistical  analyses  
All  experiments  were  performed  with  a  minimum  of  3  biological  replicates  

(considering   each   well   of   a   plate   a   biological   replicate)   n=3   a  minimum   of   2  

independent   experiments   N=2.   The   exception   was   the   MEA   recordings,   was  

only  possible  to  record  from  one  well  MEA,  due  to  the  difficulty,  I  have  found,  of  

growing   striatal   neurons   in   the   MEAs.   And   the   experiment   to   measure  

superoxide  production  in  astrocytes  treated  with  24S-­OHC  (using  Mitosox),  due  

to  lack  of  time  to  perform  repetitions.  The  represented  values  corresponded  to  

the  average  of   the  data  analysed,   considering  all   the  experiments  performed.  

The   error   bars   were   calculated   from   Standard   error   of   the   mean   (SEM   =  

(Standard   deviation   /   (number   biological   replicates^(1/2))).   The   respective  

statistical  analyse  used  are  indicated  in  each  figure  in  the  results  chapters  and  

considers:   p<0.05   (*),   p<0.01   (**),   p<0.001   (***)   and   p<0.0001   (****).   The  

statistical   test   employed   was   chosen   based   on   PRISM   suggestions,   for   the  

most  accurate  dependent  on  the  experimental  design  and  aim.  
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3.   Results  
3.1.   Cholesterol   accumulation   in   an   in   vitro   model   of  
Huntington’s  disease  

Introduction.   Cholesterol   is   an   essential   component   of   eukaryotic  
membranes  and  sterol  biosynthesis  is  believed  to  be  an  evolutionary  acquisition  

that   allowed   the   development   of   eukaryotic   life   (de   Duve,   2007;;   Numa   and  

Tanable,   1984).   Cholesterol   is   a   major   component   of   membrane   lipids,  

regulates   plasma   membrane   organization,   rigidity   (Miao   et   al.,   2002),   and  

selective   permeability   (Haines,   2001),   thereby   having   a   strong   influence   on  

intercellular   signalling   (Maxfield   and  Tabas,   2005).  Cholesterol   levels   need   to  

be   regulated   within   a   very   narrow   range,   as   small   changes   in   cholesterol  

content   induce   consequent   changes   in   overall   membrane   composition   and  

membrane-­associated  signalling.  

Neurons   have   a   unique   oxysterol-­generating   activity   to   keep   sterol  

intracellular   levels   balanced.   The   enzyme   responsible   for   hydroxylasing  

cholesterol   to   24S-­OHC   is   CYP46A1,   a   specific   isoform   of   P450,   which   is  

expressed  exclusively   in  neurons   (Lund  et  al.,   1999).  24S-­OHC   is  more  polar  

and   water-­soluble   than   its   precursor   and   is   able   to   traverse   the   plasma  

membrane.   This   mechanism   is   postulated   to   prevent   accumulate   neuronal  

cholesterol,  both  by  direct  sterol  efflux  and  by   its  signalling  activities  (Pfrieger,  

2003  a;;  Pfrieger  and  Ungerer,  2011).  In  addition  to  permeating  brain  cells,  24-­

OHC  can  cross   the  BBB  and   to  be   released   into   the  bloodstream.  Given   that  

24S-­OHC  is  a  metabolite  unique  to  neurons  (Bretillon  et  al.,  2000),  it  has  been  

proposed   as   a   biomarker   for   neurodegeneration.   Circulating   24S-­OHC   is  

thought  to  be  eliminated  by  the  liver  (Abildayeva  et  al.,  2006).    

There   is   an   insufficient   understanding   of   cholesterol   metabolism   in   the  

brain,  and  therefore  its  role  in  neurodegenerative  diseases.  

Huntington’s   disease   (HD)   is   a   progressive,   fatal,   autosomal   dominant  

disorder  manifested  by  uncontrolled  movements,  depression,  cognitive  decline  

and   dementia   (Walker,   2007;;   Gagnon   et   al.,   2008).   Huntington’s   disease   is  

caused  by  a  glutamine  expansion  in  the  N-­terminal  portion  of  the  Htt  protein.  In  

the  brain  Htt  is  highly  expressed  in  neurons  and  has  been  consistently  reported  
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that   medium   spiny   neurons   are   more   prominently   affected   in   HD   leading   to  

striatal  neurodegeneration  primarily,  with  other  brain  structures  such  the  cortex  

being  affected  at  alter  stages  of  the  pathology  (Reiner  et  al.,  1988).    

Several  studies  suggest  that  mutant  Htt   is  cleaved  by  proteases  and  that  

the   toxic   N-­terminal   fragment   containing   the   PolyQ   is   translocated   into   the  

nucleus   where   it   forms   inclusions,   consequently   altering   different   cellular  

pathways.   Moreover,   it   has   also   been   reported   that   mutant   Htt   interacts  

aberrantly   with   proteins   in   the   cytoplasm   leading   to   cellular   dysregulation.  

Several   models   were   inspired   by   the   effects   observed   with   the   N-­terminal  

fragment   containing   the   PolyQ   resultant   from   the   cleavage   of   mutant   Htt,  

originating  R6/1,  R6/2  and  N-­171-­82Q  mice  model,  as  an  alternative  to   in  vivo  

models   was   developed   an   in   vitro   model   of   HD   by   infecting   E16   rat   striatal  

neurons   with   a   lentiviral   vector   encoding   the   first   171   amino   acids   of  mutant  

(82Q)   Htt.   The   high   transduction   rate   and   sustained   transgene   expression  

obtained  with   lentiviral   vectors   offer   a   new  opportunity   to   analyze  mutant  Htt-­

induced  cell  death  with  cytological,  molecular,  and  biochemical  methods.    

Taking   advantage   of   the   described   in   vitro  model,   Luthi-­Carter’s   group  

investigated   the   neuroprotective   actions   of   putative   SIRT2   inhibitors   AK-­1,  

AGK2  and  AK-­7  (Luthi-­Carter  et  al.,  2010;;  Taylor  et  al.,  2011).  Surprisingly,  HD  

cells   treated   with   AK-­1   show   a   transcriptomic   profile   in   which   the   enzymes  

involved   in   the   cholesterol   biosynthetic   pathway   are   downregulated,  

consequently   less   cholesterol   is   produced   in   these   striatal   neurons   which  

otherwise  show  sterol  accumulation.  Both  AK-­1  and  AGK-­2  reduce  the  nuclear  

trafficking  of  SREBP-­2,  and  by  doing  so  inhibit  the  transcription  of  target  genes,  

which   proteins   are   in   the   cholesterol   biosynthetic   pathway,   conferring  

neuroprotection  to  HD  cells  (Luthi-­Carter;;  Taylor  et  al.  2010).  

The  main  aim  of  this  chapter  is  to  elucidate  the  sterol  status  of  HD  primary  

striatal  cells,  and  to  identify  the  sterol  species  that  are  enriched  in  these  cells.  
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3.1.1.   In  vitro  model  of  Huntington’s  disease    
The   HD   in   vitro   model   used   in   this   thesis   consisted   of   primary   striatal  

neurons   isolated   from   E16   Sprague   Dawley   rats   (see   Material   and   Methods  

section   2.1),   and   infected   with   lentiviral   vectors   encoding   the   first   171   amino  

acids   of   human  Htt   containing   18   or   82   polyglutamine   repeats   (wild-­type   and  

mutant  Htt,   respectively:  Htt171-­18Q/82Q)   under   the   control   of   a   tetracycline-­

regulatable   promoter   (tetO).   The   Htt-­expressing   lentiviruses   were   applied  

together  with  a  vector  encoding  the  tetracycline-­controlled  transactivator  (tTA1)  

under  the  control  of  PGK  promoter  (which  confers  high  expression  in  neurons).  

In   the   absence   of   tetracycline,   tTA   binds   the   TRE   sequence   in   the   tetO  

promoter,  activating  transcription  of  the  downstream  gene,  in  this  case  Htt171-­

18Q/  82Q.    

It  has  been  shown  previously  that  Htt171-­82Q  expressing  primary  neurons  

generated   by   this   procedure   shows   progressive   neuropathology   including   the  

appearance  of   intracellular  Htt   inclusions  and  decreased  numbers  of  neuronal  

nuclear   antigen   (NeuN)   positive   cells   by   2-­3   weeks   post   infection   of  medium  

spiny  neurons  (Rudinskiy  et  al.,  2009).  Here  I  intend  to  characterize  the  in  vitro  

model   taking   advantage   of   the   same   methodology   previously   used   –   NeuN  

positive  cell  count  and  integrated  density  measurement  (Figure  3.1.3)  as  well  as  

performing  another  cell  death  assay-­  MTT  assay  (Figure  3.1.1).  

As  previously  shown  the  cholesterol  status  is  altered  after  11  days  in  this  

in  vitro  model  (Luthi-­Carter  et  al.,  2010),  therefore  for  consistency  purposes,  the  

experiments   presented   in   this   thesis   were   performed   at   the   same   time   point.  

The   characterization   of   the   in   vitro   model   was   then   undertaken   at   this   time  

point-­  DIV  13/  11  days  post  infection.  

  The   MTT   assay   consists   of   living   cells’   converting   MTT   (3-­[4,5-­

dimethylthiazol-­2-­yl]-­2,5   diphenyl   tetrazolium   bromide)   into   formazan   crystals  

(van  Meerloo  et  al.,  2011).  NeuN  (neuronal  nuclei)  is  neuronal  marker  encoded  

by  the  Fox-­3  gene  product,  and  its  decreased  expression  in  this  HD  model  was  

shown  previously  by  immunocytochemistry  (Rudinskiy  et  al.,  2009).    
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MTT   assay   analyses   showed   no   differences   in   cell   survival,   between  

control  primary  striatal  neurons  versus  cells  expressing  mutant  Htt  for  2  weeks  

in  culture  (Figure  3.1.1).  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  
Figure  3.1.1:  Validation  of  HD  model   in   vitro   using  MTT  assay.  At  13  days   in  culture  (DIV  
13),   primary  neurons  expressing  mutant  Htt   (Htt   171-­82Q),   did  not   present   differences   in   cell  

survival  when  compared  to  control  cells  (Htt  171-­18Q).  The  graph  represents   the  mean  of   the  

cell  survival  measured  by  MTT  assay  (OD  540  nm),  standard  bars  =  SEM.  

Striatal  cultures  plated  on  24  well  plates  were  seeded  at   the  same  density   (5x10^5  cells/  mL)  

and  maintained  in  the  same  conditions,  the  only  difference  was  the  virus  infection:  Htt  171-­18Q  

versus  Htt  171-­82Q.  Two  independent  experiments  were  considered  per  condition  and  10  wells  

were   analysed   (N=2,   n=20).   The   statistical   test   used   was   unpaired   t-­test   with   Welch’s  

correction,  and  non-­significance  (ns)  was  the  result  (p>0.05).  

  

  

From  the  data  obtained  by  the  MTT  assay,   I  observed  that  11  days  after  

transduction  mutant  Htt  does  not   cause  decrease   in  cell   viability   compared   to  

control  neurons.  

I   then   sought   to   assess   neurodegeneration   of   the   model   as   previously  

performed,  by  immunocytochemistry  (Rudinskiy  et  al.,  2009).  
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Primary  striatal  neurons  were  stained  with  NeuN  after  2  weeks   in  culture  

(Figure  3.1.2  A)  and  two  different  analyses  were  taken  into  consideration:  NeuN  

integrated  density  (Figure  3.1.2  B),  and  NeuN  cell  counts  (Figure  3.1.2  C)  (see  

Material   and   Methods   section   2.5).   NeuN   integrated   density   measurement  

allowed  me  to  quantify  the  degree  of  NeuN  (Fox-­3)  expression  as  an  indicator  

of   neuronal   viability   and   NeuN   cell   counts   aimed   to   quantify   the   number   of  

mature  neurons  alive  (Rudinskiy  et  al.,  2009).  

Primary   striatal   neurons   expressing   mutant   Htt   presented   significantly  

decreased  (p<0.0001)  NeuN  integrated  density  when  compared  to  Htt171-­18Q  

(Figure   3.1.2   A   and   B).   However,   the   numbers   of   NeuN   counts   were   similar  

between  the  two  conditions  (Figure  3.1.2  C).    

Also  important  for  characterising  the  model  was  to  assess  the  presence  of  

astrocytes  in  the  cultures.  Fixed  cultures  were  stained  with  Glial  fibrillary  acidic  

protein   (GFAP)   a   specific   astrocytic  marker.   This   showed   that   astrocytes   are  

localized   in   the   proximity   of   neurons   in   culture   (Figure   3.1.2   A).   The   precise  

quantification  of  astrocytes  is  difficult  due  to  their  structure  and  GFAP  staining,  

but  they  comprised  a  minority  of  cells  (e.g.  <20%).  
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Figure  3.1.2:  Validation  of  HD  model   in   vitro   by  NeuN  staining.  A-­  At  13  days   in  culture  
(DIV  13),  primary  neurons  were  fixed  and  stained  with  NeuN  and  GFAP.  NeuN  intensity  was  

higher   in   neurons   expressing  Htt   171-­18Q   compared   to   Htt   171-­82Q   (NeuN   panels-­green).  

The  presence  of  astrocytes  in  the  culture  was  evidenced  by  the  GFAP  staining  (GFAP  panels-­

red).  Merge   images   showed   astrocytes   surrounding   neurons   (Merge   panels).   Images   taken  

with  Nikon  TIRF  microscope  with  20x  objective,  scale  bar:  30  μm.  B-­  The  integrated  density  of  
NeuN  is  significantly  decreased  in  striatal  neurons  expressing  the  mutant  form  of  Htt  (Htt  171-­

82Q),  compared  to  wild  type.  C-­  NeuN  cell  counts  were  considered  per  field,  and  the  analyses  
showed  similar  number  of  NeuN  positive  structures  between  conditions  (Htt  171-­18Q  versus  

Htt   171-­82Q).  Neuronal   cultures   plated   on   24  well   plates  were   seeded  at   the   same  density  

(5x10^5  cells/  mL)  and  maintained   in   the  same  conditions;;   the  only  difference  was   the  virus  

infection:   Htt   171-­18Q   versus  Htt   171-­82Q.   Two   independent   experiments  were   considered  

per   condition   and   10  wells  were   analysed   (N=2,   n=20).   The   statistical   test   used  was  Mann  

Whitney  U   test   (Htt  171-­18Q  passed  normality   test,  however  Htt  171-­82Q  did  not,   therefore  

used  a  non-­parametric  test),  p<0.0001  (****),  ns  (non-­significance),  standard  bars  =  SEM.    

  

  

The  assessment  of  neurodegeneration  occurred  at  2  weeks  after  neuronal  

plating   and   at   this   stage   a   significant   decrease   in   NeuN   expression   was  

observed,   measured   by   integrated   density   (Figure   3.1.2   B)   but   no   significant  

cell  death  was  evaluated  by  NeuN  positive  nuclei  counts  (Figure  3.1.2  C).  I  can  

conclude  by  the  observed   in  Figure  3.1.2  that  at   this  stage  neurons  are  at   the  

beginning   of   the   neurodegenerative   process,   which   corresponds   to  what  was  

previously  shown  for  the  model  validation,  in  the  process  of  neurodegeneration  

caused   by   mutant   Htt   in   vitro,   NeuN   expression   decreases   before   neuronal  

death   occurs   (Regulier   et   al.,   2003).   This   provided   an   important   baseline  

measure   for   the   sterol   analyses,   to   confirm   that   no   overt   cell   death   had  

occurred  at  the  time  of  sampling.  
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3.1.2.   Sterol   accumulation   in   the   HD   model   evidenced   by   cholesterol  
oxidase  assay  and  filipin  staining.  

It   has   been   previously   demonstrated   that   primary   striatal   neurons  

expressing   mutant   Htt   (Htt171-­82Q)   showed   increased   sterol   levels   (Luthi-­

Carter  et  al.,  2010).  I  aimed  to  show  sterol  accumulation  in  our  HD  model  using  

the  cholesterol  oxidase  assay  (Luthi-­Carter  et  al.,  2010;;  Taylor  et  al.,  2011),  in  

order   to   replicate   previous   findings,   and   through   another   epifluorescence  

approach,  filipin  staining  (Trushina  et  al.,  2006b;;  del  Toro  et  al.,  2010).  

Cholesterol  accumulation  in  the  HD  model  was  demonstrated  by  using  the  

Amplex   red  cholesterol  oxidase  assay,  which   is  based  on  an  enzyme-­coupled  

reaction   that   detects   cholesterol   and   cholesteryl   esters.   Cholesteryl   esters   in  

the   sample   are   first   converted   into   cholesterol   through   in   vitro   hydrolysis   by  

cholesterol   esterase.   Then   cholesterol   is   oxidised   and   the   final   products   are  

hydrogen  peroxide   (H2O2)  and   the  corresponding  ketone  product.  Amplex   red  

detects  the  H2O2  and   in  the  presence  of  horseradish  peroxidase,  occurs  a  1:1  

stoichiometric  reaction  to  produce  highly  fluorescent  resorufin  (see  Material  and  

Methods  2.9.3).    

Cholesterol   oxidase   assay   analyses   showed   significantly   increased  

(p=0.01)  sterol   levels   in  Htt171-­82Q  cells,  compared   to  wild   type  striatal  cells,  

validating  the  previously  published  work  (Figure  3.1.3).  
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Figure  3.1.3:  Increased  sterol  content  in  Htt  171-­82Q  expressing  primary  striatal  neurons.  
Primary  striatal  neurons  (DIV  13)  were  lysed  and  sterols  levels  assessed  by  cholesterol  oxidase  

assay.  The  graph  represents   the  mean  of   the   total  sterols,  normalised   to  protein  content   from  

two   independent   experiments,   error   bars   =   SEM.      Total   sterol   quantification   showed   a  

significantly   higher   sterol   content   in  mutant  Htt-­exposed   neurons   (Htt   171-­82Q)   comparing   to  

their   wild   type   Htt-­exposed   counterparts   (Htt   171-­18Q).   Two   independent   experiments   were  

considered  per  condition  and  10  wells  were  analysed  (N=2,  n=20).  The  statistical  test  used  was  

unpaired  t  test  with  Welch’s  correction,  p=0.01  (**).  

  

  

In  order   to  better  understand  the  characteristics  of  sterol  accumulation   in  

the   model,   I   also   stained   primary   striatal   neurons   (2   weeks   in   culture)   with  

filipin,   a   small   molecule   that   specifically   binds   unesterified   cholesterol   and  

measured  the  integrated  density  by  confocal  microscopy  (Figure  3.1.4  A  and  B).  

Htt-­171-­82Q-­exposed   striatal   cultures   showed   a   higher   intensity   of   filipin  

fluorescence  (Figure  3.1.4  A).  This  observation  is  corroborated  by  the  analysis  

done   to   the   confocal   images   (Figure   3.1.4   B):   mutant   Htt   cells   presented   a  

significant   increase   (p<0.001)   in   filipin   integrated   density   compared   to   control  

cells.  
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Figure  3.1.4:  Unesterified  sterol  accumulation  in  Htt  171-­82Q  (mutant  Htt)  primary  striatal  
neurons.  A-­  Images  representative  of  primary  striatal  neurons  stained  with  filipin  (DIV  13).  Htt  
171-­82Q   primary   neurons   showed   higher   intensity   of   filipin   compared   to   Htt   171-­18Q   cells.  

Confocal   images   taken   with   Leica   microscope   at   60x   magnification,   scale   bar:   10   μm.   B-­  
Quantification  of  filipin  staining,  resulted  in  significantly  increased  integrated  density  of  filipin  in  

primary  striatal  neurons  expressing  Htt  171-­82Q.  Graph  represents  the  mean  of  3  independent  

experiments   (N=3,  n=9   -­   cover   slips).  The  statistical   test  used  was  Mann  Whitney  U   test   (Htt  

171-­18Q  passed  normality  test,  however  Htt  171-­82Q  did  not,  therefore  used  a  non-­parametric  

test),  p<0.0001  (****),  error  bars  =  SEM.    
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Both   cholesterol   oxidase   assay   (Figure   3.1.3)   and   filipin   staining   (Figure  

3.1.4)   results   validate   our   lab   previous   findings   of   sterol   accumulation.   The  

novelty   is   that  some  of   this  extra  cholesterol  exists   in  an  unesterified   form  (as  

determined  by  filipin  staining).  

  

3.1.3.   Cholesterol   accumulation   in   the   HD   model   occurs   in   the   plasma  
membrane  and  in  lysosomes.  

In  order   to  understand   the  site  of  sterol  accumulation   in   the  HD  model,   I  

have   co-­stained   striatal   neurons   with   filipin   and   either   a   plasma   membrane  

(Figure   3.1.5   A   and   B)   (Cell   MaskTM   deep   red   plasma   membrane   stain)   or  

lysosome  marker   (Figure   3.1.6)   (Lysotracker   red   DND-­99,   high   selectivity   for  

acidic  organelles).    

Figure   3.1.5   A   shows   primary   striatal   cells   expressing   Htt   171-­18Q   (top  

panels)  and  Htt  171-­82Q  (bottom  panels)  stained  with   filipin  after   loading  with  

plasma   membrane   marker.   It   is   noticeable   in   Figure   3.1.5   A   that   the   large  

percentage  of   the  unesterified   sterol   in   the   cells   is   in   the  plasma  membranes  

(merge   panel   in   both   conditions).   Moreover   the   plasma   membrane   dye   is  

stronger   in  Htt   171-­82Q   as   observed   in   Figure   3.1.5  A,  middle   panel.   As   the  

plasma  membrane  dye  has  affinity   for   lipids  and  due   to   the  higher  quantity  of  

cholesterol   in   the   plasma   membrane   of   Htt   171-­82Q,   the   co-­localization  

between  plasma  membrane  marker  and  filipin  stands  out  in  this  condition.    

Primary   striatal   neurons  expressing  Htt171-­82Q  presented  double   of   the  

integrated  density  of   filipin  staining  overlapping,   compared   to  control,  with   the  

plasma  membrane  labeling  (Figure  3.1.5  B).    
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Figure  3.1.5:  Unesterified  sterol  accumulation   in  Htt  171-­82Q  expressing  primary  striatal  
neurons   occurs   in   the   plasma   membrane.   A-­   Images   representative   of   primary   striatal  
neurons  co-­stained  with   filipin  and  plasma  membrane  marker   (Cell  MaskTM  deep   red  plasma  

membrane  stain)   (DIV  13),  showed  that  filipin  intensity  is  higher  in  primary  neurons  expressing  
mutant   Htt   (Htt   171-­82Q)   (Filipin   panel).   Plasma   membrane   marker   (PM)   images   showed  

neurons   from  both   conditions   retaining  positively   the  dye.  Merge   images   showed   that   in   both  

conditions   occurs   co-­localization   of   filipin   staining  with   plasma  membrane  dye,   indicating   that  

unesterified  cholesterol  is  component  of  plasma  membranes.    Confocal  images  taken  with  Leica  

microscope  at  60x  magnification,  scale  bar:  10  μm.  B-­  Quantification  of  filipin  integrated  density  
in   the   plasma  membrane,   showed   that  Htt   171-­82Q  neurons   exhibit  more   than   the   double   of  

filipin  in  plasma  membrane  positive  structures  compared  to  control  cells.  Graph  represents  the  

mean  of  3  independent  experiments  (N=3,  n=9  -­  cover  slips).  The  statistical  test  used  was  Mann  

Whitney   U   test   (samples   did   not   pass   normality   test,   therefore   used   a   non-­parametric   test),  

p<0.0001  (****),  error  bars  =  SEM.  
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The   results   obtained   in   Figure   3.1.5   show   increased   unesterifed   sterols  

(filipin   labeling)   in   plasma  membrane  of   cells   expressing  mutant  Htt   (Htt   171-­

82Q).  

  

However,   there   are   some   filipin-­positive   vesicular   structures   that   do   not  

co-­stain   with   the   plasma  membrane  marker   in   Htt171-­82Q   samples.   Staining  

with   the   lysosomal   marker   Lysotracker   red   DND-­99   revealed   these   to   be  

lysosomes.  

Lysosomal   counts   (Figure   3.1.6)   demonstrated   that   striatal   cells  

expressing  mutant  Htt  contain  more  lysosomal  vesicles  than  the  wild  type  cells.  
  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

Figure   3.1.6:   Htt   171-­82Q   expressing   cells   exhibit   an   increased   number   of   lysosomal  
vesicles  compared  to  Htt  171-­18Q  expressing  cells.  Striatal  neurons  (DIV  13)  were  fixed  and  
loaded   with   Lysotracker   red   DND-­99.   Lysosome   structures   counts   showed   that   neurons  

carrying   mutant   Htt   (Htt   171-­82Q)   exhibited   significantly,   p=   0.016   (*),   higher   numbers   of  

lysosomes   compared   to   control   cells.   Graph   represents   the   lysosomes   counted   per   image  

analysed  (Htt  171-­18Q  =  11  and  Htt  171-­82Q  =  8  images)  from  3  independent  experiments.  The  

statistical  test  used  was  unpaired  t-­tests  with  Welch’s  correction,  two–tailed,  error  bars  =  SEM.  
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LDL   receptors   at   the   plasma   membrane   receive   the   cholesteryl   ester  

enriched  lipoporteins.  These  are  transferred  to  lysosomes  which  ones  promote  

the   hydrolyses   of   cholesteryl   esters   to   be   distributed   to   other   organelles  

(Brasaemle   and   Attie,   1990).   Relocation   of   cholesterol   from   lysosomes   is  

protein   mediated   as   highlighted   by   mutation   in   NPC1   or   NPC2   causing   the  

neurodegenerative  disease  Niemann-­Pick  disease  type  C  (Vanier,  2015).  

Due   to   the   importance   in   intracellular   cholesterol   distribution   played   by  

lysosomes,   I   sought   to   investigate   whether   in   my   HD  model   cholesterol   was  

accumulating  in  those  organelles.  
  

Striatal  cells  from  both  conditions  (Htt  171-­18Q/82Q)  were  co-­stained  with  

filipin  and  the  lysosomal  marker-­  Lysotracker  (Ly).  A  positive  control  was  added  

to  this  experiment,  striatal  cells  treated  with  U-­18666A  compound,  which  mimics  

Niemann-­Pick   disease   type   C   (Cenedella,   2009)   as   inhibits   the   escape   of  

cholesterol   from   late   endosomes   and   lysosomes,   accumulating   sterols   in  

lysosomal  vesicles  (Liscum  and  Faust,  1989).  

Striatal   neurons   expressing   mutant   Htt   and   treated   with   U-­18666A      

exhibited  increased  filipin  staining  compared  to  control  neurons  (Figure  3.1.7  A-­  

filipin   painel).   Lysosomal   marker   (Ly)   labelled   structures   in   all   the   conditions  

(Figure  3.1.7  A  Ly  panels).  Merge  panel  and  zoom   images  presented   the  co-­

localization  of   lysosomal  vesicles  with   filipin   in  mutant  Htt  cells  and  U-­18666A  

treated   neurons.   However   wild   type   neurons   showed   less   obvious   co-­

localization   between   sterols   and   vesicles   (Figure   3.1.7   A  merge).   I   quantified  

the   intensity   of   filipin   staining   overlapping  with   Lysotracker   ds   red  DND-­99   in  

both  control  and  disease  cells  (Htt  171-­18Q/82Q),  as  well  as  U-­18666A  treated  

cells   (see  Material   and  Methods   section   2.7).   The   analyses   showed   that   HD  

neurons   contained   higher   levels   of   filipin   labeling   in   lysosomal   vesicles  

compared  to  control  cells.  Similar  values  were  acquired  from  the  analysis  to  U-­

18666A   treated   cells   compared   with   Htt   171-­82Q   neurons   (Figure   3.1.7   B),  

however  non-­statistically  significant  when  compared   to  wild   type  neurons  (due  

to  SEM  bar).  
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Figure   3.1.7:   Unesterified   sterol   accumulated   in   Htt   171-­82   expressing   neurons   co-­
localises  with  lysosomes.  Primary  neurons  expressing  Htt  171-­18Q,  Htt  171-­82Q  and  treated  
with   1.25  μM  of  U-­18666A   for   48h  were   fixed   at  DIV   13.  A-­  Representative   confocal   images  
showed   increased   filipin   staining   in  mutant  Htt   expressing   neurons,   and   in  U-­18666A   treated  

primary  cells,  compared  to  control  (Htt  171-­18Q)  (filipin  panel).  Lysosome  dye  (Lysotracker  red  
DND-­99)  showed   labelled  structures   in  all   the  conditions  (panel  Ly),  however  cells  expressing  

mut  Htt   (Htt  171-­82Q)  presented   filipin  engulfed   in   lysosome  positive  structures   (merge-­zoom  

panel)  as  showed  in  U-­18666A.  The  same  was  not  observed  in  Htt  171-­18Q.  Confocal  images  

taken   with   Leica   microscope   at   60x   magnification,   scale   bar:   10   μm.   B-­   Quantification   of  
integrated   density   of   filipin   in   lysosomes   showed   that   Htt   171-­18Q   presented   significantly,  

p=0.027   (*)   less   filipin   in   lysosomal   vesicles   compared   to   HD   cells.   Htt   171-­82Q   exhibited  

similar   values   compared   to   U-­18666A.   Graph   represents   the   average   of   3   independent  
experiments   (N=3,   n=12).   The   statistical   test   used  was   ANOVA   followed   by   Tukey’s  multiple  

comparison  test,  error  bars  =  SEM.  
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These   results   showed   that   lysosomes   in   striatal   neurons   expressing  

Htt171-­82Q  have  a  higher  intensity  of  filipin  staining  than  control  neurons.    

Overall,  the  filipin  staining  results  clarify  that  the  sterol(s)  accumulating  in  

the  HD  model  are  at  least  partly  in  unesterified  form;;  moreover,  they  localise  to  

the  plasma  membrane  and  lysosomal  vesicles.  
  

3.1.4.   Cholesterol   accumulation   in   the   HD   model   is   not   attributable   to  
changes  in  expression  of  cholesterol  synthesis  or  transport  genes.  

Previous   work   in   the   Luthi-­Carter   lab   using  microarray   gene   expression  

analysis  suggests  that  cholesterol  accumulation  in  Htt171-­82Q  cells   is  not  due  

to   gene   expression   dysregulation   (i.e.   neither   increased   expression   of  

cholesterol   synthesis   nor   decreased   transcription   of   transport   genes)   (Luthi-­

Carter   et   al.,   2010)).   In   order   to   re-­examine   this   question   and   extend   the  

analysis   to  specific  mechanisms  of  sterol   transport,   I  assessed  the  expression  

of   the   RNAs   encoding   several   key   sterol   regulatory   genes   (HMGCR,   LDLr,  

ABCA1,  ABCG4  and  APOE)  by  real-­time  quantitative  PCR.  

Real-­time   quantitative   PCR   (qRT-­PCR)   analyses   showed   no   significant  

changes   between   control   and   disease   conditions   in   the   mRNAs   measured:  

HMGCR,  LDLr,  ABCA1,  ABCG4  and  ApoE  (Figure  3.1.8).  
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Figure  3.1.8:  Sterol   accumulation   in  Htt   171-­82Q   expressing   primary   striatal   neurons   is  
not   attributable   to   changes   in   the   expression   of   genes   responsible   for   cholesterol  
synthesis   or   transport.   No   differences   were   observed   in   expression   of   mRNAs   encoding  
proteins  involved  in  the  cholesterol  biosynthesis  (HMGCR,  LDLr)  or  transport  (ABCA1,  ABCG4,  

ApoE)  between  Htt  171-­82Q  and  Htt  171-­18Q  expressing  cells.  Results  are  presented  as   the  

fold   change  mean   +/-­   SEM   of   three   independent   experiments  with   three   biological   replicates  

each   (N=3,   n=9).   Statistical   analysis   performed  was   unpaired   t-­tests  with  Welch’s   correction,  

were  non-­significance  (ns)  was  observed  (p>0.05).    
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These   results   are   consistent   with   previous   microarray   results   from   our  

laboratory  (Luthi-­Carter  et  al.,  2010).    

Since  sterol  biosynthesis  is  also  regulated  at  the  protein  level  through  the  

rate-­limiting  enzyme  HMGCR,   I  also  examined   levels  of   this  protein   in  our  HD  

system.   No   difference   is   detected   between   HD   and   control   conditions,   as  

observed  in  Figure  3.1.9  A  and  B.    
  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

Figure  3.1.9:  Sterol   accumulation   in  Htt   171-­82Q   expressing   primary   striatal   neurons   is  
not  attributable  to  an  increase  in  HMGCR  protein  expression.  A-­  Striatal  neurons  at  DIV  13  
were   lysed  and  used  for  western  blotting  analyses  with   the   indicated  antibodies  (HMGCR  and  

loading   control:   α-­tubulin).   No   differences   were   observed   between   the   two   conditions.   B-­  
Quantification   of   HMGCR   intensity   normalised   to   α-­tubulin,   resulted   in   non-­significant   (ns)  

differences   in  HMGCR  protein   expression  between   control   (Htt   171-­18Q)  and  mutant  Htt   (Htt  

171-­82Q)   expressing   neurons.   Protein   lysates   from   two   independent   experiments   (N=2,   n=4)  

was  used  to  perform  statistical  analyses  using  unpaired  t-­test  with  Welch’s  correction,  error  bars  

=  SEM.  
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The  trend  is  for  HMGCR  to  decrease,  rather  than  increase.    Therefore,  the  

accumulation   of   sterols   observed   by   the   cholesterol   oxidase   assay   (Figure  

3.1.1)   and   filipin   staining   (Figure   3.1.2   A   and   B)   is   not   a   consequence   of  

cholesterol   gene   expression   dysregulation,   or   increased   protein   levels   of  

HMGCR.  
  

3.1.5.   AK-­7,  a  putative  Sirt2  inhibitor,  inhibits  sterol  accumulation.  
It  has  been  demonstrated  that  AGK2  a  potent  SIRT2  inhibitor  rescued  the  

number   of   dopaminergic   neurons   due   to   a   α-­synuclein  mediated   toxicity   in   a  

Parkinson’s   disease   (PD)   model,   by   inclusion   enlargement   (Outeiro   et   al.,  

2007).  Given  the  evidence  that  Sirtuin  2  inhibition  ameliorates  the  phenotype  in  

models   of   PD,   our   lab   asked   whether   a   similar   effect   could   be   achieved   in  

models  of  HD.   It  was  observed   that  AGK2  and  AK-­1   rescued  striatal  neurons  

expressing  Htt171-­82Q  and   reduced   the  number  of   inclusions   (Luthi-­Carter  et  

al.,  2010).  Surprisingly  these  compounds  decreased  the  sterol   levels  exhibited  

by  HD  primary  striatal  neurons  via   inhibition  of  SREBP2  nuclear   translocation  

(Luthi-­Carter  et  al.,  2010).  

A  blood  brain  barrier  permeable  SIRT2  inhibitor,  AK-­7  has  been  identified  

and  tested,  by  the  Luthi-­Carter  lab,  as  a  compound,  which  successfully  reduces  

cholesterol  in  HD  neuronal  models  by  inhibiting  SREBP2  nuclear  trafficking  and  

therefore  diminishing  the  expression  of  sterol  biosynthesis  genes  (Taylor  et  al.,  

2011).    

In  order   to   reconfirm  the  sterol-­modulating  effect  of  AK-­7  on  my  hands,   I  

tested   10   µM   of   AK-­7   for   24   h,   and   assessed   sterol   status   by   cholesterol  

oxidase   assay.   This   analysis   showed   that   AK-­7   significantly   reduces   total  

sterols   in  our   in  vitro   striatal  neuron  HD  model   (Figure  3.1.10),  confirming   the  

previous  observations.    
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Figure  3.1.10:  AK-­7  decreased  sterol   in  Htt  171-­82Q  expressing  primary  striatal  neurons.  
Primary  striatum  neurons  infected  with  Htt  171-­82Q  treated  with  DMSO  (control)  or  10  μM  AK-­7  

for   24h,  were   lysed   (DIV   13)   and   sterol   status   assessed   by   cholesterol   oxidase   assay.   Total  

sterol   quantification   showed   a   significantly   (p=0.01)   decrease   in   sterol   content   in  mutant  Htt-­

exposed  neurons  (Htt171-­82Q)  treated  with  AK-­7  for  24  h,  comparing  to  the  non-­treated  control  

cells   (Htt171-­82Q   DMSO).   Data   from   2   independent   experiments   (N=2,   n=12)   was   used   to  

perform  statistical  analyses  using  unpaired  t-­tests  with  Welch’s  correction,  p=0.01  (*),  error  bars  

=  SEM.  
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3.1.6.   HD  model  cells   release  higher  amounts  of  24S-­hydroxycholesterol  
(24S-­OHC)  into  the  medium.  

Taking   into  account   the  results   that  sterols  accumulate   in   the  HD   in  vitro  

model   used   in   this   thesis,   showed   by   the   cholesterol   oxidase   assay   (Figure  

3.1.3)   and   filipin   staining   (Figure   3.1.4),   I   sought   to   determine   which   specific  

sterol   species   the   HD   neurons   accumulate.   One   sensitive   and   highly  

reproducible  method   for   such   analyses   is   isotope   dilution  mass   spectrometry  

(Marullo   et   al.,   2012),   which   was   thus   employed.   These   experiments   were  

undertaken  in  collaboration  with  the  laboratory  of  Dr.  Valerio  Leoni  (Fondazione  

I.R.C.C.S.  Instituto  Neurologico  Carlo  Besta).      
My   primary   objective   was   to   elucidate   the   sterol   species   (24S-­

hydroxycholesterol,   lanosterol,   lathosterol,   desmosterol   and   cholesterol)  

accumulating   in   striatal   neurons   expressing   mutant   Htt   (Table   3.1.1   A).  

However,   I   also   evaluated   whether   sterols   were   released   into   the   culture  

medium.   Therefore   the   culture  media  where   striatal   neurons  were   cultured   in  

was  also  analysed  implementing  the  same  technique  (Table  3.1.1  B).    

The   results   obtained   in   striatal   neurons   (normalized   to   protein   content),  

showed   significant   decrease   in   lanosterol   (p=0.0027),   lathosterol   (p=0.0021),  

desmosterol   (p<0.0001)   and   cholesterol   (p=0.0049)   in   Htt   171-­82Q   cells  

compared   to  Htt   171-­18Q   (Table   3.1.1A).  Regarding   24S-­OHC,   no   significant  

differences   were   detected   (p=0.5091)   (Table   3.1.1   A).      In   the   culture   media  

however,   24S-­OHC  was   detected   as   significantly   increased   (p=0.0064)   in  Htt  

171-­82Q  cells  compared  to  control  neurons  (Table  3.1.1  B,  Figure  3.1.11).  The  

other   sterols   analysed   (lanosterol,   lathosterol,   desmosterol   and   cholesterol)  

showed  no  differences  in  the  medium  between  the  two  conditions  (Table  3.1.1  

B).  
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Table  3.1.1:  Isotope  dilution  mass  spectrometry  sterol  profile  from  HD  model  neurons.  
A-­  Primary  striatal  cells  (DIV  13)  were  lysed  and  sterol  content  measured  by  isotope-­dilution  
mass  spectrometry.  The  profile  of  sterols  quantified  (lanosterol,  lathosterol,  desmosterol  and  

cholesterol)  showed  a  decrease   in   the  neurons  expressing  mutant  Htt   (Htt  171-­82Q).  24S-­

Hydroxycholesterol   (24S-­OHC)   showed   no   differences   between   the   two   conditions.  

Statistical  analyses  showed  in  the  table.  B-­  Culture  medium  was  collected  and  analysed  by  
isotope-­dilution   mass   spectrometry.   Neurons   exposed   to   Htt171-­82Q   released   more  

cerebrosterol   (24S-­OHC)   into   the   medium,   compared   to   H171-­18Q   cells.   No   differences  

were   encountered   regarding   the   other   sterols   studied   (lanosterol,   lathosterol,   desmosterol  

and  cholesterol).  Results   from  one  experiment,   samples   from  4  different  wells   (4   technical  

replicates),  (N=1,  n=4),  sent  for  analyses  in  the  laboratory  of  Dr,  Valerio  Leoni  (Fondazione  

I.R.C.C.S.  Instituto  Neurologico  Carlo  Besta).  The  statistical  test  performed  was  unpaired  t-­
test  with  Welch’s  correction,  significance  and  p  values  in  the  tables.  
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Figure  3.1.11:  Striatal  neurons  expressing  mutant  Htt  (Htt  171-­82Q)  fragments  release  
higher   amounts   of   24S-­hydroxycholesterol   (24S-­OHC)   into   the   medium.   Graph  
representative  of   the  24S-­OHC  measured   in   the  culture  media   (DIV  13)  by   isotope-­dilution  

mass   spectrometry.   Neurons   exposed   to   Htt171-­82Q   released   more   cerebrosterol   (24S-­

OHC)  into  the  medium,  compared  to  H171-­18Q.  Significance  determined  by  unpaired  t-­test  

with  Welch’s  correction,  where  p=0.0064  (**),  error  bars  =  SEM.    

  

Isotope  dilution  mass  spectrometry  analyses  of   the  cell  content  exhibited  

accumulation   of   the   sterols   analysed   (lanosterol,   lathosterol,   desmosterol   and  

cholesterol)   by   control   neurons   (Htt   171-­18Q),   counteracting   the   previous  

observations   from   the   cholesterol   oxidase   assay   (Figure   3.1.3)   and   filipin  

staining  (Figure  3.1.4).  The  cell  pellet  showed  no  significant  differences  for  24S-­

OHC   values,   however.   The   results   from   the   culture   medium   displayed   a  

significant   increase  of  24S-­OHC  detected   in   the  medium  of  mutant  Htt  striatal  

cells  (Table  3.1.1  B  and  Figure  1.1.11).    

    

CYP46A1  is  the  enzyme  responsible  for  the  conversion  of  cholesterol  into  

24S-­OHC   in   neurons.   In   order   to   test   whether   expression   of   mutant   Htt  

increased  24S-­OHC  via  an  increase  in  CYP46A1  gene  expression,  I  measured  

the  mRNA  of  CYP46A1  in  control  versus  HD  model  striatal  neurons.    

qRT-­PCR   analyses   of   CYP46A1   mRNA   levels   detected   no   difference  

between  wild  type  and  mutant  Htt  expressing  neurons  (Htt  171-­18Q  versus  Htt  

171-­82Q)  (Figure  3.1.12).      
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Figure  3.1.12:  CYP46A1  mRNA  is  not  upregulated  by  expression  of  Htt  171-­82Q.  CYP46A1  
mRNA  values,  from  neurons  at  DIV  13,  were  similar  in  both  conditions  (Htt  171-­18Q  versus  Htt  

171-­82Q).  Statistical  analysis  performed  was  unpaired  t-­  tests  with  Welch’s  correction;;  the  result  

was  non-­significant   (ns).  Data   from  3  experiments,  each  one  with  3   technical   replicates   (N=3,  

n=9),  error  bars  =  SEM.  

  

Therefore,  counter  to  the  hypothesis  that  increased  24S-­OHC  detected  in  

the  medium   (Table   3.1.1B   and  Figure   1.1.11)  was   caused   by  CYP46A1   over  

expression,  no  differences  in  mRNA  levels  were  observed.    

I   conclude   that   mutant   Htt   does   not   dysregulate   CYP46A1   gene  

expression   therefore   increased   24S-­OHC   levels   observed   in   the   medium  

(Figure  3.1.11)  are  not  a  reflexion  of  CYP46A1  overexpression.    
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3.1.7.   Discussion  
Taking  advantage  of   the  characterized   in  vitro  model  (Zala  et  al.,  2005)  I  

observed   significantly   increased   sterol   in   Htt   171-­82Q   expressing   primary  

striatal  neurons  when  compared  to  control,  Htt  171-­18Q  by  cholesterol  oxidase  

assay   (Figure  3.1.3)  and   filipin  staining   (Figure  3.1.4).  Taking   in  consideration  

these   results,   the   data   originated   by   IDMS   was   somewhat   surprising,   all   the  

sterols   analysed   in   the   cells   lysate,   except   for   24S-­OHC   were   significantly  

decreased   in   HD   striatal   neurons.   Has   been   described   that   in   vitro   neurons  

accumulate   about   40%   of   lanosterol   and   astrocytes   accumulate   cholesterol,  

moreover   the  cholesterol  synthesis  pathway  taking  place   in   these  cells  differs.  

Neurons  contain  mainly  precursors  of  the  Kandutsch-­Russel  pathway  including  

7-­dehydrocholesterol  and   lathosterol,  while  astrocytes  contained  precursors  of  

the   Bloch-­pathway   namely   desmosterol   (Figure   1.4)   (Nieweg   et   al.,   2009).  

Considering   this   knowledge   and   the   percentage   of   astrocytes   in   the   cultures  

being   about   20%   I   found   difficult   to   comprehend   the   high   values   of  

desmosterols   determined   by   IDMS   (Table   3.1.1).   Moreover   there   is   a  

dependent  relation  with  the  cholesterol  synthesis  and  efflux  (Lund  et  al.,  2003),  

therefore  how  can  Htt  171-­18Q  neurons  accumulate  those  levels  of  cholesterol  

and  Htt  171-­82Q  neurons  being  the  ones  releasing  significantly  increased  24S-­

OHC?  Due  to  the  lack  of  understanding  of  the  IDMS  results  there  is  the  urge  to  

repeat   these   experiments.   Perhaps   the   samples   preparation   was   not   the  

recommended  (Marullo  et  al.,  2012),  as  samples  should  have  been  prepared  by  

lipid   fraction   isolated   with   solvent   extraction   (hexane/isopropanol   3:2,   v/v)   as  

described   by   (Valenza   et   al.,   2005)   instead   of   the   protein   lysate   method   as  

described  previously  by  Del  Toro  (del  Toro  et  al.,  2010).  Nevertheless,  in  order  

to  quantify  the  protein  content  for  normalization  purposes  I  opted  for  the  second  

method.  

The  methods  used  to  quantify  cholesterol  by  filipin  and  cholesterol  oxidase  

assay  have  limitations  as  both  detect  sterols  with  the  3’OH  group  free,  which  is  

common  to  many  sterols  (Marullo  et  al.,  2012).    

Therefore   for   a   better   understanding   on   the   sterol   status   in   HD,   it   is  

needed   to   repeat   the   IDMS  considering  both  methods  of  samples  preparation  

and  broad  list  of  sterols  to  identify  and  quantify.  
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For   the   proper   statistical   analysis   of   filipin   staining   in   neurons   (Figure  

3.1.4)  and  in  the  plasma  membrane  (Figure  3.1.5),    I  opted  for  a  non-­parametric  

test  as   for  both  experiments   the  data   regarding  Htt  171-­82Q  did  not  pass   the  

normality  test.  This  fact  is  maybe  justified  by  a  model  limitation,  which  I  am  not  

aware   of   as   for   the  model   characterization   I   only   took   into   consideration   the  

neuronal   viability,  while   I   should  also  have  considered   the  expression  of  wild-­

type  and  mutant  Htt.  

Staining   with   the   lysosomal   marker   revealed   lysosomal   structures   in  

neurons   in   culture.   Assessment   of   the   number   of   lysosome   structures   per  

image   resulted   in   a   significant   higher   number   counted   in   the   neurons  

expressing   Htt171-­82Q   (Figure   3.1.6).   The   increased   prevalence   of  

endosomal/lysosomal  structures  has  also  been  observed  to  be  a  characteristic  

of  HD  neurons  by  other  groups  in  other  systems  (Kegel  et  al.,  2000;;  Ravikumar  

and  Rubinsztein,  2004;;  Qi  and  Zhang,  2014).  

In   concordance   with   previous   results   from   our   lab   and   counteracting  

others   who   performed   DNA   microarrays   analysis   applying   striatal   cells  

expressing  different  N-­terminal  548  amino-­acid  Htt   fragments  with  26,  67,  105  

or   118   glutamines   under   the   control   of   a   doxycycline-­regulated   promoter  

(Sipione   et   al.,   2002),   I   observed   that   the   increased   sterol   in   Htt171-­82Q  

expressing  neurons   is   not   paralleled  by   transcriptional   dysregulation  of   genes  

involved   in   the   cholesterol   synthesis   or   transport   (Figure   3.1.8)   or   due   to  

increased   translation   of   HMGCR   (Figure   3.1.9).   Nevertheless   would   be  

interesting   to   repeat   HMGCR   experiments   and   to   perform   few  more   western  

blot  analyses  to  the  genes  analysed  by  the  real  time  qPCR.    

As  the  increased  sterol  observed  in  the  HD  model,  may  be  detrimental  and  

contribute   to  disease,   the  existence  of   a   compound   that   penetrates   the  blood  

brain   barrier   and   effectively   decreases   total   sterols   is   promising   for  

therapeutics.  Similarly  to  what  was  previously  published  (Taylor  et  al.,  2011),  I  

observed   that   AK-­7   decreases   cholesterol   in   primary   striatal   neurons  

expressing  mutant  Htt  (82Q)  (Figure  3.1.10).  AK-­7  is  a  sirtuin  inhibitor,  and  the  

proposed  mechanisms   is   that   retaining   SREBP2   in   the   ER   downregulates   its  

target  genes  (Taylor  et  al.,  2011).    
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The   enzyme   responsible   for   oxidizing   cholesterol   to   24S-­OHC   is  

CYP46A1,  exclusively  expressed  by  neurons  (Lund  et  al.,  1999).  I  investigated  

whether   mutant   Htt   dysregulated   CYP46A1   expression   causing   its  

overexpression  which  could  explain  the  increase  of  24S-­OHC  release.  Counter  

to   the   hypothesis,   no   differences   in   CYP46A1   mRNA   levels   were   observed  

between   primary   neurons   expressing   wt   and   mutant   Htt.   This   suggests   that  

mutant   Htt   does   not   enhance   the   expression   of   CYP46A1.   Considering   the  

result   from   the   Isotope   dilution   mass   spectrometry,   I   have   to   rule   out   the  

possibility   that   increased   levels   of   cholesterol,   CYP46A1   subtract   is   the  

explanation   for   the   increased   levels   of   24S-­OHC   released   by   Htt   171-­82Q  

neurons,   as   this   was   found   decreased   in   the   cell   extract.      One   possible  

explanation  is  that  the  increased  levels  of  24S-­OHC  in  the  medium  of  Htt  171-­

82Q  neurons  due  to  increased  CYP46A1  activity,  which  would  be  an  interesting  

subject   of   future   work,   as   attempts   to   regulate   transcriptionally   CYP46A1  

resulted   in   the   finding   that   from   the   studied   compounds   only   oxidative   stress  

caused  a  significant  increase  in  transcriptional  activity    (Ohyama  et  al.,  2006).  
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3.2.   Assessing   the   effects   of   24S-­Hydroxycholesterol   on  
primary  striatal  neurons.  

Introduction:   The   N-­methyl-­D-­aspartate   receptor   (NMDAR)   belongs   to  
the  group  of   ionotropic  glutamate  receptors   (iGluRs),   together  with  AMPA  and  

kainate   receptors   (Traynelis  et  al.,   2010).  NMDARs  have  some  particularities:  

their   activation   requires   release   of   Mg2+(after   depolarization),   binding   of   the  

agonist   glutamate   and   the   co-­agonist   glycine.  Once   the   receptor’s   channel   is  

open,  it  is  highly  permeable  to  Ca2+  (Paoletti  et  al.,  2013).  

NMDARs  are  assembled  as  hetero-­tetramers,  most  commonly  composed  

of  GluN1  subunits  with  GluN2,  but  rarely  GluN3.  The  subunits  that  compose  the  

receptor   influence   its   biophysical   and   pharmacologic   properties,   as   well   as  

cellular   interacting  partners  and  subcellular   localization.  Moreover   the  receptor  

constitution   is  dynamic,  as  may  vary  during  development,   across  CNS  and   in  

the   occurrence   of   pathologies,   with   implications   for   the   network   function  

(Paoletti  et  al.,  2013).  

Presently,   seven   different   subunits   have   been   identified,   which   are  

encoded   by   7   different   genes:  GluN1,  GluN2   (GluN2A,  GluN2B,  GluN2C  and  

GluN2D)   and   GluN3   (GluN3A,   GluN3B)   (Paoletti   et   al.,   2013).   Functional  

NMDARs   require   the   assembly   of   the   obligate   GluN1   subunit,   as   is   the   one  

possessing   the   co-­agonist   glycine   binding   site   with   GluN2   to   form   glutamate  

binding  site  or  a  combination  of  GluN2  with  GluN3  (Traynelis  et  al.,  2010).    

NMDARs  play  an   important   role   in   the   regulation  of  excitatory  synapses,  

being   the   main   mediators   of   synaptic   transmission   (Paoletti   et   al.,   2013).  

Abnormal  NMDAR  activation  has  been  implicated  in  several  pathophysiologies  

including  Huntington’s  disease  (Sepers  and  Raymond,  2014).  

Huntington’s   disease   affects   primarily   striatal   medium   spiny   neurons  

(MSNs)   (Vonsattel   and  DiFiglia,   1998)   in   these   neurons   the  most      expressed  

subunits  of  NMDARs  are  GluN1  and  GluN2B  (Kumar  et  al.,  1997;;  Hallett  et  al.,  

2006).    

It  has  been  shown  that  the  presence  of  NR2B  in  the  NMDAR  complex   is  

sufficient   to  provoke  excitotoxicity  when   the  receptor   is  activated,   independent  

on  the  cellular   localization  (synapses  or  extrasynapses)  (Liu  et  al.,  2007).  This  

fact  explains  the  selective  sensitivity  of  MSNs  for  excitototoxic  insults.  
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Pharmacological   targeting   of   NMDARs   as   an   attempt   to   ameliorate   HD  

has   been   done   without   success   (Sepers   and   Raymond,   2014).   NMDARs  

contain   in   their   N-­terminal   regulatory   sites   where   small   ligands   acting   as  

specific  allosteric  modulators   can  bind.  Targeting   this  allosteric   sites   seems  a  

beneficial  approach  for  the  discovery  of  new  pharmacologic  compounds,  able  to  

modulate  NMDARs.  

Nowadays,   the  most   promising   range   of   compounds   to   target   NMDARs  

are   allosteric   ligands.  Allosteric   binding   sites   are   less   conserved   than   agonist  

binding   site   and   channel   pore,   granting   the   possibility   for   subunit   selectivity  

(Paoletti  et  al.,  2013).  

The   identification  of   the   first  allosteric  modulators  occurred  more   than  20  

years  ago.  The  modulator  reported  was:  ifenprodil,  which  antagonizes  NMDARs  

(Williams,   1993).   More   recently   the   specific   brain   oxysterol   24S-­

hydroxycholesterol   (24S-­OHC)   was   found   to   function   as   positive   NMDA  

allosteric   modulator   (Paul   et   al.,   2013).   24S-­OHC   was   shown   to   selectively  

potentiate   NMDAR   mediated   EPSCs   in   rat   hippocampal   neurons   and   to  

enhance   the   ability   of   subthreshold   stimuli   to   induce   long-­term   potentiation  

(LTP)  in  hippocampal  slices,  moreover  was  able  to  reverse  LTP  deficits  induced  

by  ketamine  a  NMDAR  channel  blocker  (Paul  et  al.,  2013).  

The   cholesterol   turnover   in   the   brain   is   regulated   by   the   oxidation   of  

cholesterol   into   24S-­OHC   by   the   enzyme   CYP46A1   (Lund   et   al.,   1999).  

Moreover  24S-­OHC   is  more  polar  and  water-­soluble   than   its  precursor  and   is  

able   to   traverse   the   plasma   membrane.   This   mechanism   is   postulated   to  

prevent   accumulation   in   neurons   (Bjorkhem   et   al.,   1997).   Nevertheless   was  

recently  described  that  ABCA1  actively  eliminates  24S-­OHC  from  neuronal  cells  

(Matsuda   et   al.,   2013).   In   addition   to   permeating   brain   cells,   24S-­OHC   can  

cross   the   blood   brain   barrier   (BBB)   and   be   released   into   the   bloodstream  

(Bretillon  et  al.,  2000).    

In  Section  3.1  I  identified  the  sterol  species  enriched  in  the  medium  of  Htt  

171-­82Q  striatal  neurons  as  24S-­OHC.  Therefore   the  aim  of   this  chapter   is   to  

understand   the   functional   and   physiologic   effects   of   24S-­OHC   upon   primary  

striatal  neurons.  
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In  this  thesis  and  in  the  context  of  an  in  vitro  HD  model,  I  aimed  to  explore  

the   potential   role   of   this   molecule   in   HD   pathogenesis.   One   aspect   of   this  

involved   evaluating   whether   24S-­OHC   might   specifically   enhance   NMDAR-­

mediated  excitotoxicity.  
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3.2.1.   24S-­hydroxycholesterol  (24S-­OHC)  is  neurotoxic  to  primary  striatal  
cells.  

To   determine   the   effect   of   24S-­OHC   on   the   viability   of   primary   striatal  

neurons,   these   cells   were   treated   with   varying   concentrations   of   24S-­OHC  

(0.25,  0.5,  1,  2  and  10  μM)  for  24  h.  Neuronal  survival  was  measured  by  NeuN  

positive   staining   cell   counts,  which   one   accounts   for   the   specific   presence   of  

mature   neurons   (Kim   et   al.,   2009;;   Lavezzi   et   al.,   2013)      (see   Material   and  

Methods   section   2.5.1).   24S-­OHC   exhibited   cytotoxicity   in   a   concentration-­

dependent  manner  as  can  be  observed   in   the   representative   images  of  NeuN  

staining   (Figure   3.2.1   A)   and   in   the   graph   (Figure   3.2.1   B).   Even   the   lowest  

24S-­OHC   concentration   used   (0.25   μM)   caused   significant   cell   death  

(p=0.0295).  When  neurons  were  treated  with  10  μM  of  24S-­OHC  for  24  h,  cell  

survival  was  38%  of  control  (DMSO  alone)  (Figure  3.2.1  B).    
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Figure  3.2.1:  24S-­OHC   is  cytotoxic   to  primary  striatal  neurons.  Primary  striatal  neurons  at  
DIV  13  were  treated  with  increasing  concentration  of  24S-­OHC  (0.25,  0.5,  1,  2  and  10  μM)  for  

24  h.  Cell  survival  was  assessed  by  NeuN  positive  cell  counts.  A-­  Microscopic  images  of  striatal  
neurons   stained   with   NeuN   are   representative   of   cell   loss   caused   by   the   application   of  

increasing   concentrations   of   24S-­OHC.   B-­   24S-­OHC   treatment   generally   resulted   in  
proportionally   greater   striatal   neuron   loss   with   increasing   concentrations   tested.      One-­way  

ANOVA   statistical   test   determined   that   the   treatment   between   conditions   was   significant  

(p<0.0001),  and  when  applied  Dunnett’s  multiple  comparison  test  the  result  showed  that  all  the  

24S-­OHC   concentrations   tested   resulted   in   statistical   significance:   0.25   μM   p=0.0295   (*),   0.5  

μM   p=0.0410   (*)   and   for   1   to   10   μM   p<0.0001   (****).   The   graph   represents   the  mean   of   the  

NeuN-­positive   cell   counts   per   field   +/-­   SEM  of   two   independent   experiments  with   6   technical  

replicates   (N=2,   n=6).   Images   were   taken   using   a   Nikon   eclipse   Ti   microscope   at   20x  

magnification,  scale  bar:  100  μm.  

  

3.2.2.   Possible   relationships   of   24S-­OHC   and   NMDA   receptor   related  
toxicities.  

When  looking  for  evidence  of  possible  neurotoxic  effects  in  the  literature,  I  

came  across   the   study   of   (Paul   et   al.,   2013),  which   identified   24S-­OHC  as   a  

potent   allosteric   modulator   of   the   NMDA   receptor   in   hippocampal   neurons.  

Therefore,   I   sought   to   investigate  weather   24S-­OHC   can   promote  HD-­related  

excitotoxicity.  

One   prominent   and   longstanding   hypothesis   in   HD   has   been   that  

excitotoxic   damage   via   overactivation   of   NMDA   receptors   plays   a   role   in  

degeneration  of  striatal  medium  spiny  neurons  (MSNs)  (DiFiglia  1990).    Thus  I  

aimed   to   address   whether   24S-­OHC  was   playing   the   role   of   NMDA   receptor  

allosteric  modulator   in  primary  striatal  neurons   in  vitro,  potentiating   its  effects.  

To   assess   these   effects,   I   used   calcium   imaging,   extracellular  multi-­electrode  

array  electrophysiology  and  NeuN  positive  cells  counts.  

To   study   the   effects   on  NMDA   receptor   I   found   important   to   control   the  

environment,  meaning  the  neuronal  solution  during  the  experiments,  which  one  

had   to   contain  glucose,  glycine  and  could  not   contain  neither  magnesium  nor  

zinc.  As  neurobasal  medium   is   constituted  with  magnesium  and  zinc   I   had   to  

look   for   a   proper   solution,   which   I   found   cited   in   Xifro   et   al.   denominated   as  

Locke’s   solution   (see   Material   and   Methods   section   2.8)   (Xifro   et   al.,   2008).  

Therefore   I   investigated   the   effects   of   24S-­OHC   on   neuronal   survival   in  
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conditioned  environment  using  Locke’s   solution  a  medium   that  has  previously  

reported  (Xifro  et  al.,  2008).  

Primary   striatal   neurons   at   DIV   13   were   treated   with   increasing  

concentrations  of  24S-­OHC  (0.25,  0.5,  1,  2  and  10  μM)   for  20  min   in  Locke’s  

solution   (see  Material   and  Methods   section   2.8   for   details).   Cell   survival   was  

assessed   24   h   later   by   NeuN   staining,   which   showed   increased   cell   loss  

dependent  on  24S-­OHC  concentrations  (Figure  3.2.2  A).  The  NeuN  counts  from  

the   microscope   images   were   averaged   and   plotted   against   24S-­OHC  

concentrations.  The  graph  is  concordant  with  the   images,  showing  that  striatal  

neurons  showed  a  decrease,  although  not  significant,   in  number  when  treated  

with   0.5   μM  of   24S-­OHC   (27%  cell   death,   p=0.997).     Under   these   conditions  

24S-­OHC   exhibited   significant   (p<0.0001)   cytotoxicity   to   striatal   cells   at  

concentrations  from  1  μM,  causing  more  than  80%  cell  death  (Figure  3.2.2  B).  
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Figure   3.2.2:  24S-­OHC   is   a   potent   neurotoxic   agent   in   Locke’s   solution.   Primary   striatal  
neurons  at  DIV  13  were  treated  with  increasing  concentrations  of  24S-­OHC  (0.25,  0.5,  1,  2  and  

10  μM)   for  20  min   in  Locke’s  solution   (see  Material  and  Methods  section  2.8   for  details).  Cell  

survival  was   assessed   24h   later   by  NeuN   staining.  A-­  Microscopy   images   of   striatal   neurons  
stained   with   NeuN   are   representative   of   cell   loss   caused   by   the   application   of   increasing  

concentration  of  24S-­OHC.  B-­  24S-­OHC  caused  significant  cell   loss  compared  to  control.  Cell  
viability  was  assessed  24h  after  treatments  and  NeuN  cell  count,  averaged  and  plotted  per  24S-­

OHC  concentrations.     One-­way  ANOVA  proved   that  24S-­OHC  had  a  significant  effect  on  cell  

survival   (p<0.0001).   The  graph   shows   that   primary   neurons   treated  with   0.5  µM  of   24S-­OHC  

suffered  27%  cell  loss  (Dunnett’s  multiple  comparison  test  p=0.0997,  not  significant),  increasing  

to  75.3%  with  1  μM  were  p<0.0001  (****),  2  and  10  µM  of  24S-­OHC  treatment  corresponded  to  

78.7%  and  75.6%  of  cell  death   respectively.  The  graph   represents   the  mean  NeuN  count  per  

field   +/-­   SEM   of   two   independent   experiments   with   3   technical   replicates   each   (N=2,   n=6).  

Images  were  taken  using  Nikon  eclipse  Ti  microscope  at  20x  magnification,  scale  bar:  100  μm.  

  

These  results  suggest  that  24S-­OHC  is  toxic  to  striatal  neurons  in  culture.  

Concentrations   from  1   µM  of   24S-­OHC   in   Locke’s   solution   caused   significant  

cell  death  (Figure  3.2.2).  When  applied  in  Locke’s  solution  the  effect  observed  

was   similar   to   when   applied   in   the   medium   (Figure   3.2.1),   which   shows  

consistency  of  toxicity  caused  by  24S-­OHC.    

  

GluN1   and   GluN2B   are   the   two   main   subunit   isoforms   of   NMDAR   in  

medium  spiny   neurons   in   vivo   (Kumar   et   al.,   1997;;  Hallett   et   al.,   2006)   and   I  

wanted  to  determine  whether  these  subunit  isoforms  were  expressed  in  primary  

striatal   neurons   in   vitro.   In   order   to   visualise   the   isoforms   in   these   neurons   I  

stained  primary  striatal  cells,  at  DIV  13  with  GluN1  and  GluN2B  antibodies.  

Representative   images   of   immunofluorescence   showed   a   ubiquitous  

distribution  of  GluN1  and  GluN2B  in  primary  striatal  neurons  (Figure  3.2.3).  As  

negative  control  I  incubated  the  fixed  cultures  only  with  secondary  antibody.  No  

background  fluorescence  was  observed.  
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Figure   3.2.3:   Expression   of   NMDA   receptor   subunit   isoforms   GluN1   and   GluN2B   in  
primary  striatal  neurons.  Primary  striatal  neurons  at  DIV  13  were  fixed  and  stained  with  GluN1  
or   GluN2B   to   evaluate   the   expression   and   localization   of   NMDA   receptor   subunit   isoforms  

(GluN1   and   GluN2B).   Representative   images   of   immunofluorescence   showed   a   ubiquitous  

distribution   for   NMDA   receptor   subunits   in   primary   striatal   neurons   (Alexa   fluor   488-­green).  

Hoechst   labelled   the   nucleus.   Images   were   taken   using   Leica   confocal   microscope   at   60x  

magnification,  scale  bar:  10  μm.  

  

The  two  main  isoforms  of  NMDAR  in  striatal  neurons  are  expressed  at  DIV  

13  in  vitro.  

  

3.2.3.   24S-­OHC  effects  via  NMDA  receptors.  
In   order   to   study   the  possible   role  of   24S-­OHC  as  an  NMDAR  allosteric  

modulator   in   striatal   neurons   (Paul,   Doherty   et   al.   2013)   I   used   a   calcium-­

imaging   technique.   The   extracellular   calcium  entry   in   neurons   occurs   through  

NMDARs  and  voltage  gated  calcium  channels   (Verkhratsky,  2005),   therefore   I  

thought   that   the   calcium   influx  measurement   in  primary   striatal   neurons  could  

be  a  readout  for  the  upregulation  of  NMDAR  activity  by  24S-­OHC.  

  

Primary   striatal   neurons   at   DIV   13   in   vitro  were   expected   to   respond   to  

NMDA  application.  To  test  this  hypothesis,  I  imaged  the  culture  for  200  frames  
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(taken   at   intervals   of   500  ms)   and   at   the   40th   frame,   100   µM   of   NMDA  was  

applied.   In  Figure  3.2.4  A   it   is  possible   to  see   that   the  cells   in   the   left  bottom  

corner,  “after  100  µM  NMDA”  panel,   increased  the  intensity  (from  0%  -­  blue  to  

100%   -­yellow),   corresponding   to   higher   levels   of   free   calcium   in   the   cell.   By  

plotting  the  analysis  of  all  images  as  changes  in  fluorescence  intensity  ((DF/F0),  

for  more  details  see  Material  and  Methods  section  2.16)   into  Z  axis  profile   the  

data  can  be  visualised  as  an  intensity  graph  (Figure  3.2.4  B),  which  one  shows  

a  peak  of  intensity  at  the  40th  frame-­  when  NMDA  was  applied.    

  

  

  

  

  

  
  

Figure   3.2.4:   Primary   striatal   cells   respond   to   100   μM   NMDA   application   in   Locke’s  
solution.  Primary  striatal  neurons  at  DIV  13  were   loaded  with  2  μM  Fluo-­4  bathed   in  Locke’s  

solution  and  100  μM  NMDA  was  applied  at   the  40th   frame   (image  –  DF/F0,   composed  of  200  

frames).   A-­   Neurons   responded   to   NMDA   application   with   increased   fluorescence   intensity,  
from  0%  (blue  pseudocolored  neurons)  to  100%  (yellow  pseudocolored  neurons),  panel  image:  

after  100  μM  NMDA  application.  B-­  The  graph,  representing  image  plot  Z  axis  profile  resulted  in  
mean  intensity  per  field  over  frame,  shows  increased  intensity  at  40th  frame,  when  NMDA  was  

applied.  Figure   representative  of  3   independent  experiments.   Images  were   taken  using  Nikon  

eclipse  TE  2000-­U  microscope  at  20x  magnification,  scale  bar:  100  μm.  

  

  

  

0%   100%  
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MK-­801  was  used  to  confirm  that  the  observed  effect  of  NMDA  application  

was  indeed  due  to  increased  flux  of  calcium  in  the  cells  through  NMDAR.  Pre-­

treatment   of   primary   striatal   neurons   with   25   µM   of   MK-­801   (Figure   3.2.5)  

blocked  the  previously  observed  effect  (Figure  3.2.4)  of  100  µM  of  NMDA.    

As  observed  in  Figure  3.2.5,  neurons  treated  with  MK-­801  were  insensitive  

to  NMDA  application.  Calcium  was   inhibited   to  enter   the  cell   through  NMDAR  

therefore   no   change   in   fluorescence   was   observed   upon   NMDA   application.  

MK-­801   efficiently   blocked   NMDAR,   which   consequently   impeded   calcium   to  

enter  the  cells.  

  

  

  

  

  
  

Figure  3.2.5:  Primary  striatal   cells  do  not   respond   to  NMDA   in   the  presence  of  MK-­801.  
Primary  striatal  neurons  at  DIV  13  were  loaded  with  2  μM  Fluo-­4,  pre-­treated  with  25  μM  of  MK-­

801  and  bathed   in  Locke’s   solution.  At   the  40th   frame,  100  μM  of  NMDA  was  applied   (image  

composed   of   200   frames).  A-­   Striatal   neurons   did   not   respond   to   NMDA   application.   Before  
NMDA   and   after   100   μM   of   NMDA   there   are   no   differences   in   intensity,   as   seen   by   the  

continues  blue  pseudocolored  neurons  in  both  panels.  B-­  The  graph,  representing  image  plot  Z  
axis  profile  resulted  in  mean  intensity  per  field  over  frame,  shows  no  increased  intensity  at  40th  

frame,   when   NMDA   was   applied.   The   decreased   intensity   observed,   over   frames,   is   due   to  

bleaching.  Figure  representative  of  3  independent  experiments.  Images  were  taken  using  Nikon  

eclipse  TE  2000-­U  microscope  at  20x  magnification,  scale  bar:  100  μm.  
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Paul   et   al   have   previously   shown   that   24S-­OHC   is   a   selective   positive  

allosteric  modulator  of  NMDARs  in  rat  hippocampal  neurons  (Paul  et  al.,  2013).  

Therefore  I  aimed  to  evaluate  whether  24S-­OHC  potentiates  NMDAR  effects  in  

striatal  cells,  taking  advantage  of  this  calcium  imaging  technique.  

I  performed  the  calcium  imaging  experiments  adapting  the  protocol  to  the  

conditions  described  in  (Paul  et  al.,  2013).  That  being  the  case  I  treated  primary  

striatal  neurons  with  10  µM  24S-­OHC  and   then  puffed  10  µM  NMDA  onto   the  

cells.  Primary  striatal  neurons  at  DIV  13  were  loaded  with  2  µM  Fluo-­4  and  then  

bathed  in  Locke’s  with  10  µM  24S-­OHC  (or  the  same  volume  of  DMSO).  Cells  

were   pre-­incubated   for   5  minutes   and   after   that   time,   were   imaged   over   120  

frames,  during  which  10  µM  of  NMDA  was  puffed  into  the  centre  of  the  dish  at  

the  40th  frame,  as  indicated  by  the  phase  image  in  Figure  3.2.6  A  and  B.  

As  observed   in  Figure  3.2.6  A,  an   increase   in   fluorescence   intensity  was  

only  observed   in  one  neuron  among   the   field  of  cells  after  NMDA  application,  

with  a  rapid  decay  in  intensity  immediately  afterwards  (see  accompanying  time  

histogram).   In   Figure   3.2.6   B   it   is   evident   that   a   higher   number   of   cells,  

compared   to   A,   show   an   increase   in   fluorescence   intensity   after   NMDA  

application,   indicating   that   striatal   neurons   are   more   sensitive   to   NMDA  

application   after   being   incubated   with   10   µM   of   24S-­OHC   as   compared   to  

Locke’s  and  DMSO  alone  (3.2.6  A).  Moreover  after  the  peak  of  intensity  at  the  

40th   frame,   the   intensity  does  not   lower   to   zero   (3.2.6  B  graph).  Furthermore,  

neurons   in   other   quadrants   of   the   field   continued   responding   to   NMDA  

application  afterwards,  as  observed  in  Figure  3.2.6  B  panel  “111th  frame”.    

All   the   neurons   that   responded   to   NMDA   application   (increased  

fluorescence  intensity  of  the  calcium  indicator  dye)  were  analysed  by  averaging  

their   intensity   over   time   (at   each   recorded   frame)   and   plotted   in   the   graph  

(Figure  3.2.6  C  with  SEM,  D  and  E  without  SEM).  There  is  no  difference  in  the  

maximum  intensity  (at  40th  frame,  when  NMDA  was  applied)  between  neurons  

bathed   with   24S-­OHC   compared   to   Locke’s   (Figure   3.2.6   C   and   D).   The  

observable   difference   is   the   increased   calcium   influx   in   neurons   bathed   with  

24S-­OHC  after  100   frames,  which   reaches   levels  of   intensity  close   to   the   first  

peak   at   40th   frame   (Figure   3.2.6   E   curve   only   10   µM   24S-­OHC   and   10   µM  

NMDA).  This  difference  is  illustrated  by  the  observable  increased  fluorescence  
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in  neurons  in  Figure  3.2.6  B  (111th  frame).  While  in  the  cultures  not  treated  with  

24S-­OHC,  the  neurons  that  responded  after  NMDA  application  (40th  frame)  may  

respond  a  second  time  (113th  frame),  with  lower  intensity  of  calcium.  

The   number   of   neurons   that   responded   to   NMDA   application,   as  

measured   by   increased   intracellular   free   calcium,   were   counted   per  

field/experiment   and   plotted   (Figure   3.2.6   F).   More   primary   striatal   neurons  

incubated  with  10  µM  of  24S-­OHC  responded  to  subsequent  NMDA  application  

compared  to  neurons  incubated  in  Locke’s  alone  (F  test  to  compare  variances  

resulted   in  p=0.0022).  This   indicates  that  cells  exposed  to  24S-­OHC  are  more  

sensitive  to  application  of  10  µM  of  NMDA  in  comparison  to  neurons  incubated  

in  Locke’s  alone  (Figure  3.2.6  F).  

  

  

  

  

  

  
  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  



   127  

  

  

  

  

  

  

  

  

  

  

  

  

  



   128  

Figure   3.2.6:  Primary   striatal   neurons   in   the   presence   of   10   μM   24S-­OHC   exhibited   an  
increased   response   to   calcium   influx   after  NMDA  application.  Primary  striatal  neurons  at  
DIV  13  were  loaded  with  2  μM  Fluo-­4  bathed  in  Locke’s  solution  with  DMSO  or  Locke’s  solution  

with  10  μM  24S-­OHC.  10  μM  of  NMDA  was  applied  at  the  40th  frame  (image  composed  of  120  

frames).  A-­  Control  striatal  neurons   in  Locke’s:  Phase  image  shows  patch  pipette  position.  
Before  NMDA,  neurons  do  not  show  calcium   indicator   fluorescence   in   the  soma  (0%   intensity  

correspondent   to   blue   pseudocolorized   neurons).   At   the   46th   frame   a   cell   showed   increased  

fluorescence   intensity.   At   the   113th   frame   a   cell   close   to   the   pipette   localization   showed  

increased   intensity.   The   graph   represents   image   plot   Z   axis   profile   resultant   of   the   mean  

intensity   per   field   over   frame,   shows   increased   intensity   at   the   40th   frame   when   NMDA   was  

applied,   exhibiting   maximum   a   intensity   of   0.03.   The   intensity   decreased   to   zero   after   the  

stimulus.  B-­  24S-­OHC  bathed  neurons:  Phase  image  shows  the  patch  pipette  position.  Before  
NMDA  neurons  do  not  show  calcium  indicator  fluorescence  in  the  soma.  At  the  48th  frame  four  

cells   showed   increased   fluorescence.   At   the   111th   frame   multiple   cells   throughout   the   field  

presented   increased   fluorescence.   The   graph,   representing   image   plot   Z   axis   profile   of   the  

mean  intensity  per  field  over  frame,  shows  increased  intensity  at  40th  frame,  when  NMDA  was  

applied   resulting   in   maximum   intensity   of   0.05.   The   intensity   did   not   decrease   to   zero  

maintaining  a  plateau  at  0.03  until   the  last  frame:  120.  C-­  The  DF/F0  intensity  of  the  regions  of  
interest  (neurons  that  increased  calcium  influx  upon  NMDA  application)  from  the  two  conditions:  

Locke’s  and  10  μM  24S-­OHC  was  determined,  averaged  and  plotted  over   frames.  The  graph  

represents   the  mean  +/-­  SEM  of   those   intensities  over   the   frame.  Neurons  bathed   in   Locke’s  

showed   two   peaks   of   response   at   40th   (NMDA   application)   and   before   the   100th   frame,   the  

second  with  lower  intensity.  Striatal  neurons  bathed  in  10  μM  of  24S-­OHC  showed  one  peak  of  

fluorescence  intensity  at  40th  which  remained  elevated  afterwards.  D-­  Graph  represents  graph  C  
without   SEM   bars,   for   easier   visualization.  E-­   The   striatal   neurons   pre-­incubated  with   10   μM  
24S-­OHC,  far  from  the  pipette,  responded  later  to  NMDA  application:  111th  frame.  The  intensity  

continued  increasing  until  the  last  frame  measured:  120.  F-­  The  graph  represents  the  count  of  
neurons  responding  to  NMDA  over  the  120  frames.  An  increased  number  of  neurons  bathed  in  

10  μM  of  24S-­OHC  responded  to  10  μM  NMDA,  compared  to  those  bathed  in  Locke’s  (F  test  to  

compare   variances   resulted   in   p=0.0022   (**).   Images   and   graphs   representative   of   2  

independent   experiments.   Images  were   taken   using  Nikon   eclipse   TE   2000-­U  microscope   at  

20x  magnification,  scale  bar:  100  μm.  

  

  

I  concluded  that  10  µM  of  24S-­OHC  effectively  increased  the  sensitivity  of  

neurons  to  10  µM  of  NMDA.    
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I  next  took  advantage  of  the  cutting  edge  technique  Multi  Electrode  Arrays  

(MEA)   to   further   demonstrate   the   action   of   24S-­OHC   to   potentiate   NMDAR  

actions.   A  mixed   culture   of   primary   striatal   neurons   (GABAergic)  with   cortical  

and  thalamic  neurons  (glutamatergic),  were  cultured   in  one  well  MEA  vessels.  

The  purpose  of   the  mixed  culture  was  to  better  mimic  the  brain,  and  to  confer  

glutamatergic   inputs   to   the   GABAergic   cells   from   the   striatum,   such   that   the  

neuronal  population  would  be  electrophysiologically  active.  

In  Figure  3.2.7  A  is  observable  the  sporadic  population  burst  that  occurred  

when   the   MEA   was   recorded   for   the   mixed   culture   (DIV   19)   without   any  

treatment.   Upon   administration   of   2   µM   of   24S-­OHC   (Figure   3.2.7   B),   the  

population   bursts   were   more   frequent   in   time   (ms)   and   presented   higher  

amplitude  (Hz).  

  

  

  

  

  

  

  

  

  

  

  

  
Figure  3.2.7:   24S-­OHC   increases   the   population   bursts   amplitude   (Hz)   and   rate   (ms)   of  
mixed   neuronal   cultures.  A-­  Histogram  shows  sporadic   firing   from  striatal  neurons   (DIV  19)  
grown   with   glutamatergic   inputs   (cortex   and   thalamus)   with   few   population   bursts   with   low  

amplitude  (Hz).  B-­  Population  bursts  were  more  frequent  and  presented   larger  amplitude  (Hz)  
after  primary  striatal  neurons  (DIV  19)  cultured  with  glutamatergic  inputs  (cortex  and  thalamus),  

were  treated  with  2  μM  of  24S-­OHC.  Histogram  representative  from  recordings  of  a  MEA.  

  

Therefore   24S-­OHC   increases   the   population   bursts   of   neuronal  

microcircuit  in  a  mixed  neuronal  culture,  suggesting  an  excitatory  effect.  
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In  order  to  assess  whether  the  spontaneous  firing  observed  is  dependent  

on  glutamate,   I   treated   the  neurons  growing  on   the  MEA  with  50  μM  of  AP-­5  

(NMDAR  blocker)  and  10  μM  of  NBQX  (AMPAR  blocker).  Figure  3.2.8  A  shows  

the  sporadic  firing  exhibited  by  primary  striatal  neurons  growing  on  MEAs  with  

glutamatergic   inputs.   When   the   NMDA   and   AMPA   glutamate   receptors   are  

blocked   by   addition   to   the   cultures   of   AP-­5   and   NBQX   (Figure   3.2.8   B),   the  

population   bursts   disappear.   This   result   indicates   that   the   sporadic   firing  

detected  in  this  culture  was  caused  by  glutamate.  

  

  

  

  

  

  

  

  

  

  

  

  

  
Figure   3.2.8:   The   sporadic   firing   of   neuronal   cells   in   vitro   is   caused   by   glutamate.   A-­  
Histogram  shows  sporadic  firing  from  striatal  neurons  (DIV  19)  grown  with  glutamatergic  inputs  

(cortex  and  thalamus)  with  few  population  bursts  with  high  amplitude  (Hz).  B-­  Population  bursts  
from  striatal  neurons  (DIV  19)  grown  with  glutamatergic   inputs,  disappear  upon  treatment  with  

50  μM  of  AP-­5  and  10  μM  NBQX.  Histogram  representative  from  recordings  of  a  MEA.  

  

Together   with   the   results   obtained   in   Figure   3.2.6   I   conclude   that   24S-­

OHC  potentiates  NMDAR  effects  in  primary  neurons.  
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3.2.4.   24S-­hydroxycholesterol  and  NMDAR-­mediated  toxicity.  
After   determining   that   24S-­OHC   potentiates   the   effect   of   NMDAR   in  

primary  striatal  neurons,  I  aimed  to  investigate  if  24S-­OHC  exacerbates  NMDA  

toxicity  and  if  so  whether  this  effect  is  mediated  by  NMDA  receptors.    

  

Before  investigating  the  effects  of  24S-­OHC  I  first  needed  to  establish  that  

I   could   successfully   implement   a   paradigm   for   assessing   NMDAR   toxicity.  

Varying  concentrations  of  NMDA  (1,  10,  50,  100,  200,  500  and  1000  μM)  were  

applied  to  primary  striatal  neurons  at  DIV  13  for  20  min  in  Locke’s  solution,  with  

Locke’s  solution  plus  DMSO  serving  as  control,  and  toxicity  was  assessed  24h  

later  by  NeuN  staining  and  the  recording  of  NeuN-­positive  cell  counts.    

NMDA   treatment   had   an   effect   on   cell   survival,   decreasing   cell   number  

with   increasing   concentrations,   as   observed   in   the   representative  microscopy  

images   (Figure   3.2.9   A).   The  NeuN   count,   averaged   per   field   plotted   against  

NMDA  concentrations  showed  a  concentration-­dependent  cell  loss  up  to  50  µM  

of   NMDA.   Primary   striatal   neurons   treated   with   100   µM   and   higher  

concentrations  presented  a  plateau  effect  with  approximately  10%  cell  survival  

(the  exact  values  for  cell  survival  are:  100  µM  -­  9.78  +/-­  5%  control;;  200  µM  -­  

10.48  +/-­  2.6%  control;;  500  µM  -­  10.05  +/-­  0.22%  control  and  1000  µM  -­  10.12  

+/-­  0.59%  control)  (Figure  3.2  9  B).    
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Figure   3.2.9:   Concentration-­dependence   of   NMDA   toxicity   in   primary   striatal   neurons.  
Primary  striatal  neurons  at  DIV  13  were  treated  with  varying  concentrations  of  NMDA  (1,  10,  50,  

100,  200,  500  and  1000  μM)  for  20  min  in  Locke’s  solution  (see  Material  and  Methods  section  

2.8  for  details).  Cell  survival  was  assessed  24h  later  by  NeuN  staining.  A-­  Microscopy  images  of  
striatal  neurons  stained  with  NeuN  are  representative  of  cell   loss  caused  by  the  application  of  

increasing  concentration  of  NMDA.  B-­  NMDA  caused  significant  cell   loss  compared  to  control.  
Cell  viability  was  assessed  24h  after  treatments  and  NeuN  cell  count,  averaged  and  plotted  per  

NMDA  concentrations.     One-­way  ANOVA  statistical   test   showed   that  NMDA  had  a  significant  

effect  on  cell  survival  (p<0.0001).  The  graph  shows  that  primary  neurons  treated  with  1  µM  of  

NMDA  55%  cell   loss   (Dunnett’s  multiple   comparison   test   p=0.0007   (***),   increasing   to   73.2%  

with   10   and   86.1%   with   50   μM   (p=0.0001   (***)   and   p<0.0001   (****),   respectively).   Primary  

striatal   neurons   treated   with   100   μM   showed   a   significance   of   p<0.0001   (****),   reached   a  

plateau  of  cell  death  of  90.2%.  Increased  concentrations  200  (p<0.0001  (****)),  500  (p<0.0001  

(****))  and  1000  μM  (p<0.0001  (****))  caused  the  same  level  of  toxicity  (89.6%,  90%  and  90%,  

respectively).  The  graph  represents  the  mean  NeuN-­positive  cell  count  per  field  +/-­  SEM  of  two  

independent  experiments  with  3  technical  replicates  each  (N=2,  n=6).  Images  were  taken  using  

Nikon  eclipse  Ti  microscope  at  20x  magnification,  scale  bar:  100  μm.  
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I  sought  then,  to  verify  that  the  cell  death  measured  after  NMDA  treatment  

could  be  rescued  by  MK-­801,  a  known  NMDA  receptor  irreversible  blocker.  

Primary   striatal   neurons   were   pre-­treated   with   25   µM   of  MK-­801   before  

NMDA  application.    

Microscopic   images   show   that   MK-­801   prevented   NMDA   toxicity   in  

primary  striatal  neurons.  Primary  neurons  stained  with  NeuN  showed  similar  cell  

counts  after  application  of  the  different  concentrations  of  NMDA  (Figure  3.2.10  

A).  The  mean  NeuN  count  per  field  plotted  against  NMDA  concentrations  shows  

that   MK-­801   significantly   rescued   the   noxious   effect   caused   by   NMDA   on  

neuronal   survival   at   all   the   NMDA   concentrations   studied   except   for   200   µM  

(Figure  3.2.10  B).  
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Figure  3.2.10:  MK-­801   rescues  NMDA   toxicity   in  primary  striatal  neurons.  Primary  striatal  
neurons  at  DIV  13  were   treated   for  30  min  with  25  μM  with  MK-­801,  and   treatment  continued  

during   NMDA   application.      Striatal   neurons   were   treated   with   increasing   concentrations   of  

NMDA  (1,  10,  50,  100,  200,  500  and  1000  μM)  for  20  min  in  Locke’s  solution  (see  Material  and  

Methods   section   2.8   for   details).   Cell   survival   was   assessed   24h   later   by   NeuN   staining.  A-­  
Microscopy   images   of   striatal   neurons   stained   with   NeuN   are   representative   of   cell   survival  

rescued.  B-­  MK-­801  had  a  significant  effect  on  primary  neurons  treated  with  NMDA  (Two-­way  
ANOVA,  p=0.003).  NMDA  caused   toxicity,   leading   to  significant  cell  death   (Two-­way  ANOVA,  

p<0.0001)  such  harmful  effect  was   rescued  by  pre-­treatment  with  MK-­801   (Two-­way  ANOVA,  

p=0.0104).      Primary   striatal   neurons   pre-­treated   with   MK-­801   with   1   and   10   μM   of   NMDA,  

presented  more  cells  compared  to  control,  however  NMDA  concentrations  from  50  to  1000  μM,  

with  neurons  pre-­treated  with  MK-­801  showed  protection  once   the  cells   count  were  similar   to  

control,   except   for   200   μM,   which   presented   half   of   the   NeuN   counts.   Sidak’s   multiple  

comparison   test   showed   significance   between   conditions   for   all  NMDA   concentrations   except  

200  μM  of  NMDA:  (1  μM  p=0.0022  (**),  10  μM  p<0.0001  (****),  50  μM  p=0.0018  (**),  100  μM  

p=0.0315   (*),   200   μM   ns,   500   μM   p=0.0132   (*)   and   1000   μM   p=0.0111   (*)).   The   graph  

represents   the   mean   NeuN   count   per   field   +/-­   SEM   of   two   independent   experiments   with   3  

technical  replicates  each  (N=2,  n=6).  Images  were  taken  using  Nikon  eclipse  Ti  microscope  at  

20x  magnification,  scale  bar:  100  μm.  

  

In  conclusion,  NMDA  was  toxic  to  primary  striatal  neurons  at  DIV  13;;  1  µM  

caused  55%  cell   loss  and  when   treated  with  10  and  50  µM  NMDA  cell   death  

increases   to   73.2%   and   86.1%,   respectively   (Figure   3.2.9).   The   cell   death  

caused   by   NMDA   different   concentrations   was   rescued   by   25   µM   MK-­801  

treatment   (Figure   3.2.10),   assuring   that   the   cell   loss   observed   was   indeed   a  

response  to  NMDA  toxicity.  

  

Having  established  the  cell  death  curves  for  both  NMDA  and  24S-­OHC  in  

DIV  13  primary  striatal  neurons,   I  aimed  to   investigate   the  possible   interaction  

between  the  two  compounds.  
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3.2.5.   Assessment  of  possible   interactions  of  NMDA  and  24S-­OHC  
in  conveying  cytotoxicity  

As  shown  previously,  24S-­OHC  is  a  potent   toxic  agent   to  primary  striatal  

neurons   (Figure   3.2.1   and   3.2.2),   also   I   reported   that   24S-­OHC   sensitizes  

neurons   to   calcium   influx   after   NMDA   treatment   (Figure   3.2.6)   and   increases  

neurons   populations   bursts   (Figure   3.2.7).   As   previous   data   from   calcium  

imaging   and   MEAs   presented   arguments   as   24S-­OHC   acts   on   NMDAR  

function,   I   wondered   if   24S-­OHC   toxicity   was   due   to   NMDAR   overactivation  

leading  to  excitotoxicty.  Therefore  I  sought  to  test  if  24S-­OHC  would  exacerbate  

NMDA  toxicity  and  if  MK-­801  was  able  to  reverse  the  noxious  effects  caused  by  

24S-­OHC  alone  and   in  combination  with  NMDA,  demonstrating   the  conveying  

cytotoxicity  and  the  mechanism  of  neuronal  toxicity  caused  by  24S-­OHC.  

In  order   to   test   the  hypotheses,   primary   striatal   neurons  at  DIV  13  were  

treated  with  10  µM  of  24S-­OHC,  10  µM  of  NMDA,  or  these  two  compounds  in  

combination   to  assess  whether  24S-­OHC  exacerbates  NMDA  effects.     To  test  

the   second   hypothesis,   neurons  were   pre-­treated  with  MK-­801   before   adding  

the   test   compounds.   The   cell   survival   was   determined   by  NeuN   staining   and  

cell  counts.    

As  observed  in  Figure  3.2.11  A,  there  is  significant  cell  loss  when  neurons  

are   treated  with   10  µM  NMDA  or   24S-­OHC  separately.  Similar  NeuN  stain   is  

observed  in  panel  correspondent  of  neurons  treated  with  the  combination  of  the  

two  compounds.  Primary  neurons  pre-­treated  with  MK-­801  and  treated  with  10  

µM   of   NMDA   showed   similar   NeuN   stain   compared   to   control.   On   the   other  

hand,   MK-­801   combined   with   10   µM   of   24S-­OHC   resulted   in   NeuN   positive  

staining  similar  to  10  µM  of  24S-­OHC  treatment  alone.  A  lower  number  of  NeuN  

stain  can  be  observed  in  the  panel  representative  from  neurons  pre-­treated  with  

MK-­801  and  treated  with  NMDA  and  24S-­OHC.  

The   graph   in   Figure   3.2.11   B   represents   the   NeuN   counts   from   the  

microscope   images   assessed.   The   concentrations   of   NMDA   and   24S-­OHC  

used  (Paul  et  al.,  2013)  reduced  cell  survival  to  40.57  +/-­  13.9%  and  38.04  +/-­  

5.82%   compared   to   control,   respectively.   Treatment   with   the   two   compounds  

combined  reduced  survival  to  26.57  +/-­  6.39%  control.  The  data  was  analysed  

by   one-­way   ANOVA,   the   result   indicated   that   the   treatments   studied   have   a  
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significant   effect   (p<0.0001)   and   NMDA   caused   a   statistically   significant   cell  

death   p=0.0416   and   24S-­OHC   caused   a   statistically   significant   cell   death  

p=0.0203.  The  two  compounds  combined  caused  a  significant  cell   loss  similar  

to   either   alone   (p=0.0237);;   therefore   10   µM  of   24S-­OHC  did   not,   statistically,  

exacerbate  the  toxicity  caused  by  10  µM  of  NMDA.  Striatal  neurons  pre-­treated  

with   25   µM  of  MK-­801   and   treated  with   10   µM  NMDA,   showed   similar  NeuN  

counts   to   control.   In   contrast,   pre-­treatment  with  MK-­801  did   not   protect   cells  

against  the  toxic  effects  of  24S-­OHC.  
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Figure  3.2.11:  24S-­OHC  toxicity   is   independent  on  NMDAR.  Primary  striatal  neurons  at  DIV  
13  were  treated  for  30  min  with  25  μM  with  MK-­801,  and  treatment  continued  during  NMDA  and  

24S-­OHC  application.     Striatal   neurons  were   treated  with   10  μM  of  NMDA  or   10  μM  of   24S-­

OHC  or  in  combination  with  or  without  MK-­801  pre-­treatment  for  20  min  in  Locke’s  solution  (see  

Material   and  Methods   section   2.8   for   details).  Cell   survival  was   assessed   24h   later   by  NeuN  

staining.  A-­  Microscopic  images  of  striatal  neurons  stained  with  NeuN  are  representative  of  cell  
survival  averaged  and  plotted  in  the  graph  in  B.  B-­  The  concentration  of  NMDA  tested  caused  
40.57   +/-­   13.9%   and   24S-­OHC   38.04   +/-­   5.82%   cell   survival   compared   to   control.   Primary  

striatal  neurons  treated  with  NMDA  and  24S-­OHC  resulted  in  26.57  +/-­  6.39  cell  survival.  One-­  

way  ANOVA  was   the   statistical   test   used   and   resulted   in   significance   between   treatments   of  

p<0.0001  and   the  multiple  comparison   test  used  was  Tukey’s,  which  one  determined   that   the  

effect  of  NMDA  (p=0.0203  (*))  alone  was  similar   to  24S-­OHC  plus  NMDA  (p=0.0237  (*)).  MK-­

801  pre-­treatment  was  significantly  protective  to  NMDA  application  (p=0.0388  (*)).  MK-­801  pre-­

treatment   plus   24S-­OHC   resulted   in   significant   of   p=0.0062   (**)   low   numbers   of   NeuN  

compared  to  control.  The  combination  of  all  the  treatments:  MK-­801  plus  NMDA  and  24S-­OHC  

resulted  in  average  of  3  NeuN  counts  per  filed  (p=0.0003  (***)).    

The  graph  represents  the  mean  NeuN  count  per  field  +/-­  SEM  of  two  independent  experiments  

with   3   technical   replicates   each   (N=2,   n=6).   Images   were   taken   using   Nikon   eclipse   Ti  

microscope  at  20x  magnification,  scale  bar:  100  μm.  

  

These  results  indicate  that  24S-­OHC  does  not  sensitize  striatal  neurons  to  

NMDA,  at  the  studied  concentrations.  Moreover  the  toxicity  of  24S-­OHC  is  not  

mediated  by  NMDA  receptors  as  pre-­treatment  with  MK-­801  did  not  reverse  the  

24S-­OHC’s   toxic   effects.   Even   though   disappointing   these   results  were   not   a  

complete  surprise  as  primary  striatal  neurons  are  GABAergic.  Striatal  neurons  

do  not  release  glutamate  in  the  culture  medium,  therefore,  the  reported  toxicity  

caused   by   24S-­OHC   in   Figure   3.2.1   and   3.2.2   was   a   consequence   of   its  

actions.  As   reported   in  Paul   et   al.,   2013  24S-­OHC  was  observed   to   act   as   a  

allosteric   modulator   of   NMDAR,   therefore   for   this   compound   to   modulate  

NMDAR   needed   the   presence   of   agonist   and   co-­agonist   as   observed   in   the  

referred  publication,  which  ones  were  not  present  in  the  medium  (Figure  3.2.1)  

neither  in  Locke’s  (Figure  3.2.2.)  

The  mechanism  of  24S-­OHC’s   toxicity   to  primary  striatal  neurons  will   be  

investigated  and  discussed  further  in  the  following  sections.    
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3.2.6.   24S-­hydroxycholesterol   does   not   cause   endoplasmic  
reticular  stress.  

While   24S-­OHC   is   relevant   to   the   neurotoxicity   of   striatal   cells   in   vivo,  

increased   NMDA   receptor   activation   would   not   explain   the   death   of   striatal  

neurons   in   vitro   (Figure   3.2.1),   as   there   is   no   available   source   of   synaptic  

glutamate.  Together  with  the  NMDAR  results  (Figure  3.2.11)  this  prompted  me  

to  also  consider  other  possible  mechanisms  of  24S-­OHC  neurotoxicity.  

  Based  on  the  prior  work  of  Urano  et  al.  (Urano  et  al.,  2013),  who  showed  

that   24S-­OHC   induces   up-­regulation   of   GRP78/BiP   through   activation   of  

unfolded   protein   response   (UPR)   pathways   in   SH0SY5Y   and   CHO   cells,   I  

sought   to   investigate   if  24S-­OHC  was   inducing  sufficiently  high   levels  of  UPR  

activation   /   ER   stress   signalling   to   lead   to   neurotoxicity   in   striatal   neurons.  

GRP78/BiP,   a   major   ER   chaperone   protein,   is   a   key   player   in   UPR   being  

overexpressed  during  ER  stress  (Bertolotti  et  al.,  2000;;  Shen  et  al.,  2002),  thus  

serves  as  a  marker  for  this  process.  Although  the  UPR  is  initially  activated  with  

the   aim   to   restore   ER   homeostasis,   a   failure   to   do   so   promotes   apoptosis  

(Oslowski   and   Urano,   2011)   through   CHOP   (C/EBP   homologous   protein)  

overexpression   (Ron   and   Habener,   1992).      I   thus   investigated,   then   the  

hypothesis  that  24S-­OHC  was  inducing  BiP  overexpression  through  ER  stress  

inducing  using  these  molecular  indicators.    

Surprisingly,  none  of  the  genes  studied  responded  to  24S-­OHC  treatment  

(Figure  3.2.12).  BiP  mRNA   levels  were  not  different  between  neurons   treated  

with   24S-­OHC   in   comparison   to   DMSO   treated   cells,   while   positive   controls:  

cells  treated  with  thapsigargin  (TG)  and  tunicamycin  (TM)  resulted  in  more  than  

a  4   fold  change  of  BiP  overexpression  (Figure  3.2.12  A).  CHOP  mRNA   levels  

showed   no   significant   differences   between   cells   treated   with   24S-­OHC   in  

comparison   to   DMSO   treated   cells.   However   I   observed   (Figure   3.2.12   B)   a  

non-­statistically   decrease   in   CHOP   levels   in   response   to   increasing  

concentrations  of  24S-­OHC.  Striatal  cells   treated  with   the  positive  controls  TG  

and  TM  showed  more  than  5  fold  CHOP  overexpression  (Figure  3.2.12  B).  
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Figure   3.2.12:   24S-­OHC   does   not   cause   ER   stress   in   primary   striatal   neurons.   Primary  
striatal  neurons  at  DIV  13  were  treated  with  0.5,  1,  2  and  4  μM  of  24S-­OHC  for  24h  and  with  8,  

10  and  20  μM  of  24S-­OHC  for  2h.  Cells  treated  with  1  µM  TM  (tunicamycin)  for  6h  and  100  nM  

of  TG  (thapsigargin)  for  24h  served  as  positive  controls  for  ER  stress.  A-­  BiP  mRNA  levels  were  
not   different   between   neurons   treated   with   24S-­OHC   in   comparison   to   DMSO   treated   cells,  

while   positive   controls   resulted   in   more   than   4   fold   BiP   overexpression.   Statistical   analyse  

performed   was   Kruskal-­Wallis   test   followed   by   Dunn’s   multiple   comparison   test   resulting   in  

significance  for  primary  cells   treated  with  TG,  p=0.0128  (*).  B-­  CHOP  mRNA  levels  presented  
no  significant  differences  between  cells  treated  with  24S-­OHC  in  comparison  to  DMSO  treated,  

even  though  the  proportional  decreasing  fold  change  resultant  from  increasing  concentrations  of  

24S-­OHC.   TG   and   TM   treated   neurons,   presented   more   than   5   fold   CHOP   overexpression.  

Statistical   analyse  performed  was  Kruskal-­Wallis   test   followed  by  Dunn’s  multiple   comparison  

test.  CHOP  mRNA  expression  was  positively   increased  under  TG  and  TM   treatments,  where  

p<0.0001  (****)  and  p=0.0033  (**)  respectively.  The  graphs  represented  the  fold  change  mean  

+/-­  SEM  from  two  independent  experiments  with  6  technical  replicates  each  (N=2,  n=12).    

  

From  Figure  3.2.12  I  concluded  that  24S-­OHC  does  not  induce  ER  stress  

signalling   under   these   conditions,   indicating   this   is   unlikely   to   be   part   of   the  

mechanism  underlying  the  24S-­OHC  toxicity  that  was  observed  in  striatal  cells  

(Figure  3.2.1).  
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3.2.7.   24S-­hydroxycholesterol  increases  superoxide  levels.  
Lacking  a  mechanism  to  explain  the  neurotoxicity  induced  by  24S-­OHC,  I  

sought   to   investigate   whether   24S-­OHC   was   inducing   ROS   production.   This  

hypothesis  was   based   on   previous   data   showing   that   24S-­OHC   could   induce  

ROS   production   (Kolsch   et   al.,   2001;;   Zarrouk   et   al.,   2015).   In   the   referred  

literature   they  used  different  dyes   to  measure  ROS,  nevertheless   I  decided   to  

use  a  different  methodology  and  Mitosox  (mitochondrial  target  dihydroethidium  

DHE)  seemed  an  appropriate  choice  to  measure  the  levels  of  superoxide  in  the  

mitochondria  of  striatal  neurons  treated  with  24S-­OHC  (Kirkland  et  al.,  2007).    

Primary   striatal   neurons   at   DIV   13  were   treated  with   2   μM   of   24S-­OHC  

(added   to   culture  medium)   and   assessed   for   superoxide   levels   after   12h   and  

24h   of   treatment.   As   a   positive   control   I   used   neurons   treated   with   3-­NP,   a  

mitochondrial  complex  2  inhibitor  (see  Material  and  Methods  section  2.18).    

Representative   images  of   primary   neurons   loaded  with  Mitosox,   showed  

increasing   fluorescence   intensity   in   cells   treated  with   2   μM  of   24S-­OHC   from  

12h   to   24h.   24S-­OHC   treated   cells   presented   higher   fluorescence   intensity  

compared  to  DMSO-­  control  cells.  Positive  control  showed  strong  fluorescence  

intensity,  indicating  increased  superoxide  levels  (Figure  3.2.13  A).  

The   relative  superoxide   levels   in  each  condition  were  determined  by   the  

measurement   of   the   integrated   density   in   each   image,   from   the   different  

conditions   (see  Material   and  Methods   section   2.14).   The  mean   intensity   was  

plotted   in   graph   (Figure   3.2.13   B)   allowing   the   visualisation   of   the   difference  

between  conditions.  The  quantification  of   the   images   intensity   indicated   that  2  

μM   of   24S-­OHC   after   24h   causes   significant   superoxide   increase   in   striatal  

neurons   compared   to   control.   Significantly   increased   superoxide   was   also  

observed   when   comparing   the   positive   and   negative   control   samples   (cells  

treated  with  3-­NP  and  DMSO,  respectively).  
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Figure  3.2.13:  24S-­OHC  increases  superoxide  levels.  Primary  striatal  neurons  at  DIV  13  were  
treated  with  2  μM  of   24S-­OHC   for   12  and  24h.  Positive   control   for  mitochondrial   stress  used  

was   the  complex  2   inhibitor:  3-­NP,  cells  were   treated  with  10  mM  for  12h.  As  a  mitochondrial  

stress  sensor   read  out,  cells  were   loaded   in  HBSS  with  5  μM  mitosox   red.  A-­  Representative  
images   of   primary   neurons   loaded   with  mitosox,   showed   increasing   fluorescence   intensity   in  

cells   treated  with   2   μM  of   24S-­OHC   for   24h   compared   to   12h   and   even   higher   compared   to  

control   (DMSO).   Positive   control   (3-­NP)   presented   higher   intensity   of   fluorescence,   when  

compared   to   all   the   conditions   analysed.   B-­   The   graph   represents   the   mean   +/-­   SEM   of  
intensities   from   two   independent   experiments   with   6   technical   replicates   each   (N=2,   n=12).  

Unpaired  T-­test  with  Welch’s  correction  resulted  in  significant  superoxide  production  after  24h  of  

2  μM  24S-­OHC  and  12h  10  mM  3-­NP  (p<0.0001  (****)).  Images  were  taken  using  Nikon  eclipse  

Ti  microscope  at  20x  magnification,  scale  bar:  30  μm.  

  

In   conclusion   2   μM  of   24S-­OHC   causes   significantly   increased   levels   of  

superoxide,   a   reactive   oxygen   species,   after   24h.   Induction   of   mitochondrial  

stress  may  be   the  mechanism   leading   to   striatal   death   induced  by  24S-­OHC,  

nevertheless  further  investigation  is  needed  to  dissect  the  mechanism.  
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3.2.8.   Discussion  
In   the   present   results   section,   I   aimed   to   investigate   the   effects   of   24S-­

OHC  upon  primary  striatal  neurons  and  most   importantly  to  hypothesise  on  its  

role  as  a  key  player  in  the  disease  progression  of  HD.  Therefore,  I  investigated  

24S-­OHC  function  on  specific  HD  hallmarks:  excitotoxicity,  endoplasmic  stress  

and  generation  of  respiratory  oxygen  species.  

I   found   that   24S-­OHC   is   a   potent   cytotoxic   to   striatal   neurons   in   culture  

(Figure  3.2.1  and  3.2.2)  however  its  toxic  effects  are  not  through  NMDAR  as  the  

cerebrosterol  did  not  sensitize  neurons  to  NMDA  treatment  (Figure  3.2.11)  even  

though   was   shown   to   be   a   potent   NMDAR   activator.   24S-­OHC   potentiated  

NMDAR   effects   at   the   level   of   free   intercellular   calcium   (Figure   3.2.6)   and  

increased  the  extracellular  activity  of  a  mixed  neuronal  culture  (Figure  3.2.7).  In  

conclusion,  24S-­OHC  was  proven  to  be  a  potent  enhancer  of  NMDAR  effects  in  

this   neuronal   system,  which   is   a   relevant   comparison   to  HD-­affected  neurons  

due  to  its  expression  of  GluN2B  (Figure  3.2.3)  NMDAR  isoform,  which  one  has  

been   described   to   highly   sensitize   neurons   to   excitotoxic   insults   (Liu   et   al.,  

2007).  This  result  suggested  that  increased  levels  of  24S-­OHC  in  the  interstitial  

space   of   neurons   expressing  mutant   Htt  may   aggravate   the   excitotoxic   insult  

highlighted  as  a  hallmark  of  the  disease  

As  an  attempt  to  relate  24S-­OHC  function  as  NMDAR  activator  I  sought  to  

investigate   intracellular  calcium  stores,  ER  and  mitochondria  (Verkhratsky  and  

Petersen,   1998)   and   stablish   a   bridge  with   the  HD   hallmarks:   ER   stress   and  

mitochondrial  stress.  After   failed   to  observe  an  effect  of  24S-­OHC  to   increase  

ER   stress   (Figure   3.2.12)   I   successfully   measured   the   increased   superoxide  

levels   in   primary   striatal   cells,   after   24h   treatment   with   24S-­OHC   (Figure  

3.2.13).    

In   order   to   assess   the   effect   of   24S-­OHC   on   striatal   neurons   viability   I  

used  NeuN  positive  cell  staining.  Astrocytes  account  for  +/-­  20%  of  the  cells  in  

the   striatal   cultures   (Figure   3.1.2),   therefore   I   needed   an   assay   specific   to  

measure  neuronal   viability,   then   I   used  NeuN  staining.     My   concern  on  using  

other  assays  such  as  MTT,  TUNNEL  or  detection  of  caspases  cleavage  would  

lead  me  to  erroneous  numbers  as  would  take  into  account  astrocytes  cell  death.  
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Regarding   the   concentrations   of   24S-­OHC   chosen   I   would   argue   that  

these   concentrations   are   physiologically   relevant,   considering   that   free   24S-­

OHC   was   measured   in   human   brain   homogenates   has   been   about   30   μM  

(Lutjohann  et  al.,  1996),  nevertheless  I  would  amplify  the  range  considering  the  

concentration   detected   in   the   IDMS   of   0.015   μM   (Table   3.1.1   and   Figure  

3.1.11).   Moreover,   once   released,   the   estimated   half-­life   of   this   24S-­OHC   is  

one-­half   day   (Bjorkhem   et   al.,   1997),   therefore   the   time   points   for   the  

experiments  were  taken  into  consideration  based  on  this  fact.    

I   wanted   to   assure   that   at   DIV   13   the   striatal   neurons   culture   was   fully  

differentiated  and  mature  therefore  I  performed  immunocytochemistry  for  GluN1  

and   GluN2B,   the   two   main   subunit   isoforms   of   NMDAR   in   medium   spiny  

neurons   in  vivo  (Kumar  et  al.,  1997;;  Hallett  et  al.,  2006)  which  one  showed  an  

ubiquitous   pattern   (Figure   3.2.3).   The   importance   of   this   figure   highlights   that  

the  subunits  that  constitute  NMDAR  in  vivo  are  present  in  vitro  and  justifies  this  

as   a   suitable  model   for   looking   at   the   interactions   of   24S-­OHC  and  NMDAR.  

Pre-­treatment  with  MK-­801  silenced  the  neurons  to  NMDA  presence,  halting  the  

entrance  of  calcium  (Figure  3.2.5)  assuring  that  NMDA  was  the  factor  inducing  

the   entrance   of   calcium   observed   in   Figure   3.2.4   upon   membrane  

depolarization,  assuring  me  on  the  system  functionality.    

When  I  investigated  if  24S-­OHC  could  exacerbate  NMDA  toxicity,  neurons  

were   treated   with   10   μM   of   NMDA   and   10   μM   of   24S-­OHC   in   combination,  

which  resulted   in  cell  death  values  similar   to   the  single   treatments,   therefore   I  

concluded   that   24S-­OHC   did   not   sensitize   neurons   to   NMDA   toxicity   (Figure  

3.2.11).   The   choice   for   the   used   concentrations   was   based   on   (Paul   et   al.,  

2013)  therefore  I  insist  that  would  be  interesting  to  investigate  the  effect  of  24S-­

OHC   on   neurons   treated   with   concentrations   of   NMDA   that   cause   less   than  

50%  of  cell  death  in  order  to  see  an  effect  due  to  24S-­OHC.  Nevertheless,  with  

this  experiment  was  conclusive  that  the  toxicity  of  24S-­OHC  was  not  mediated  

by  NMDA   receptors.  Although  disappointing,   it  was  not  a   surprising   result,   as  

the   toxicity   observed   by   24S-­OHC   in   primary   striatal   neurons   (GABAergic)   in  

Figure  3.2.1  could  not  be  explained  by  the  previously  identified  NMDA  receptor  

mediated  mechanism,  as  24S-­OHC  acting  as  a  positive  allosteric  modulator  of  

NMDAR  would  only  cause  toxicity  in  the  presence  of  a  NMDAR  ligand  such  as  
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glutamate,   which   was   absent   in   culture   medium   growing   primary   striatal  

neurons  (Paul  et  al.,  2013).    

The  lack  of  evidence  for  NMDARs  mediating  the  neurotoxicity  of  24S-­OHC  

in  striatal  cells   in  vitro   (Figure  3.2.1,  Figure  3.2.11)  prompted   to  also  consider  

other   possible  mechanisms  of   24S-­OHC  neurotoxicity.   In   order   to   understand  

the   mechanism   of   toxicity   induced   by   24S-­OHC   I   investigated   recurrent  

neurodegenerative  stress  hallmarks  such  as  ER  stress  and  ROS.  

In   contrast   to   the  published  work   from  Urano  et   al.   (Urano,  Ochiai   et   al.  

2013),   I   was   not   able   to   observe   ER   stress   induced   by   24S-­OHC   in   primary  

striatal   neurons.  Neurons   treated  with   24S-­OHC  did  not   show  upregulation  of  

ER  stress  markers  BiP  and  CHOP  (Figure  3.2.12).  

On  the  other  hand,  the  observation  that  24S-­OHC  leads  to  the  production  

of   free   radicals   is   generally   consistent   with   previous   reports   using   different  

methodologies  (Kolsch  et  al.,  2001;;  Noguchi  et  al.,  2015).  My  results  indicated  

that  primary  striatal  neurons  treated  with  2  μM  of  24S-­OHC  exhibited  statistical  

significant   increased   superoxide   levels   after   24   h   (Figure   3.2.13).   As   my  

approach   relied   on   a   superoxide   indicator   targeted   to   mitochondria,   a  

mitochondrially  centered  effect  should  be  considered.  It   is  therefore  interesting  

to  consider  how  the  effects  of  this  sterol  might  be  conveyed  to  the  mitochondrial  

compartment,  and   the  mechanism  through  which  ROS  accumulates  under   the  

observed  conditions.  

Consistent  with  my   findings,   high   concentrations   of   24S-­OHC   have   also  

been   shown   to   be   toxic   to   cortical   neurons   previously   by  Yamanaka  K.,   et   al  

(Yamanaka  et  al.,  2011;;  Yamanaka  et  al.,  2014),  who  classified   the  observed  

death   as   having   necroptotic   features,   but   without   clarifying   the   underlying  

mechanism.   Further   work   will   therefore   be   needed   to   elucidate   24S-­OHC’s  

specific  molecular  effects  that  lead  to  cytotoxicity.  

  

In   summary,   primary   striatal   neurons   expressing   Htt   171-­82Q   showed  

sterol  accumulation  and  increased  release  into  the  medium  of  24S-­OHC,  before  

the  formation  of  Htt  toxic  aggregates,  therefore  the  sterol  dyshomeostasis  is  an  

aetiologic  event  observed  with   the   in   vitro  model   characterized   in  section  3.1.  

Interestingly   was   reported   in   section   3.2   that   24S-­OHC   is   a   potent   cytotoxic  



   146  

agent   to   in   vitro   primary   striatal   neurons   and   is   implicated   in   two   of   the  

characterized  HD  hallmarks,  excitotoxicity  and  increased  levels  of  superoxide  in  

the  same  system.  As  investigated  in  section  3.1  a  compound  like  AK-­7  (Figure  

3.1.10)  would  be  interesting  to  investigate  further  so  to  decrease  the  release  of  

24S-­OHC  through  decrease  of  cholesterol  synthesis  (Luthi-­Carter  et  al.,  2010)  

with  the  aim  to  stop  24S-­OHC  actions  on  HD  symptoms  progression.  
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3.3.   24S-­Hydroxycholesterol  effects  on  primary  astrocytes  
Introduction:   Astrocytes   furnish   important   contributions   to   CNS  

metabolism,  providing  neurons  crucial  chemical  transport  and  metabolic  support  

(Sofroniew  and  Vinters,  2010).    

Although  both  neurons  and  astrocytes  possess   the  enzymatic  machinery  

needed  for  cholesterol  biosynthesis  and  are  capable  of  synthesizing  cholesterol  

in   vitro   (Saito  et   al.,   1987),   uncertainty  exists  whether   both   continue   to  do   so  

during   adulthood   under   normal   conditions.   Therefore   a   consensus   opinion  

seems   to   have   emerged   regarding   the   delivery   of   sterols   from   astrocytes   to  

neurons:   in   the   same  way   that   glucose-­derived   lactate   is   ‘fed’   to   neurons   by  

astrocytes,   it   is   expected   that   astrocytes   also   bear   the   work   of   cholesterol  

production   (Pfrieger,   2003   b).   However   it   is   also   believed   that   neurons  might  

synthesize  their  own  cholesterol  at  the  cell  body  but  internalize  cholesterol  from  

astrocytic   stores   in   axons   or   dendrites   to   maintain   synapses   (Brown   and  

Goldstein,   1986;;   Mauch   et   al.,   2001;;   Simons   and   Ikonen,   2000).   Pfrieger  

hypothesized   that  neurons   rely  on   the  cholesterol  delivered   in  apolipoproteins  

(in  particular  ApoE),  by  differentiated  astrocytes,  to  allow  neurons  to  specialize  

in  the  transmission  of  action  potentials  (Pfrieger,  2003  b).    

Neurons   tightly   control   their   levels   of   cholesterol,   via   the   action   of   the  

enzyme   CYP46A1   which   is   expressed   exclusively   in   neurons.   The   enzyme  

converts  cholesterol  into  24S-­OHC  (cerebrosterol)  (Dietschy  and  Turley,  2004),  

which   is  believed  to  signal  astrocytes  to  report   that  neurons  are  sterol  replete,  

thereby   controlling   ApoE-­mediated   cholesterol   export   (Brown   and   Goldstein,  

1997;;  Whitney  et  al.,  2002).  

24S-­OHC  is  a  known  Liver  X  Receptors  (LXRs)  agonist,  which  plays  a  key  

role   on   cholesterol   metabolism   (Joseph   et   al.,   2002;;   Joseph   and   Tontonoz,  

2003).   Moreover   it   is   thought   that   24S-­OHC   acts   as   a   signalling   molecule  

between  neurons  and  astrocytes,  communicates  to  the  astrocytes  the  need  for  

lipidated   cholesterol   in   the   form   of   ApoE   particles   to   be   delivered   to   the  

neurons.   In   the  astrocytes,  24S-­OHC  has  been  shown   to   regulate   cholesterol  

levels  via  Liver  X  Receptors  (LXRs)  (Abildayeva  et  al.,  2006).  LXRs  belong  to  

the  nuclear   receptor  superfamily,  and   the   two   isoforms  LXR  α  and  LXR  β  are  

activated   by   oxysterols.   Specifically,   24S-­OHC   induces   the   astrocytic  
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transcription  of  LXR  target  genes  ApoE,  ABCA1  and  ABCG1  (Abildayeva  et  al.,  

2006;;  Liang  et  al.,  2004).    

In  section  3.1,  I  provided  evidence  that  sterol  accumulates  in  Htt171-­82Q  

exposed  neurons  (Figure  3.1.3  and  3.1.4)  and  they  released  increased  levels  of  

24S-­OHC   (Table   3.1.1).   Given   the   previously   inferred   complexities   of   sterol  

regulation,   both   in   the   basal   state   and   in   HD,   I   next   asked   which   were   the  

effects  caused  by  increased  24S-­OHC  released  on  astrocytes.  In  the  following  

work  I  aimed  to  further  clarify  the  effects  exerted  by  24S-­OHC  on  astrocytes,  via  

the   two  main   transcriptional   regulatory   systems   for   sterol   homeostasis:      LXR  

(Eckert   et   al.,   2007)   and   SREBP2   (Goldstein   et   al.,   2006),   using   primary  

astrocytes  cultured  in  vitro.  

  A   previous   study   (Abildayeva   et   al.,   2006)   has   shown   that   24S-­OHC  

produced  in  neurons  increased  the  expression  and  secretion  of  ApoE  in  a  dose-­  

and   time-­dependent  manner   in  astrocytes.  Moreover   they  showed   that   similar  

results   were   obtained   when   treating   astrocytes   with   a   LXR   agonist:  

GW683965A,  suggesting   that   the  mechanism  by  which  ApoE  gene  was  being  

expressed  was   LXR  activity   dependent.  However,   it   should   be   noted   that   the  

reported   studies   are   resultant   from   24S-­OHC   and   LXR   agonist   applied   in  

medium   containing   10%   fetal   calf   serum,   and   the   presence   of   lipids   and  

lipoproteins   in  the  serum  may  well  have  influenced  the  results.  Therefore  I   felt  

that   it  was  important  to  revisit  the  transcriptional  regulation  of  ApoE,  and  other  

SREBP2  and  LXR  target  genes  via  24S-­OHC  under  lipid-­free  conditions.  

  

  

  

  

  

  

  

  

  



   149  

3.3.1.   Effects   of   24S-­hydroxycholesterol   exposure   on   SREBP2   target  
genes  in  astrocytes.  

The   first   aim   was   to   investigate   the   transcriptional   regulatory   effects   of  

24S-­OHC  on  SREBP2   target   genes.  Genes   involved   in   cholesterol   synthesis,  

such   as   HMGCR,   HMGCS1   and   FDFT1,   as   well   as   LDLr,   involved   in  

cholesterol  uptake,  were  included  in  the  mRNA  measurements.  Astrocytes  were  

exposed  to  different  concentrations  of  24S-­OHC  (0.5,  1  and  2  μM)  for  a  specific  

time   period   (2,   4,   12   and   24   h),   after   which   cells   were   harvested   for   RNA  

extraction.  

I   observed   that   incubation   with   24S-­OHC   resulted   in   downregulation   of  

SREBP2   target   genes   in   astrocytes   (Figure   3.3.1   A,   C,   E   and  G).   24S-­OHC  

caused  significant  downregulation  of  HMGCR,  HMGCS1  and  FDFT1  from  12  h.  

The  24S-­OHC  concentrations  causing  an  effect  were  different  depending  on  the  

gene:   2   μM   for   HMGCR,   1   μM   for   HMGCS1   and   0.5   μM   for   FDFT1.   The  

cerebrosterol   caused   a   more   effect   on   LDLr   mRNA   levels.   LDLr   levels   were  

significantly  decreased  after  4  h  treatment  from  1  μM.  The  same  was  observed  

(with  1  and  2  μM)  after  12  h  and  24  h  of   treatment.  The  effect  observed  was  

attributable   to  SREBP2  as  astrocytes   treated  with  0.5  μM  of   the  LXR  agonist  

TO-­901317  caused  no  effect  on  the  expression  of  these  genes  (Figure  3.3.1  B,  

D,  F  and  H).  
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Figure   3.3.1:   Effects   of   24S-­OHC   exposure   on   SREBP2   target   gene   expression   in  
astrocytes.  Primary  astrocytes  were  treated  with  increasing  concentrations  of  24S-­OHC  (0.5,  1  
and   2   μM)   for   2,   4,   12   and   24h.   Expression   levels   of   SREBP2   target   genes:  HMGCR   (A),  
HMGCS1   (C),   FDFT1   (E)   and   LDLr   (G)   were   measured.   The   result   was   a   down   regulation  
resultant   from   24S-­OHC   increased   concentration   and   treatment   duration.   TO-­901317   (LXR  

agonist)  application  did  not  show  any  effect  on  RNA  levels  from  the  same  genes  (B,  D,  F  and  
H).  A-­  HMGCR  mRNA  levels  decreased  significantly  with  2  μM  at  12h  and  1  and  2  μM  of  24S-­
OHC   after   24h   treatment.   B-­   TO-­901317   had   no   significant   effect   on   HMGCR   mRNA  
expression.  C-­  HMGCS1  downregulation  was  significant  after  12h  and  24h  24S-­OHC  treatment  
at   1   and   2   μM.  D-­   TO-­901317   had   no   significant   effect   on   HMGCS1  mRNA   expression.  E-­  
FDFT1  downregulation  was  observed  at  12h  from  0.5  μM  of  24S-­OHC  and  after  24h  with  1  and  

2   μM   of   24S-­OHC.  F-­   FDFT1  mRNA   expression   did   not   respond   to   LXR   agonist:   T-­901317  
treatment.  G-­  LDLr  mRNA  levels  decreased  significantly  at  1  and  2  μM  of  24S-­OHC  from  4h  of  
exposure.  H-­   LDLr  mRNA  expression  did   not   altered  after   TO-­901317   treatment.   The  graphs  
represent  the  fold  change  mean  +/-­  SEM  from  three  independent  experiments  with  6  technical  

replicates   each   (N=3,   n=18).   Statistical   test   performed   was   two-­way   ANOVA   followed   by  

Dunnett’s  multiple  comparison  test  (24S-­OHC  treatment)  and  Sidak’s  multiple  comparison  test  

(TO-­901317).   Significance   is   indicated   as   follows:   p<0.05   (*),   p<0.01   (**),   p<0.001   (***)   and  

p<0.0001  (****);;  unlabelled  comparisons:  no-­significant.    

  

In   conclusion,   as   observed   from   the   data   in   Figure   3.3.1,   24S-­OHC  

treatments   downregulated   LDLr   levels   after   4   h   incubation,   and   HMGCR,  

HMGCS1   and   FDFT1   in   the   timeframe   of   12-­24   hours,   consistent   with   a  

prominent  effect  on  SREBP2  regulation  (Radhakrishnan  et  al.,  2007a).  
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3.3.2.   Effects   of   24S-­hydroxycholesterol   exposure   on   LXR   target   gene  
expression  in  astrocytes.  

The   aim   of   these   experiments   was   to   investigate   the   transcriptional  

regulatory  effects  of  24S-­OHC  on  LXR  target  genes.     Astrocytes  were   treated  

with  increasing  concentrations  of  24S-­OHC  (0.5,  1  and  2  μM)  for  a  specific  time  

period   (2,   4,   12   and   24   h),   were   lysed   and   their   RNA   extracted   for   mRNA  

analyses   for   the   following  LXR   target   genes:  ABCA1,  ABCG1,  SREBP1c   and  

Glut4  (Figure  3.3.2  A,  C,  E  and  G).  24S-­OHC  caused  the  upregulation  of  LXR  

target  genes  in  astrocytes  in  a  pattern  similar  to  that  observed  after  exposure  to  

TO-­901317  (Figure  3.3.2  B,  D,  F,  and  H).  

Astrocytes   incubated   with   24S-­OHC   exhibited   increased   ABCA1  

expression   in   a   time   and   dose-­dependent   manner.   Significantly   increased  

expression   was   reached   after   24h   of   treatment   from   1   μM   (Figure   3.3.2   A).  

Treatment   of   astrocytes   with   0.5   μM   of   the   LXR   agonist   TO-­901317   did   not  

produce   statistically   significant   upregulation,   even   though   it   resulted   in   more  

than  a  5  fold  change  in  mean  expression  (Figure  3.3.2  B).  ABCG1  expression  

was  significantly   increased  upon  12  h  of  24S-­OHC   treatment   (with  2  μM),  but  

this  subsided  by  24  h  (Figure  3.3.2  C).  The  same  effect  was  observed  with  the  

LXR   agonist   (Figure   3.3.2   D).   Expression   of   SREBP1c   demonstrated   a  

significant  increase  after  12  h  of  24S-­OHC  treatment  at  concentrations  of  1  μM  

and   2   μM   (Figure   3.3.2   E).   TO-­901317   caused   significantly   increased  

expression  of  SREBP1c  after  12  h  and  24  h  of  treatment  (Figure  3.3.2  F).  The  

effect  of  24S-­OHC  on  the  regulation  of  Glut4  was  initiated  faster  and  lasted  for  

a   shorter   period.   24S-­OHC   treatments   caused  Glut4   upregulation  after   4  h  at  

concentrations  0.5  and  1  μM,  after  which  it  returned  to  basal  levels  (Figure  3.3.2  

G).  The  LXR  agonist  also  transiently  induced  the  expression  of  Glut4  but  with  a  

longer  delay  (12h),  returning  to  basal  levels  by  24  h  (Figure  3.3.2  H).  
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Figure  3.3.2:  Effects  of  24S-­OHC  exposure  on  LXR  target  gene  expression  in  astrocytes.  
Primary  astrocytes  were  treated  with   increasing  concentrations  of  24S-­OHC  (0.5,  1  and  2  μM)  
for   2,   4,   12   and   24   h.   Expression   levels   of   LXR   target   genes:   ABCA1   (A),   ABCG1   (C),  
SREBP1c   (E)   and  Glut4   (G)  were  measured.  The   result  was  overexpression  of   the  analysed  
genes,   resultant   from   24S-­OHC   increased   concentration   and   treatment   duration.   TO-­901317  

(LXR  agonist)  application   (0.5  μM)  presented   the  same  effect  on   the  RNA   levels  of   the  same  
genes  (B,  D,  F  and  H).  A-­  ABCA1  presented  significant  overexpression  after  24h  treatment  with  
1  (6  fold  change)  and  2  μM  (8  fold  change)  of  24S-­OHC.  B-­  ABCA1  overexpression  in  response  
to   TO-­901317   was   increasing   until   24h   application,   reaching   10   fold.   C-­   ABCG1   exhibited  
significant  overexpression  (more  than  10  fold  change)  with  2  μM  24S-­OHC  after  12h  treatment.  

However   occurred   a   slight   decrease   at   24h,   with   all   24S-­OHC   concentrations.   D-­   ABCG1  
mRNA   levels  exhibited   increased  expression   in   response   to  LXR  agonist   from  12h   treatment,  

reaching  around  30  fold  change  and  significance.  However  mRNA  levels  decreased  to  20  fold  

change  after   24h   (still   significant).  E-­  SREBP1c   presented  significant   overexpression  after   12  
and  24  h  treatment  with  1  and  2  μM  24S-­OHC.  However  the  fold  change  decreased  from  more  
than  6   (1  μM  at  12h)   to  4  at  1  μM   from  12  h   to  24  h  24S-­OHC   treatment   (p<0.0001   (****)   to  
p<0.05  (*),  respectively).  With  2  μM  of  24S-­OHC  the  mRNA  of  SREBP1c  kept  4  fold  until  24  h  of  

treatment.   F-­   Significant   SREBP1c   overexpression   occurred   after   12   h   exposure   with   TO-­
901317  (more  than  10  fold  change)  which  one  was  maintained  until  24  h  of  treatment.  G-­  Glut4  
significant   overexpression  occurred  after   4h  exposure   to   0.5   and   1  μM  of   24-­OHC   (around  4  

fold  change),  and  decreased  afterwards.  H-­  Glut4  mRNA  levels  increased  significantly  only  after  
12h   treatment   TO-­901317.   The   graphs   represent   the   fold   change  mean   +/-­   SEM   from   three  
independent   experiments   with   6   technical   replicates   each   (N=3,   n=18).   Statistical   test  

performed   was   two-­way   ANOVA   followed   by   Dunnett’s   multiple   comparison   test   (24S-­OHC  

treatment)   and   Sidak’s   multiple   comparison   test   (TO-­901317).   Significance   is   indicated   as  

follows:  p<0.05  (*),  p<0.01  (**),  p<0.001  (***)  and  p<0.0001  (****);;  unlabelled  comparisons:  no-­

significant.    

  

In   conclusion,   the   effects   of   24S-­OHC  also   appear   to   occur   through   the  

transcriptional  upregulation  of  LXR   target  genes   in  astrocytes.  Treatment  with  

0.5  μM  TO-­901317  caused  a  higher  degree  of   induction   in   the  studied  genes  

compared   to   24S-­OHC,   except   for  Glut4,   where   the   degree   of   induction   was  

similar.  This  indicates  that  TO-­901317  is  a  more  potent  LXR  activator  than  24S-­

OHC.  Overall,  however,  the  fact  that  24S-­OHC  causes  overexpression  of  LXR  

target  genes  in  cultured  astrocytes  in  a  pattern  similar  to  the  observed  effects  of  

TO-­901317   (LXR   agonist)   indicates   that   24S-­OHC   has   a   physiologically  

relevant  activity  as  an  endogenous  LXR  agonist  in  astrocytes  in  vitro.  
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3.3.3.   Effects  24S-­hydroxycholesterol  exposure  on  ApoE  gene  expression  
in  astrocytes.  

ApoE   has   been   demonstrated   previously   to   be   an   LXR   target   gene.  

However  when   its  RNA   levels  were  measured  after   treatments  with  both  24S-­

OHC   (Figure   3.3.3   A)   and   the   LXR   agonist   TO-­901317   (Figure   3.3.3   B)  

treatment,  no  differences  were  observed.  The  absence  of  effects  on  ApoE  gene  

expression   in  astrocytes  after  either  24S-­OHC  or  TO901317  exposure   (Figure  

3.3.3  A  and  B),  was  unexpected,  and  is  counter  to  the  results  of  (Abildayeva  et  

al.,  2006).  

  
  

  

  

  

  

  

  

  

Figure   3.3.3:   Effects   of   24S-­OHC   exposure   on   ApoE   mRNA   expression   in   astrocytes.  
Primary  astrocytes  were  treated  with   increasing  concentrations  of  24S-­OHC  (0.5,  1  and  2  μM)  
for   2,   4,   12   and   24   h.   Expression   levels   of   ApoE  mRNA  were  measured.   The   result  was   no  
response  to  24S-­OHC  A),  neither  to  LXR  agonist:  TO-­901317  B).  The  graphs  represent  the  fold  
change  mean   +/-­   SEM   from   three   independent   experiments   with   6   technical   replicates   each  

(N=3,   n=18).   Statistical   test   performed   was   two-­way   ANOVA   followed   by   Dunnett’s   multiple  

comparison  test  (24S-­OHC  treatment)  and  Sidak’s  multiple  comparison  test  (TO-­901317).  

  

Taking   together   this   set   of   data   I   can   conclude   that   24S-­OHC  

downregulates   SREBP2   target   genes   and   induces   LXR-­dependent   genes   in  

astrocytes.   The   regulation   of   ApoE   gene   expression   was   surprisingly   not  

observed   in   astrocytes   under   our   in   vitro   conditions,   either   by   24S-­OHC   or  

TO901317   exposure.   This   suggests   that   the   regulation   of   ApoE   may   not   be  

sensitive  to  the  activation  of  LXRs  in  this  paradigm.  
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3.3.4.   The   effect   of   24S-­hydroxycholesterol   on   SREBP2   nuclear  
translocation  by  immunocytochemistry.  

I   next   sought   to   gain   further   insight   into   the  mechanism   by   which   24S-­

OHC   negatively   regulates   the   expression   of   sterol   biosynthesis   genes   in  

astrocytes.  Cellular   sterol   levels  are   typically   controlled   tightly  within  a  narrow  

concentration  range  and  use  SREBP2  as  a  master  regulator  of  sterol  synthesis.  

The  conventional  model  holds   that  when  sterol   levels  are   replete,  SREBP2   is  

held  bound  within  the  ER  and  when  sterols  are  depleted,  SREBP2  shuttles  from  

the  ER  to  the  Golgi,  undergoes  sequential  proteolytic  cleavage  releasing  its  N-­

terminal   domain,   and   is   transported   into   the   nucleus   where   it   functions   as   a  

transcription   factor,  binding   to  Sterol  Regulatory  Element   (SRE)  and  positively  

regulating   the   expression   of   genes   such   as  HMGCR   and   LDLr   (Espenshade  

2006).    

  

As  shown  in  figure  3.3.1,  the  exposure  of  astrocytes  to  24S-­OHC  may  also  

invoke  these  previously  characterised  mechanisms  of  SREBP2  regulation,  as  is  

supported   by   the   downregulation   of   HMGCR,   HMGCS1,   FDFT1   and   LDLr  

(Figure   3.3.1   A,   C,   E   and   G).   I   aimed   to   further   clarify   the   mechanism   of  

SREBP2  target  gene  downregulation  by  24S-­OHC  in  astrocytes.  
  

One  of  the  experimental  approaches  by  which  I  have  examined  this  effect  

was   by   assessing   whether   24S-­OHC   retains   SREBP2   in   the   extra   nuclear  

space  (presumably  representing  retention  in  the  ER)  (Radhakrishnan,  Ikeda  et  

al.  2007)  using  immunocytochemistry.    

Representative   microscopy   images   showed   that   astrocytes   treated   with  

24S-­OHC  showed  less  intensity  of  SREBP2  labeling  (Alexa  fluor  488-­green)  in  

the  nucleus   (Hoechst),  compared   to  control  cells   (treated  with  DMSO)   (Figure  

3.3.4  A).  
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Further  quantification  supported  what  was  observed  on  the  representative  

images:   astrocytes   treated   with   24S-­OHC   showed   a   significantly   decreased  

intensity  of  SREBP2  labeling  in  the  nucleus.  

  

  

  

  

  

  

  

  

  
  

  

Figure  3.3.4:  24S-­OHC  inhibits  SREBP2  nuclear  localization.  Astrocytes  were  treated  with  2  
μM   of   24S-­OHC   for   12   h.   Immunocytochemical   analysis   showed   evidence   for   regulation   of  
SREBP2   nuclear   localization   by   24S-­OHC.   A-­   Representative   images   of   primary   astrocytes  
fixed   and   stained   with   Hoechst   (Blue)   and   SREBP2   (Alexa   fluor   488-­green).   Merge   images  

showed   decreased   intensity   of   SREBP2   in   the   nucleus   of   astrocytes   treated   with   24S-­OHC,  

compared  to  merge  image  from  control  (DMSO)  scale  bar:  30  μm.  B-­  Graph  represents  mean  
intensity  of  SREBP2  in  the  nucleus  +/-­  SEM.  A  significant  decrease  of  p<0.0001(****)  detected  

by  student  t-­test  with  Welch’s  correction,  of  nuclear  SREBP2  was  encountered  in  the  nucleus  of  

astrocytes  treated  with  2  μM  of  24S-­OHC  for  12h.      Images  were  taken  using  Nikon  eclipse  Ti  
microscope  at  20x  magnification,  scale  bar:  30  μm.  
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This  result  demonstrates   for   the  first   time   in  astrocytes   in  vitro,   that  24S-­

OHC  inhibits  SREBP2  nuclear  migration.  This  result  explains   the  observations  

in   Figure   3.3.1   that   24S-­OHC   significantly   downregulates   SREBP2   target  

genes.      

  

3.3.5.   The   effect   of   24S-­hydroxycholesterol   on   SREBP2   nuclear  
translocation   –   lack   of   validation   by   an   SREBP2   DNA   binding   activity  
assay.  

In   order   to   further   confirm   that   the  mechanism   of   24S-­OHC’s   effects   on  

sterol   biosynthesis   relied   on   the   negative   regulation   of   SREBP2,   I   employed  

another  approach:  a  SREBP2  DNA  binding  assay   (see  Material   and  Methods  

section  2.15).  Controls  used   in   the  assay  comprised  U-­18666A  and  ER  stress  

inducers   (tunycamycin-­TM   and   thapsigargin   -­   TG).   According   to   previous  

literature,  U-­18666A  induces  SREBP2  nuclear  migration,  and  is  therefore  used  

as  positive  control;;  other  studies  also  propose  a  mechanism  in  which  ER  stress  

increases  SREBP2  activity,  providing  the  rationale  for  using  TM  and  TG  (Rohrl  

et  al.,  2014).  

To   perform   this   experiment,   astrocytes   were   plated   on   10   cm   dishes,   2  

days   after   being   in   G5   supplement.   During   treatment   (DMSO,   24S-­OHC,   U-­

18666A,  TM  or  TG)  serum-­free  medium  was  applied  and   the   test  compounds  

were  added:  2  μM  of  24S-­OHC  for  12  h,  1.25  μM  of  U-­18666A  for  48  h,  1  µM  

TM  for  6  h  and  100nM  of  TG  for  24  h.  At   the  specified  times,  astrocytes  were  

lysed  and  the  nuclear  fraction  isolated  (Figure  2.6  in  Material  and  Methods)  as  

recommended  in  the  kit  (Material  and  Methods  2.15).    

As   observed   in   Figure   3.3.5,   only   TM   caused   the   expected   effect   of  

significantly  increased  migration  of  SREBP2  to  the  nucleus.  The  other  samples  

showed  no  difference  when  compared  to  control.  
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Figure  3.3.5:  No  detectable  change  in  nuclear  SREBP2  binding  activity  after  exposure  to  
24S-­OHC.  Astrocytes  were  treated  with  2  μM  of  24S-­OHC  for  12  h,  1.25  μM  of  U-­18666A  for  48  
h,  1  µM  TM  (tunicamycin)  for  6  h  and  100nM  of  TG  (thapsigargin)  for  24  h.    No  differences  were  

observed   in  SREBP2  nuclear  absorbance   in  cells   treated  with  24S-­OHC,  U-­18666A,  and  TG.  

Only   astrocytes   treated   with   TM   showed   a   significant   (p=0.0245   (*))   increase   in   absorbance  

(more  SREBP2  in  the  nucleus).  Statistical  test  used  was  one-­way  ANOVA  followed  by  Dunnett’s  

multiple   comparison   test.   Graph   represents   the   average   values   of   absorbance   from   3  

independent  experiments.    

  

I  was  expecting  to  detect  SREBP2  in  the  nucleus  of   the  positive  controls  

(astrocytes  treated  with  TG,  TM  and  U-­18666A),  as  for  the  test:  samples  treated  

with  24S-­OHC,  I  was  expecting  significant  decrease  in  OD  compared  to  control  

(untreated-­DMSO   samples)   as   in   the   presence   of   oxysterols   (24S-­OHC)  

SREBP2  is  retained  in  the  ER  and  inhibited  to  migrate  in  the  nucleus.    
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3.3.6.   24S-­hydroxycholesterol  causes  astrocyte  cell  death  in  vitro.  
Having   regularly   observed   of   the   treated   astrocytes   before   harvesting  

them,   I   developed   the   suspicion   that   24S-­OHC   was   causing   cytotoxicity   to  

astrocytes.   as   I   believed   that   I   was   observing   decreased   cell   numbers   in   the  

treated  plates.  Considering  the  observed  24S-­OHC  toxicity  previously  in  striatal  

neurons  (Figure  3.2.1),  I  wondered  if  24S-­OHC  might  also  exerts  a  similar  effect  

in  astrocytes.      

To  assess  the  toxicity  of  24S-­OHC  to  astrocytes  in  vitro,  I  exposed  them  to  

increasing  concentrations  (0.25,  0.5,  1,  2  and  4  μM)  of  24S-­OHC  and  exposed  

cells  for  different  periods  of  time  (2,  4  12  and  24  h).  MTT  assay  was  conducted  

at   the   same   time   for   all   the   samples   24h   after   the   experiment   was   initiated.  

Astrocyte   survival   was   assessed   at   these   time   points   using   the   MTT   assay  

(Figure  3.3.6  A).  Figure  3.3.6  A  conveys  the  cell  death  curves  correspondents  

to  all   the   time  points  analysed   for   the  astrocytes  cell   death  dependent  on   the  

24S-­OHC  concentration  used,  however  for  a  better  visualisation  I  split  the  graph  

in  the  different  time  points  studied:  2  h  Figure  3.3.6  B,  4  h  Figure  3.3.6  C,  12  h  

Figure  3.3.6  D  and  24  h  Figure  3.3.6  E.    

The   cell   death   curve   showed   that   after   4   h   of   incubation   from   a  

concentration  of  0.5  μM  a  decline  is  evident  (Figure  3.3.6  C).  The  result  of  the  

analysis  showed  that  4  μM  of  24S-­OHC  caused  significant  astrocyte  loss  after  

12  h  (Figure  3.3.6  D)  and  24  h  (Figure  3.3.6  E)  of  treatment  (p  =  0.0238  for  12  h  

and  p  =  0.0485   for   24  h),  when   compared   to   non-­treated   cells   (DMSO)   (two-­

away  ANOVA  followed  by  Dunnett’s  multiple  comparison  test).  

Even   though   the   statistical   test   only   indicates   significant   cell   death   for  

astrocytes  treated  with  4  μM  of  24S-­OHC  for  12  h  and  24  h,  a  trend  toward  the  

same  effect  was  observed  after  4h,  with  ~30%  cell  death  after  exposure  to  2  μM  

and  ~50%  with  4  μM.    
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Figure  3.3.6:  24S-­OHC  is  cytotoxic  to  astrocytes.  A.  Astrocytes  were  treated  with  increasing  
concentrations  of  24S-­OHC  (0.25,  0.5,  1,  2  and  4  μM)  for  different  time  points  (2,4  12  and  24  h).  

Cell  survival  was  assessed  at  the  end  of  time  points  (24  h)  by  MTT  assay.  The  graph  represents  

the  percentage  of  the  absorbance  (OD  540nm)  mean  +/-­  SEM  of  two  independent  experiments  

with   12   technical   replicates   (N=2,   n=12).   Ordinary   two-­way   ANOVA   indicated   that   24S-­OHC  

concentrations  cause  a  significant  (p<0.0001)  effect  on  cell  survival  as  well  as  time  (p=0.016).  

Two  different  multiple  comparison   tests  were  performed.   In  order   to  assess   the  effect  of  24S-­

OHC  concentrations  at  the  same  time  point,  Dunnett’s  test  was  preferred.  After  12  h  and  24  h  at  

4   μM   of   24S-­OHC   treatment,   occurred   significant   cell   death   when   compared   to   DMSO  

(p=0.0238   (*)   and   p=0.0485   (*),   respectively).   To   compare   the   same  24S-­OHC  concentration  

during   different   exposure   times,   Tukey’s   multiple   comparison   test   was   the   more   assertive,  

however   resulted   in   non-­significance.      B,   C,   D   and   E   represent   the   percentage   of   the  
absorbance   (OD   540nm)   mean   +/-­   SEM   after   2h,   4h,   12h   and   24h   of   24S-­OHC   treatment,  

respectively.  Graph  A  was  separated  in  B,  C,  D  and  E  for  better  visualization.  

  

In  conclusion,  astrocytes  incubated  with  24S-­OHC  exhibited  cell   loss  in  a  

time  and  concentration-­dependent  manner.  

This   result   highlights   for   the   importance   of   regulating   the   levels   of   24S-­

OHC  in  the  interstitial  space  at  a  low  level.  They  also  suggest  that  the  increased  

level   of   24S-­OHC   observed   in   our   HD   model   might   have   implications   for  

astrocyte  toxicity  in  HD.  

  

3.3.7.   24S-­hydroxycholesterol   does   not   induce   endoplasmic   reticulum  
stress  in  astrocytes.  

I   sought   to   investigate   whether   24S-­OHC   caused   UPR   upregulation  

leading  to  endoplasmic  reticulum  (ER)  stress  in  astrocytes,  based  on  the  same  

rationale  that  prompted  my  assessing  a  similar  effect  in  neurons  (section  3.2.6).  

If  the  hypothesis  was  correct,  I  was  expecting  to  observe  BiP  and  CHOP  to  be  

upregulated  (Ron  and  Habener,  1992).    

In  order  to  test  this  hypothesis,  astrocytes  were  treated  with  24S-­OHC  (2  

μM   for   4   and   12   h),   or   the   positive   controls   TM   (tunicamycin)   or   TG  

(thapsigargin)   (0.5   μg/mL   and   0.1   μM   for   24   h,   respectively).   The   cells   were  

subsequently   lysed,  and   the  RNA  extracted  and  used   for  qRT-­PCR  analyses.  

The   results   showed   that   24S-­OHC   does   not   induce   UPR/ER   stress   in  

astrocytes   as   BiP   (Figure   3.3.7   A)   and   CHOP   (Figure   3.3.7   B)  mRNA   levels  
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were   not   upregulated   in   response   to   24S-­OHC   treatment   (Figure   3.3.7).  

Nonetheless,  this  effect  was  seen  with  the  positive  controls  TM  and  TG  (Figure  

3.3.7),  as  expected.  

  

  
  

Figure  3.3.7:   24S-­OHC   does   not   induce   ER   stress   in   astrocytes.  Astrocytes  were   treated  
with   2  μM  of   24S-­OHC   for   4   and  12  h,   and  positive   controls   used  TM   (tunicamycin)   and  TG  
(thapsigargin)   at   0.5   μg/mL   and   0.1   μM   for   24   h,   respectively.   A-­   BiP   mRNA   levels   were  
measured  by  qRT-­PCR  and  no  differences  were  observed  for  astrocytes  treated  with  24S-­OHC.  

Positive   controls:   TM   and   TG   increased   BiP   mRNA   levels   by   30   folds   compared   to   DMSO  

treated  astrocytes  (p=0.0014  (**)  and  p=  0.0011  (**)  respectively).  B-­  CHOP  mRNA  levels  were  
measured  by  qRT-­PCR  and  no  differences  were  observed  for  astrocytes  treated  with  24S-­OHC.  

Positive  controls:  TM  and  TG  increased  CHOP  mRNA  levels  by  250  folds  compared  to  DMSO  

treated  astrocytes  (p=0.0034  (**)  and  p=  0.0034  (**)).  Graph  represents  the  fold  change  mean  

from   two   independent   experiments   with   6   technical   replicates   each   (N=2,   n=12)   +/-­   SEM.  

Statistical  test  used  was  one-­way  ANOVA  followed  by  Dunnett’s  multiple  comparison  test.  
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3.3.8.   24S-­hydroxycholesterol  increases  superoxide  levels  in  astrocytes.  
Driven  to  find  a  mechanism  to  explain  the  cell  death  caused  by  24S-­OHC  

in   astrocytes,   I   used   the   same   approach   as   to   study   the   mechanism   of   cell  

death   induced   by   24S-­OHC   for   primary   striatal   neurons   (Figure   3.2.10),   the  

analysis  of  increased  ROS  accumulation  using  Mitosox.    

Fully   differentiated   astrocytes   were   treated   for   24   h   with   increasing  

concentrations   of   24S-­OHC   (0.25,   0.5,   1   and   2   μM).   The   treated   astrocytes  

exhibited   increased   intensity   for   the   superoxide   indicator   Mitosox,   in   a  

concentration  dependent  manner  (Figure  3.3.8  A).    

The  graph  (Figure  3.3.8  B)  shows  the  increase  of  integrated  density  of  the  

Mitosox-­positive  particles  in  24S-­OHC  concentration  dependent  manner.  All  the  

24S-­OHC   concentrations   studied   caused   statistically   significant   superoxide  

accumulation   compared   to   the   positive   control   –   3-­NP   (One-­way   ANOVA  

followed  by  Dunnett’s  multiple  comparison  test  p<0.01  ***,  p<0.0001  ****).  
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Figure   3.3.8:   24S-­OHC   increases   superoxide   levels   in   astrocytes.   Astrocytes   upon  
differentiation  were   treated  with   increasing  concentrations  of  24S-­OHC:  0.25,  0.5,  1  and  2  μM  

for  24  h.  Positive  control  for  mitochondrial  stress  used  was  the  complex  2  inhibitor:  3-­NP,  used  

at   10   mM   for   12   h.   Mitosox   was   loaded   in   the   cells   dissolved   in   HBSS   at   5   μM.   A-­  
Representative   images   of   astrocytes   loaded   with   mitosox,   show   increasing   fluorescence  

intensity  dependent  on  the  24S-­OHC  concentrations.  The  positive  control  exhibited  the  positive  

staining.   B-­   The   graph   shows   a   dependency   between   integrated   density   and   24S-­OHC  
concentrations  proved  by   the   statistical   test  One-­Way  ANOVA   (p<0.0001).  Astrocytes   treated  

with   higher   concentrations   exhibited   increased   intensity   of   mitosox.   All   the   concentrations  

studied  when  compared   to  control   caused  statistical   significant  accumulation  of   superoxide   in  

astrocytes:  0.25  μM  p=0.0075  (**),  0.5  –  2  μM  p<0.0001  (****)   (Dunnett’s  multiple  comparison  

test).  Astrocytes  treated  with  3-­NP  exhibited  a  statistical  significant  increase  in  mitosox  intensity  

compared  to  control,  when  a  Student  T-­test  with  Welch’s  correction  was  applied  (p=0.0031  **).  

The   graph   represents   the  mean   +/-­   SEM   of   intensities   from   one   experiment   with   4   technical  

replicates   (N=1,   n=4).   Images   were   taken   Nikon   eclipse   Ti  microscope   at   20x  magnification,  

scale  bar:  100  μm.  

  

Thus,  a  possible  mechanism  for  the  astrocytic  cell  death  caused  by  24S-­

OHC   is   increased   superoxide   production,   which   may   lead   to   mitochondrial  

stress.  
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3.3.9.   Discussion  
In   this   chapter   I   addressed   the   effects   of   24S-­hydroxycholesterol   (24S-­

OHC)   on   astrocytes   in   culture.   Primarily   its   regulatory   effects   on   the  

transcription   of   genes   involved   on   sterol   metabolism   were   explored,   and  

consequently  I  studied  possible  toxic  effects.  

24S-­OHC   is   not   likely   to   be   the   only   metabolite   in   the   process   of  

cholesterol   elimination,   as   newer   evidence   supports   its   role   as   a   signalling  

molecule   that   communicates   between   neurons   and   astrocytes   (Wang   et   al.,  

2008).  For  this  reason  understanding  in  detail  the  signalling  of  this  molecule  in  

astrocytes  is  important  for  clarifying  overall  mechanisms  of  brain  function.  

In  Results  Chapter  3.3  I  demonstrated  the  efficacy  of  24S-­OHC  to  regulate  

the   two   different   transcription   factors,   SREBP2   and   LXR.   While   SREBP2  

upregulates   genes   involved   in   cholesterol   biosynthesis   and   uptake,   LXR  was  

found  to  induce  the  expression  of  cholesterol  efflux  genes.  

My   results   showed   that   24S-­OHC   downregulates   known   to   be   SREBP2  

target   sterol   biosynthesis   genes   (HMGCR,   HMGCS   and   FDFT1)   and  

transporter  genes  (LDLr)  in  astrocytes  (Figure  3.3.1).  I  further  showed  that  this  

effect   is   dissociated  pharmacologically   from  LXR  activation,   as   treatment  with  

TO-­901317  caused  no  effect  (Figure  3.3.1  B,  D,  F  and  H).  The  actions  of  24S-­

OHC  on   some  of   the   LXR   target   genes   studied  were   partially   consistent  with  

those  of  previous  studies  (Liang  et  al.,  2004;;  Abildayeva  et  al.,  2006).  I  showed  

transcriptional   induction   of   ABCA1   and   ABCG1   (Figure   3.3.2   A   and   C),  

consistent   with   a   previous   report   (Abildayeva   et   al.,   2006);;   moreover   I  

presented   that   24S-­OHC  caused  upregulation  of  SREBP1c   and  Glut4   (Figure  

3.3.2   E   and   G).   Most   notably  ApoE   did   not   exhibit   altered   expression,   even  

upon  TO-­901317  treatment  (Figure  3.3.3  A  and  B).  

From   the   results   obtained   I   can   conclude   that   24S-­OHC   likely   regulates  

the   transcription   of  ABCA1,  ABCG1,  SREBP1c   and  Glut4   by   activating   LXR,  

however   both   24S-­OHC   and   TO-­901317   failed   to   cause   a   transcriptional  

change  on  ApoE.    

Counteracting  the  importance  given  in  vitro  to  24S-­OHC  as  a  LXR  agonist,  

it   should   be   noted   that   studies   with   transgenic   mice   overexpressing   human  

CYP46A1   resulted   in   unexpected   observations.   The   significantly   increased  



   167  

levels   of   24S-­OHC   in   the   brain   did   not   alter   the   expression   levels   of   LXR   or  

SREBP2  target  genes.  In  spite  of  the  fact  that  24S-­OHC   in  vitro  was  shown  to  

upregulate   LXR   target   genes,   operating  as  a   potent   LXR  agonist,   however   in  

vivo  it  is  not  a  critical  activator  of  this  nuclear  receptor  (Shafaati  et  al.,  2011).  

It   has  been   shown  previously   that   oxysterols  modulate  SREBP2  nuclear  

migration   by   binding   to   INSIG.   The   binding   of   oxysterols   to   INSIG   invokes  

structural   changes,   causing   INSIG   to  bind   to  Scap,   keeping   the  Scap-­SREP2  

complex   in   the  ER   (Radhakrishnan  et  al.,  2007).   In   this  chapter,   I   showed   for  

the   first   time   that   24S-­OHC   inhibits   SREBP2   nuclear   migration   in   astrocytes  

(Figure   3.3.4).   I   succeeded   in   showing   less   intensity   of   SREBP2  

immunostaining   in   the   nucleus   of   astrocytes   treated   with   24S-­OHC   (Figure  

3.3.4),   whereas   with   a   different   approach   using   the   SREBP2   DNA   binding  

assay  (Figure  3.3.5),  the  results  were  inconclusive.  The  lack  of  observed  effect  

of   24S-­OHC   in   the   SREBP2   transcription   factor   assay   was   puzzling.  

Nevertheless  I  used  my  own  positive  controls:  astrocytes  treated  with  ER  stress  

inducers,  tunicamyin  and  thapsigargin  (Rohrl  et  al.,  2014),  as  well  as  U-­18666A,  

with  which   increased  OD  was  expected.  However  only  astrocytes   treated  with  

tunicamycin   showed   the   expected   increase   in   absorbance,   indicating   the  

SREBP2   nuclear   localization.   My   explanation   for   the   lack   of   significance  

between   treatments   on   the   insufficient   sensitivity   of   the   assay   for   my   rat  

samples,   as   the   SRE   in   the   plate   and   the   antibody   in   the   kit   are   for   human  

samples.  Even  though  the  manufactor  indicates  that  was  fabricated  to  be  used  

with  human  samples,  predicts  it  to  work  with  mammal  samples.  Although  I  used  

the  amount  of  sample  advised  by  the  kit,  perhaps  the  overall  expression  levels  

of  SREBP2  maybe   lower  compared   to   the  samples   tested  by   the  manufactor,  

therefore  the  SREBP2  in  nucleus  is  not  sufficient  to  be  quantified.  

Most   interestingly,  as  previously  observed   in  primary  neurons,  24S-­OHC  

causes   toxicity   to   astrocytes   (Figure   3.3.6)   in   a   dose   and   time   dependent  

manner.  Cell  loss  due  to  24S-­OHC  is  not  caused  by  ER  stress  (Figure  3.3.7),  a  

mechanism   more   likely   to   be   operating   is   the   increased   superoxide   levels  

observed   in   astrocytes   treated   with   24S-­OHC,   which   suggests   mitochondrial  

oxidative  stress  (Figure  3.3.8).  This  effect  was  also  observed  in  results  chapter  

3.2  with  primary  striatal  neurons.  
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4.   Discussion  
In   this   thesis   I   uncovered   some   important   aetiologic   aspects   of   sterol  

dysregulation   in   an   in   vitro  model   of  HD   (Figure   3.1.1   and   3.1.2).   I   observed  

sterol   accumulation   in   primary   striatal   neurons   (Figure   3.1.3   and  3.1.4)  which  

ones   controlled   tightly   their   intracellular   sterols   levels,   by   releasing   increased  

levels   of   24S-­OHC   into   medium   (Figure   3.1.11),   which   was   then   observed.  

While  in  the  interstitial  space  24S-­OHC  was  hypothesised  to  have  implications  

on  neurons  and  astrocytes’  health.  Accordingly,  I  showed  that  increased  levels  

of  24S-­OHC  were  toxic  to  primary  striatal  neurons  (Figure  3.2.1  and  3.2.2)  and  

lead  to  increase  levels  of  superoxide  (Figure  3.2.13),  anticipating  a  consequent  

mitochondrial  stress  event.  Moreover,  24S-­OHC  proved  to  be  a  potent  NMDAR  

activator  inciting  increased  calcium  influx  (Figure  3.2.6)  and  increasing  the  firing  

pattern   of   a   mixed   neuronal   culture   (Figure   3.2.7),   when   in   the   presence   of  

NMDAR   agonist   and   co-­agonist.   Unfortunately,   I   did   not   succeed   to  

demonstrate   that   24S-­OHC   sensitized   neurons   to   NMDA   application   with  

increased  neuronal  death,  nevertheless  I  would  have  been  more  successful  if  I  

have  used   lower  concentrations  of  NMDA,  as   the  concentration  used   (10  μM)  

was   causing   more   than   70%   cell   death,   so   a   24S-­OHC   effect   was   maybe  

hidden  (Figure  3.2.11).  Regardless  I  proved  that  24S-­OHC  is  a  potent  NMDAR  

modulator   promoting   its   functions   empowering   to   excitotoxicity   and  

mitochondrial   stress   insults   in   striatal   neurons,   aggravating   HD   cellular  

symptoms.   In   astrocytes,   24S-­OHC   causes   sterols   dyshomeostasis   by  

promoting   sterol   efflux,   thought   LXR   genes’   activation   (Figure   3.3.2)   and   the  

cease   of   sterol   biosynthesis   once   inhibits   SREBP2   nuclear   migration   (Figure  

3.3.4)  and   its   target  genes  were  found  downregulated  (Figure  3.3.1).  These   in  

vitro  findings  drive  me  to  hypothesize  that  HD  astrocytes  reach  a  status  of  sterol  

depletion.  

The   field  of   research  comprehending   the  sterol  dyshomeostasis   in  HD   is  

mainly   split   in   two   sides,   findings   proved   that   cholesterol   accumulates   in   HD  

neurons  (Trushina  et  al.,  2006;;  del  Toro  et  al.,  2010;;  Luthi-­Carter  et  al.,  2010)  

while  research  from  a  different  group  suggested  that  sterol  biosynthesis   in  HD  

neurons   is   impaired   and   this   exhibited   decreased   levels   of   cholesterol  
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precursors   (Marullo   et   al.,   2012;;   Leoni   and   Caccia,   2015).   In   this   thesis   I  

conveyed   the   knowledge   from   the   different   groups,   I   observed   sterol  

accumulation  in  primary  striatal  neurons  at  the  plasma  membrane  (Figure  3.1.5)  

(Trushina  et  al.,  2006)  and  in   lysosomes  (Figure  3.1.7).  As  previously  seen  by  

Del   Toro,   I   linked   the   sterol   dysregulation   with   increased   NMDAR   receptor  

function  (del  Toro  et  al.,  2010)  and  finally  my  findings  led  to  sterol  dysregulation  

in   astrocytes   with   a   consequence   status   of   sterol   depletion   (Valenza   et   al.,  

2015).        

An  interesting  finding  presented  in  this  thesis  was  the  involvement  of  sterol  

dysregulation  in  striatal  neurons  expressing  Htt  171-­82Q  with  characterized  HD  

hallmarks,  excitotoxicity  and  mitochondrial  stress.  Would  be  interesting  in  future  

work   to   understand   exactly   how   24S-­OHC   regulates   these   mechanisms,  

perhaps   the   finding   of   its   binding   site   at   plasma   membrane/NMDAR   would  

facilitate  the  investigation.  From  previous  studies  is  known  that  24S-­OHC  binds  

on  an  extracellular  site  at  the  plasma  membrane  as  when  applied  in  whole-­cell  

pipette   solution   and   to   the   cytosolic   face   of   inside-­out   membrane   was   not  

effective   as   NMDAR   modulator   (Linsenbardt   et   al.,   2014).   Regarding   the  

increased   levels   of   superoxide   after   24S-­OHC   treatment   on   striatal   neurons,  

further   investigation   on   the   mechanism   would   be   more   elucidative   as   to  

understand   how   the   24S-­OHC   targets   the   mitochondria,   which   ROS   are  

increased  and  the  signalling  cascade.  

Since   the   increased  sterol  observed   in  disease  conditions   is  detrimental,  

the   existence   of   a   compound   that   penetrates   the   blood   brain   barrier   and  

effectively   decreases   total   sterols   is   a   promising   step   in   identifying   relevant  

therapeutics.   As   interesting   as   the   observed   that   AK-­7   decreases   total   sterol  

levels   in   primary   striatal   neurons   expressing  mutant   Htt   (Htt171-­82Q)   (Figure  

3.1.10),   would   be   to   prove   its   ability   to   decrease   24S-­OHC   generation   and  

consequent  release  therefore  protecting  neurons  from  the  harm  of  excitotoxicity  

and  mitochondrial  stress.  This  hypothesis  comes  from  the  studied  direct  relation  

between  cholesterol  synthesis  and  24S-­OHC  production  (Lund  et  al.,  2003)  and  

as   shown   in   Taylor   et   al.,   2011   AK-­7   efficiently   retains   SREBP2   in   the   ER  

promoting   its   target   genes   downregulation   therefore   less   cholesterol  
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biosynthesis   leading   to   less   substrate   available   to   produce   24S-­OHC   and  

consequently  less  efflux.  

The   finding   that   24S-­OHC   has   neurotoxic   properties   is   not   completely  

novel  as  others  have  reported  similar  observations  with  SH-­SY5Y  cells  (Kolsch  

et   al.,   2001)   and   cortical   neurons   (Yamanaka   et   al.,   2011).   One   previous  

description   indicates   that   24S-­OHC   induces   neuronal   cell   death   through  

necroptosis,   a   form   of   programmed   necrosis   (Yamanaka   et   al.,   2011).   This  

group  reported  that  24S-­OHC  induces  cell  death  at  concentrations  higher  than  

10  μM  in  SH-­SY5Y  and  cortical  neurons,  as  assessed  using  the  WST-­8  assay.  

Considering   that   this  assay   is   suitable   to   study   induction  and   inhibition  of   cell  

proliferation,  once  is  based  on  the  extracellular  reduction  of  WST-­8  by  NADPH  

produced   in   the   mitochondria,   may   not   be   the   most   assertive   method   to  

measure   neuronal   cell   death,   once   the   presence   of   astrocytes   in   the   cortical  

culture   may   lead   to   erroneous   results.   That   is   a   reason   why   I   choose   to  

measured  neuronal  death  taking  advantage  of  NeuN  immunostaining.  Moreover  

they   justified   the   lack  of   cell   death  at   concentrations   lower   than  10  μM  as  an  

adaptive   response:   at   “sub-­lethal”   concentrations   24S-­OHC  acts   through   LXR  

promoting  transcriptional  activation,  initiates  a  signalling  cascade  which  leads  to  

cell  death  protection  (Okabe  et  al.,  2013).  Nevertheless,  my  data  supports  that  

24S-­OHC  is  a  toxic  agent  causing  significant  cell  death  to  striatal  neurons  from  

the   concentration   of   1   μM   (Figure   3.2.2).   This   is   an   important   addition   to   the  

previous   literature   by   demonstrating   24S-­OHC   toxicity   in   another   neuronal  

subtype  and  at  a  considerably  lower  concentration.       

24S-­OHC  is  not  likely  to  be  only  a  metabolite  for  elimination  of  cholesterol,  

as  more  evidences  support  its  role  as  a  signalling  molecule  that  communicates  

between   neurons   and   astrocytes   (Wang   et   al.,   2008).   The   results   presented  

were   partially   consistent   with   those   of   previous   studies   (Liang   et   al.,   2004;;  

Abildayeva   et   al.,   2006)   by   showing   the   induction   of   the   LXR   target   gene  

ABCA1  (similar  TO901317  administration)  (Figure  3.3.2  A,  B),  but  with  a  lack  of  

effect   on  ApoE   expression   (Figure   3.3.3).   My   results   also   showed   that   24S-­

OHC  downregulates  sterol  biosynthesis  genes  (HMGCR,  HMGCS  and  FDFT1),  

and  cholesterol  uptake  (LDLr)  which  are  also  known  as  SREBP2  target  genes,  
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in   astrocytes   (Figure   3.3.1),   an   effect   that   could   be   dissociated  

pharmacologically  from  LXR  activation.  

Drawing   on   data   from   an   in   vitro   model   comprised   of   primary   rat   brain  

cells,   Abildayeva   and   colleagues   (Abildayeva   et   al.,   2006)   have   previously  

proposed  a  model  in  which  release  of  24S-­OHC  from  neurons  also  induces  the  

secretion   of   lipoprotein-­associated   cholesterol   from   astrocytes   (Pfrieger,   2003  

a).  This  is  also  consistent  with  the  results  of  (Kim  et  al.,  2007),  who  presented  

evidence  that  neurons  release  24S-­OHC  to  signal  astrocytes   to  produce  more  

ApoE-­containing   lipoprotein   complexes.   On   the   other   hand,   Abildayeva   and  

colleagues  provided  an  alternate  perspective  by  showing  that  24S-­OHC  per  se  

does  not  induce  cholesterol  efflux  from  astrocytes,  but  that  cholesterol  efflux  is  

nonetheless  dependent  on  either  ApoE  or  ApoAI.    

Counteracting  the  importance  given  in  vitro  to  24S-­OHC  as  a  LXR  agonist,  

studies   with   transgenic   mice   overexpressing   human   CYP46A1,   resulted   in  

unexpected  observations,  once  the  significantly  increased  levels  of  24S-­OHC  in  

the  brain,  did  not  alter  the  transcription  of  LXR  neither  SREBP2  target  genes.  In  

spite   of   the   fact   that   24S-­OHC   in   vitro   was   shown   to   upregulate   LXR   target  

genes,  operating  as  a  potent  LXR  agonist,   in   vivo   is  not  a   critical   activator  of  

this  nuclear  receptor  (Shafaati  et  al.,  2011).  

More  interestingly  I  showed  for  the  first  time  in  astrocytes  the  mechanism  

by   which   SREBP2   is   retained   in   the   cytoplasm   in   the   presence   of   24S-­OHC  

(Figure  3.3.4),  explaining  the  dowregulation  of  its  target  genes  (Figure  3.3.1).  

The  cytotoxic  effects  of  24S-­OHC  not  only  affected  neuronal  survival  as  it  

also  affected  astrocytes’.  As  evidenced  by  the  cell  death  curve  in  Figure  3.3.6,  

treatment  of  4  μM  of  24S-­OHC  after  12h  and  24h  leads  to  significant  cell  death.    

The  mechanism  of  cell  death  caused  by  24S-­OHC  in  astrocytes  may  also  

be   caused   by   mitochondrial   stress,   once   I   observed   increased   superoxide  

levels  in  a  dose  depended  manner,  after  24  h  treatment.    

  

The  working  model   proposed   at   the   beginning   of   the   thesis   (Figure   1.6)  

lays  on  the  hypothesis  that  the  sterol  accumulation  in  HD  primary  neurons  leads  

to  increase  released  of  24S-­OHC  into  the  medium.  The  cerebrosterol  is  toxic  to  

primary   striatal   neurons   causing   cell   death   maybe   by   inducing   increased  
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superoxide,   and   potentiates   neuronal   response   to   NMDAR   activation,  

sensitising   them   to  excitotoxicity,   a  mechanism  known   to  be   important   in  HD.  

Moreover,   24S-­OHC   downregulates   SREBP2   target   genes,   reducing  

cholesterol   synthesis   and   overexpresses   LXR   target   genes,   promoting   sterol  

efflux  in  astrocytes  in  vitro.  Besides  altering  the  sterol  metabolism  of  astrocytes,  

24S-­OHC  also   induces  cell  death  and   the  mechanism   tested  was  by   inducing  

superoxide   levels.   Thus   an   increase   in   ROS   and   consequently   mitochondrial  

stress  maybe  the  cause  for  cell  death.  

Importantly,   the   results   collected   to   date   conveyed   previous   studies   and  

shed   new   light   on   transcellular   aspects   of   cholesterol   dyshomeostasis   that  

occur  early  in  HD,  where  sterol  accumulation  and  consequent  released  of  24S-­

OHC  was  observed  for  the  first  time  and  its  effects  investigated  in  both  neurons  

and  astrocytes.  
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