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BBB	
  	
   	
   	
   blood	
  brain	
  barrier	
  
BSA	
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  serum	
  albumin	
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  hippocampal	
  progenitor	
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   Corunu	
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  system	
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   calcitonin	
  gene-­‐related	
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   circumventricular	
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DCX	
   	
   	
   doublecortin	
  
DG	
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DIV	
   	
   	
   days	
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ER	
   	
   	
   endoplasmic	
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GFAP	
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  fibrilary	
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  hormone	
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   growth	
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  receptor	
  type	
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GHSR-­‐1a	
   	
   growth	
  hormone	
  secretagogue	
  receptor	
  type	
  1a	
  
GHSR-­‐1b	
   	
   growth	
  hormone	
  secretagogue	
  receptor	
  type	
  1b	
  
GPR39	
   	
   G-­‐protein	
  coupled	
  receptor	
  39	
  
GSK3β	
   	
   glycogen	
  synthase	
  kinase-­‐3β	
  
GOAT	
  	
   	
   ghrelin	
  o-­‐acyl	
  transferase	
  
IGF-­‐1	
   	
   	
   insulin-­‐like	
  growth	
  factor-­‐1	
  
Jak2/	
  STAT3	
   	
   janus	
  kinase	
  2/	
  signal	
  transducer	
  and	
  activator	
  of	
  	
   	
   	
  

	
   transcription	
  3	
  
MAP2	
   microtubule-­‐associated	
  protein	
  2	
  
MEK/ERK1/2	
   mitogen-­‐activated	
  protein	
  kinase/	
  extracellular	
  signal-­‐	
  regulated	
  kinases	
  1/2	
  
mTOR/	
  p70s6k	
   	
   mammalian	
  target	
  ofrapamycin/	
  ribosomal	
  protein	
  S6	
  kinase	
  
NeuN	
  	
   	
   neuronal	
  nuclear	
  antigen	
  (FOX-­‐3)	
  
NPCs	
   	
   	
   neural	
  progenitor	
  cells	
  
NSCs	
   	
   	
   neural	
  stem	
  cells	
  
p13/AKT	
   	
   p13-­‐kinase/	
  protein	
  kinase	
  B	
  
RMS	
   	
   	
   rostral	
  migratory	
  stream	
  
ROIs	
   	
   	
   region	
  of	
  interest	
  
SDR	
   	
   	
   spontaneous	
  dwarf	
  rats	
  	
   	
   	
  
SGZ	
   	
   	
   subgranular	
  zone	
  
SN	
   	
   	
   substancia	
  nigra	
  
Sox2	
   	
   sex	
  determining	
  region	
  Y	
  (SRY)-­‐box	
  2	
  
SVZ	
   	
   	
   subventricular	
  zone	
  
TDM	
   	
   	
   trans-­‐membrane	
  domain	
  
VTA	
   	
   	
   ventral	
  tegmental	
  area	
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Resumo	
  
	
  
	
  
Ao	
  longo	
  da	
  vida,	
  novos	
  neurónios	
  são	
  formados	
  a	
  partir	
  de	
  células	
  progenitoras	
  neurais	
  (CPN).	
  No	
  
cérebro	
  adulto,	
  dois	
  principais	
  nichos	
  neurogénicos	
  foram	
  descritos:	
  a	
  zona	
  subventricular	
  (ZSV)	
  dos	
  
ventrículos	
  laterais	
  e	
  a	
  zona	
  subgranular	
  (ZSG)	
  do	
  giro	
  dentado	
  (GD).	
  Os	
  neurónios	
  recém	
  formados	
  
do	
  GD	
  integram-­‐se	
  numa	
  circuito	
  funcional	
  pré-­‐estabelecido,	
  tendo	
  um	
  papel	
  no	
  funcionamento	
  da	
  
memória	
   hipocampal.	
   A	
   produção	
   desses	
   novos	
   neurónios	
   é	
   regulada	
   por	
   vários	
   factores	
  
relacionados	
  com	
  o	
  estilo	
  de	
  vida,	
   incluindo	
  hábitos	
  alimentares.	
  A	
  grelina,	
  uma	
  hormona	
  peptídea	
  
envolvida	
   na	
   regulação	
   do	
   apetite,	
   tem	
   sido	
   descrita	
   a	
   aumentar	
   a	
   proliferação	
   de	
   CPN	
   do	
  
hipocampo	
   de	
   ratos	
   adultos	
   e	
   a	
   modular	
   a	
   memoria.	
   Contudo,	
   ainda	
   há	
   controvérsias	
   sobre	
   a	
  
capacidade	
  da	
  grelina	
  	
  exercer	
  um	
  efeito	
  direto	
  nas	
  CPN	
  e	
  células	
  derivadas	
  das	
  CPN	
  através	
  da	
  sua	
  
ligação	
  ao	
  seu	
  receptor:	
  o	
  receptor	
  secretagogo	
  da	
  hormona	
  de	
  crescimento	
  1a,	
  GHSR-­‐1a.	
  
A	
  nossa	
  hipótese	
  de	
  trabalho	
  considera	
  que	
  o	
  sistema	
  da	
  grelina	
  e	
  o	
  seu	
  receptor	
  exerce	
  um	
  efeito	
  
importante	
  e	
  crucial	
   sobre	
  a	
   sobrevivência,	
  maturação	
  e	
  diferenciação	
  de	
  neurónios	
  derivados	
  das	
  
células	
  progenitores	
  neurais	
  do	
  hipocampo.	
  Os	
  nossos	
  resultados	
  mostram	
  que	
  o	
  receptor	
  da	
  grelina,	
  
GHSR-­‐1a,	
   está	
   ausente	
   em	
   culturas	
   de	
   células	
   derivadas	
   das	
   neuroesferas	
   do	
   giro	
   dentado.	
   No	
  
entanto,	
   observamos	
   que	
   uma	
   outra	
   isoforma	
   do	
   GHSR1	
   (provavelmente	
   a	
   sua	
   forma	
   truncada,	
  
GHSR-­‐1b)	
   é	
   expressa	
   por	
   células	
   neuroprecursoras	
   e	
   neurónios	
   em	
   diferenciação.	
   Além	
   disso,	
  
fornecemos	
   pela	
   primeira	
   vez,	
   evidencias	
   da	
   produção	
   de	
   grelina	
   em	
   culturas	
   de	
   neuroesferas	
   do	
  
giro	
  dentado,	
  e	
  observamos	
  que	
  a	
  adição	
  de	
  grelina	
  exógena	
  acylada	
  nas	
  nossas	
   culturas	
  não	
   tem	
  
nenhum	
  efeito	
  na	
  proliferação	
  ou	
  diferenciação	
  neuronal	
  das	
  CPN	
  do	
  GD.	
  	
  
Os	
  nossos	
  dados	
  demonstram	
  que	
  o	
  sistema	
  da	
  grelina	
  está	
  presente	
  em	
  culturas	
  celulares	
  de	
  CPN	
  
do	
  GD,	
   sugerindo	
  que	
  este	
   sistema	
  pode	
  desempenhar	
  um	
  papel	
  direto	
  na	
  modulação	
  das	
  CPNs	
  e	
  
células	
  derivadas	
  do	
  GD.	
  	
  
	
  
	
  
	
  
	
  
	
  
Palavras-­‐chave:	
  Neurogénese	
  no	
  hipocampo	
  adulto,	
  giro	
  dentado	
  (GD),	
  sistema	
  da	
  Grelina/GHSR-­‐1,	
  
receptor	
  secretagogo	
  da	
  hormona	
  de	
  crescimento	
  1	
  (GHSR1),	
  Células	
  progenitoras	
  neurais	
  (CPN).	
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Abstract	
  
	
  
	
  
Throughout	
  life,	
  new	
  neurons	
  are	
  formed	
  from	
  neural	
  progenitor	
  cells	
  (NPCs).	
  In	
  the	
  adult	
  brain,	
  two	
  
main	
  neurogenic	
  niches	
  have	
  been	
  described:	
  the	
  subventricular	
  zone	
  (SVZ)	
  of	
  the	
  lateral	
  ventricles	
  
and	
   the	
   subgranular	
   zone	
   (SGZ)	
  of	
   the	
  dentate	
   gyrus	
   (DG).	
  DG	
  newly-­‐generated	
  neurons	
   integrate	
  
into	
  a	
  pre-­‐established	
  and	
  functional	
  network,	
  having	
  a	
  role	
  on	
  hippocampal	
  memory	
  function.	
  The	
  
production	
  of	
   these	
  new	
  neurons	
   is	
   regulated	
  by	
   several	
   lifestyle-­‐related	
   factors,	
   including	
  dietary	
  
habits.	
  Ghrelin,	
  a	
  peptide	
  hormone	
  that	
  is	
  involved	
  in	
  the	
  regulation	
  of	
  appetite,	
  has	
  been	
  described	
  
to	
  increase	
  proliferation	
  of	
  adult	
  rat	
  hippocampal	
  NPCs	
  and	
  to	
  modulate	
  memory.	
  However,	
  there	
  is	
  
still	
  some	
  controversy	
  about	
  whether	
  ghrelin	
  is	
  able	
  to	
  exert	
  a	
  direct	
  effect	
  on	
  NPCs	
  and	
  NPC	
  derived	
  
cells	
  by	
  binding	
  to	
  its	
  receptor:	
  the	
  growth	
  hormone	
  secretagogue	
  receptor	
  1a,	
  GHSR-­‐1a.	
  	
  
In	
   this	
  work,	
  we	
  hypothesize	
  that	
  Ghrelin/GHSR-­‐1a	
  system	
  exerts	
  a	
  crucial	
  and	
  direct	
  effect	
  on	
  the	
  
survival,	
  maturation	
  and	
  differentiation	
  of	
  neurons	
  derived	
  from	
  hippocampal	
  neural	
  progenitor	
  cells	
  
(NPCs).	
  We	
  show	
  that	
  GHSR-­‐1a	
  is	
  absent	
  in	
  neurosphere	
  cell	
  cultures	
  derived	
  from	
  the	
  dentate	
  gyrus	
  
(DG).	
   Nevertheless,	
   we	
   observed	
   that	
   another	
   isoform	
   of	
   GHSR1	
   (probably	
   its	
   truncated	
   isoform	
  
GHSR1b)	
   is	
  expressed	
  by	
  neuroprecursor	
  cells	
   (NPCs)	
  and	
  differentiating	
  neurons.	
  Furthermore,	
  we	
  
provide,	
  for	
  the	
  first	
  time,	
  evidences	
  of	
  the	
  production	
  of	
  ghrelin	
  in	
  DG	
  neurosphere	
  cultures.	
  Finally,	
  
we	
  observed	
   that	
   the	
   addition	
  of	
   exogenous	
   acylated	
   ghrelin	
   to	
  our	
   cultures	
   has	
   no	
   effect	
   on	
   cell	
  
proliferation	
  or	
  neuronal	
  differentiation	
  of	
  DG	
  NPCs.	
  	
  	
  
Our	
  data	
  demonstrate	
  that	
  ghrelin/GHSR1	
  system	
  is	
  present	
  in	
  DG	
  derived	
  neurosphere	
  cell	
  cultures,	
  
suggesting	
  that	
  this	
  system	
  may	
  play	
  a	
  direct	
  role	
  in	
  the	
  modulation	
  of	
  DG	
  NPCs	
  and	
  derived	
  cells.	
  	
  
	
  	
  
	
  
	
  
	
  
	
  
Keywords:	
   Adult	
   hippocampal	
   neurogenesis,	
   dentate	
   gyrus	
   (DG),	
   Ghrelin/GHSR-­‐1	
   system,	
   Growth	
  
Hormone	
  Secretagogue	
  Receptor	
  type	
  1	
  (GHSR-­‐1),	
  Neural	
  progenitor	
  cells	
  (NPCs).	
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Caloric	
   restriction	
   presents	
   wide-­‐range	
   health	
   benefits,	
   e.g.	
   protects	
   against	
   age-­‐related	
   neuronal	
  
loss	
   and	
   neurodegenerative	
   disorders	
   like	
   Alzheimer’s	
   disease	
   (Gillette-­‐Guyonnet	
   and	
  Vellas	
   2008;	
  
Francis	
   and	
   Stevenson	
   2013).	
   However,	
   the	
   mechanisms	
   involved	
   in	
   the	
   protection	
   of	
   central	
  
nervous	
  system	
  (CNS)	
  mediated	
  by	
  caloric	
  restriction	
  are	
  not	
  fully	
  understood.	
  It	
  has	
  been	
  described	
  
that	
  caloric	
  restriction	
  has	
  an	
  important	
  role	
   in	
  the	
  regulation	
  of	
  adult	
  neural	
  stem	
  cells,	
   increasing	
  
adult	
   neurogenesis	
   in	
   young	
   adult	
   rats	
   and	
   reducing	
   age-­‐related	
   neurogenesis	
   decline	
   in	
   older	
  
animals	
  (Lee,	
  Seroogy,	
  and	
  Mattson	
  2002;	
  Bondolfi	
  et	
  al.	
  2004;	
  Park	
  et	
  al.	
  2013).	
  These	
  diet-­‐related	
  
effects	
  on	
  adult	
  neurogenesis	
  have	
  been	
  proposed	
  as	
  one	
  of	
  the	
  mechanisms	
  by	
  which	
  dietary	
  habits	
  
affect	
  CNS	
  function	
  (Levenson	
  and	
  Rich	
  2007;	
  Maalouf,	
  Rho,	
  and	
  Mattson	
  2009).	
  	
  
Ghrelin	
  is	
  the	
  only	
  known	
  and	
  established	
  orexigenic	
  appetite	
  stimulant	
  gut	
  hormone	
  (Kojima	
  et	
  al.	
  
1999;	
  Y	
  Date	
  et	
  al.	
  2000;	
  Takaya	
  et	
  al.	
  2000).	
  High-­‐fat	
  diets	
  induce	
  a	
  decrease	
  in	
  ghrelin	
  levels	
  (Beck,	
  
Musse,	
   and	
   Stricker-­‐Krongrad	
   2002;	
   Lomenick	
   et	
   al.	
   2009)	
   and	
   an	
   impairment	
   on	
   hippocampus-­‐
dependent	
   synaptic	
  plasticity	
  and	
  spatial	
  memory	
   (Wu	
  et	
  al.	
  2003;	
  Stranahan	
  et	
  al.	
  2008).	
   	
  On	
   the	
  
other	
  hand,	
  caloric	
  restriction	
  leads	
  to	
  an	
  increase	
  in	
  ghrelin	
  levels	
  (Cummings	
  et	
  al.	
  2002;	
  Weigle	
  et	
  
al.	
   2003;	
   Leidy	
   et	
   al.	
   2007;	
   Yang	
   et	
   al.	
   2007),	
   promoting	
   learning	
   consolidation	
   and	
   facilitating	
  
synaptic	
   plasticity	
   (Fontán-­‐Lozano	
   et	
   al.	
   2007;	
   Witte	
   et	
   al.	
   2009).	
   Interestingly,	
   the	
   factors	
   that	
  
modulate	
  ghrelin	
   levels	
  are	
  also	
  known	
  to	
  affect	
  adult	
  neurogenesis.	
   Indeed,	
   it	
  has	
  been	
  described	
  
that	
   ghrelin	
   increases	
   dentate	
   gyrus	
   (DG)	
   adult	
   neurogenesis,	
   enhancing	
   learning	
   and	
  memory	
   in	
  
rodents	
  	
  (Moon	
  et	
  al.	
  2009;	
  Endan	
  Li	
  et	
  al.	
  2013;	
  Z.	
  Zhao	
  et	
  al.	
  2014).	
  Considering	
  that	
  neurogenesis	
  
in	
   the	
  DG	
   has	
   been	
   proposed	
   to	
  mediate	
   hippocampal-­‐dependent	
   learning	
   and	
  memory	
   (C.	
   Zhao,	
  
Deng,	
  and	
  Gage	
  2008a),	
  the	
  ghrelin-­‐induced	
  stimulation	
  of	
  neurogenesis	
   in	
  hippocampal	
  NPCs	
  may	
  
play	
  an	
  important	
  role	
  in	
  the	
  ability	
  of	
  ghrelin	
  to	
  enhance	
  memory	
  performance.	
  Despite	
  ghrelin	
  is	
  a	
  
mediator	
   of	
   the	
   effects	
   of	
   diet	
   on	
   adult	
   neurogenesis	
   and	
   memory	
   function,	
   there	
   are	
   some	
  
uncertainties	
   about	
   how	
   ghrelin	
   exert	
   its	
  modulation.	
   Therefore,	
   in	
   this	
  work	
  we	
   aimed	
   to	
   deeply	
  
explore	
   the	
   role	
  of	
  ghrelin/ghrelin	
   receptor	
   system	
  on	
   the	
   regulation	
  of	
  DG	
  neural	
  progenitor	
  cells	
  
(NPCs)	
  and	
  production	
  of	
  new	
  neurons.	
  	
  

	
  
	
  

Ghrelin	
  
	
  
Ghrelin	
   is	
  a	
   twenty	
  eight-­‐amino	
  acid	
  peptide	
  hormone	
   (Fig.	
  1A)	
   that	
  was	
   isolated	
   from	
  the	
  rat	
  and	
  
human	
   stomach	
   in	
   1999	
   by	
   Kojima	
   et	
   al.	
   (Kojima	
   et	
   al.	
   1999).	
   It	
   is	
   abundantly	
   produced	
   from	
  
endocrine	
  cells	
  in	
  the	
  gastrointestinal	
  mucosa	
  (Sakata	
  and	
  Sakai	
  2010)	
  and	
  other	
  peripheral	
  tissues,	
  
like	
  the	
  pancreas,	
  ovary	
  and	
  adrenal	
  cortex	
   (Klok,	
   Jakobsdottir,	
  and	
  Drent	
  2007).	
  Ghrelin	
   is	
  derived	
  
from	
   the	
   proteolytic	
   cleavage	
   of	
   pre-­‐pro-­‐ghrelin	
   and	
   pro-­‐ghrelin	
   (Fig.	
   1B),	
   and	
   only	
   exerts	
   its	
  
orexigenic	
  effect	
  when	
  it	
  is	
  acylated.	
  The	
  enzyme	
  Ghrelin	
  O-­‐acyl	
  transferase	
  (GOAT)	
  links	
  an	
  octanoyl	
  
group	
  post-­‐translationaly	
  to	
  serine	
  at	
  position	
  3,	
  forming	
  the	
  acylated	
  form	
  of	
  ghrelin.	
  	
  	
  Acylation	
  of	
  
ghrelin	
   is	
   important	
   for	
   ghrelin	
   activation	
   and	
   binding	
   to	
   its	
   receptor,	
   the	
   growth	
   hormone	
  
secretagogue	
   receptor	
   1a	
   (GHSR-­‐1a).	
   However,	
   unacylated-­‐ghrelin,	
   is	
   the	
   predominant	
   form	
   of	
  
circulating	
  ghrelin	
   in	
   the	
  bloodstream	
  (Y	
  Date	
  et	
  al.	
  2000;	
  Hosoda	
  et	
  al.	
  2000;	
  Romero	
  et	
  al.	
  2010;	
  
Kojima	
   and	
   Kangawa	
   2005)	
   and	
   has	
   various	
   physiological	
   functions	
   through	
   a	
   yet	
   undetermined	
  
receptor.	
  Moreover,	
  in	
  2005	
  Obestatin,	
  a	
  23	
  amino-­‐acid	
  peptide,	
  was	
  identified	
  as	
  another	
  hormone	
  
derived	
   from	
   pre-­‐pro-­‐ghrelin	
   (Fig.	
   1B)	
   (Zhang	
   et	
   al.	
   2005;	
   Chartrel	
   et	
   al.	
   2007;	
   Tang	
   et	
   al.	
   2008).	
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Obestatin	
   has	
   been	
   described	
   as	
   a	
   ligand	
   of	
   the	
   orphan	
   G-­‐protein-­‐coupled	
   receptor,	
   GPR39,	
   a	
  
member	
   of	
   the	
   ghrelin	
   receptor	
   family.	
   However,	
   this	
   finding	
   has	
   been	
   questioned,	
   and	
   it	
   still	
  
remains	
  unclear	
  and	
  a	
  matter	
  of	
  debate	
  (Lauwers	
  et	
  al.	
  2006;	
  Chartrel	
  et	
  al.	
  2007;	
  Holst	
  et	
  al.	
  2007).	
  	
  

	
  
	
  
	
  
	
  
	
  
	
  

	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  

	
  
	
  
	
  
	
  
	
  
Figure	
   1.1:	
   (A)	
   Human	
   and	
   rat/mouse	
   ghrelins	
   differ	
   only	
   in	
   two	
   amino	
   acid	
   residues,	
   having	
   (in	
   the	
   three	
  
species)	
  a	
  28-­‐amino	
  acid	
  sequence	
  and	
  being	
  acylated	
  on	
  Serine	
  3.	
  (B)	
  Ghrelin	
  derives	
  from	
  the	
  cleavage	
  of	
  the	
  
N-­‐terminal	
   fragment	
   of	
   pre-­‐pro-­‐ghrelin,	
   while	
   obestatin	
   originates	
   from	
   the	
   C-­‐terminal	
   fragment	
   of	
   this	
  
precursor.	
  Ghrelin	
  exists	
  in	
  two	
  main	
  forms:	
  acylated	
  and	
  unacylated.	
  Ghrelin	
  acylation	
  on	
  serine	
  3,	
  promoted	
  
by	
   GOAT,	
   is	
   essential	
   for	
   its	
   binding	
   to	
   GHSR-­‐1a	
   and	
   for	
   endocrine	
   functions.	
   Unacylated	
   ghrelin	
   lacks	
   the	
  
capacity	
   to	
   bind	
   to	
   GHSR-­‐1a	
   and	
   its	
   receptor	
   remains	
   unidentified.	
   Obestatin	
   was	
   proposed	
   as	
   the	
   natural	
  
ligand	
   of	
   the	
   GPR39	
   orphan	
   receptor	
   but	
   this	
   possibility	
   still	
   needs	
   to	
   be	
   demonstrated.	
   GHSR-­‐1a,	
   Growth	
  
Hormone	
  secretagogue	
  receptor	
  type	
  1a;	
  GOAT,	
  ghrelin	
  O-­‐acyltransferase;	
  GPR39,	
  G-­‐protein-­‐coupled	
  receptor	
  
39.	
  (A)	
  Adapted	
  from	
  (Kojima	
  and	
  Kangawa	
  2005)	
  and	
  (B)	
  from	
  (Granata	
  et	
  al.	
  2010).	
  
	
  
	
  
	
  
	
  
Ghrelin	
   has	
   multiple	
   functions,	
   including	
   regulation	
   of	
   growth	
   hormone	
   (GH)	
   release,	
   energy	
  
homeostasis	
   and	
   appetite	
   stimulation	
   (table	
   1.1)	
   (Hubina,	
   Góth,	
   and	
   Korbonits	
   2005;	
   Kojima	
   and	
  
Kangawa	
  2005;	
  Gil-­‐Campos	
  et	
  al.	
  2006).	
  Ghrelin	
   is	
  mainly	
  produced	
   in	
  the	
  stomach	
  released	
  to	
  the	
  

A	
  

B	
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bloodstream,	
   where	
   it	
   reaches	
   a	
   maximum	
   before	
   the	
   onset	
   of	
   each	
   meal.	
   Ghrelin	
   binds	
   to	
   its	
  
receptor	
   in	
   the	
   hypothalamus	
   promoting	
   hunger.	
   Finally,	
   after	
   food	
   ingestion,	
   plasma	
   levels	
   of	
  
ghrelin	
  diminish	
   leading	
   to	
  a	
  decrease	
  of	
  appetite	
   (Fig.	
  1.2).	
  Korbonits	
  et	
  al.	
   suggested	
  that	
  ghrelin	
  
might	
  reach	
  the	
  CNS	
  in	
  three	
  different	
  ways:	
  by	
  crossing	
  the	
  Blood-­‐Brain	
  Barrier	
  (BBB),	
  through	
  the	
  
vagal	
  nerve	
  and	
  nucleus	
  tractus	
  solitarus	
  or	
  being	
  produced	
  locally	
  in	
  the	
  hypothalamus	
  (Korbonits	
  et	
  
al.	
   2004).	
   Indeed,	
   it	
   has	
   been	
   previously	
   reported	
   that	
   ghrelin	
   crosses	
   the	
   BBB	
   and	
   enter	
   the	
  
hippocampus	
   (Banks	
  et	
  al.	
  2002;	
  Diano	
  et	
  al.	
  2006).	
   Furthermore,	
   the	
   induction	
  of	
  GH	
   release	
  and	
  
appetite	
   stimulation	
   after	
   ghrelin	
   intravenous	
   injection	
   is	
   dramatically	
   decreased	
   when	
   the	
   vagal	
  
nerve	
  is	
  cut,	
  suggesting	
  that	
  the	
  vagal	
  nerve	
  is	
  required	
  for	
  the	
  stimulatory	
  effect	
  of	
  ghrelin	
  (Yukari	
  
Date	
  et	
  al.	
  2002;	
  Williams	
  et	
  al.	
  2003).	
  Finally,	
  there	
  are	
  also	
  evidences	
  of	
  local	
  synthesis	
  of	
  ghrelin	
  in	
  
the	
  hypothalamus	
  (Lu	
  et	
  al.	
  2002;	
  Cowley	
  et	
  al.	
  2003).	
  Therefore,	
   it	
   is	
  possible	
  that	
  ghrelin	
  reaches	
  
the	
  brain	
  in	
  multiple	
  ways.	
  Importantly,	
  it	
  is	
  perfectly	
  know	
  that	
  once	
  into	
  the	
  brain,	
  ghrelin	
  exerts	
  it	
  
effects	
  by	
  binding	
  to	
  its	
  receptor,	
  the	
  growth	
  hormone	
  secretagogue	
  receptor	
  1a	
  (GHSR-­‐1a)	
  (Kojima	
  
et	
  al.	
  1999;	
  Takaya	
  et	
  al.	
  2000).	
  Indeed,	
  GHSR-­‐1a	
  is	
  the	
  only	
  functional	
  ghrelin	
  receptor	
  characterized	
  
(Howard	
  et	
  al.	
  1996)	
  and	
  identified	
  until	
  now.	
  
	
  
	
  

	
  
	
  
Table	
  1.1:	
  	
  Multiple	
  physiological	
  functions	
  of	
  ghrelin	
  in	
  human	
  and/or	
  rats.	
  Adapted	
  from	
  (Sato	
  et	
  al.	
  2012).	
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Figure	
  1.2:	
   	
  Representative	
  24h	
  profile	
  of	
  plasma	
  ghrelin	
   levels	
   from	
  a	
   subject	
   consuming	
  breakfast,	
   lunch	
  
and	
   dinner.	
   Plasma	
   ghrelin	
   level	
   peaks	
   before	
   the	
   onset	
   of	
   each	
  meal	
   and	
   decreases	
   within	
   1h	
   after	
   food	
  
intake.	
  Adapted	
  from	
  (Cummings	
  et	
  al.	
  2001).	
  

	
  

Growth	
  Hormone	
  Secretagogue	
  Receptor	
  1	
  (GHSR-­‐1)	
  
	
  
The	
   human	
   Growth	
   hormone	
   secretagogue	
   receptor	
   gene	
   is	
   located	
   on	
   chromosome	
   3q26	
   and	
  
encodes	
  a	
  G-­‐protein	
  coupled	
  7	
  trans-­‐membrane	
  receptor	
  (Liu,	
  Garcia,	
  and	
  Korbonits	
  2011).	
  The	
  gene	
  
consists	
   of	
   two	
   exons	
   and	
   a	
   single	
   intron.	
   The	
   first	
   exon	
   encodes	
   the	
   trans-­‐membrane	
   domains	
  
(TMD)	
  1-­‐5,	
  while	
  the	
  second	
  exon	
  encodes	
  the	
  TMD	
  6	
  and	
  7	
  (Howard	
  et	
  al.	
  1996).	
  Two	
  splice	
  variants	
  
originate	
  from	
  this	
  gene:	
  1a	
  and	
  1b.	
  GHSR-­‐1a	
  transcript	
  is	
  constituted	
  by	
  the	
  two	
  exons	
  that	
  encode	
  
for	
   the	
   functional	
   receptor	
  with	
   seven	
  TMD	
  and	
  366	
  amino	
  acids.	
  The	
  second	
   transcript,	
  GHSR-­‐1b,	
  
retains	
  part	
  of	
  the	
  intronic	
  sequence	
  and	
  does	
  not	
  function	
  as	
  a	
  receptor	
  for	
  ghrelin	
  (Petersenn	
  et	
  al.	
  
2001).	
  GHSR-­‐1b	
  is	
  described	
  as	
  a	
  truncated	
  isoform	
  of	
  ghrelin	
  receptor,	
  with	
  five	
  TMD	
  and	
  289	
  amino	
  
acids	
  (Fig.	
  1.3).	
  GHSR-­‐1b	
  is	
  expressed	
  in	
  various	
  tissues	
  (Gnanapavan	
  et	
  al.	
  2002),	
  so	
  it	
  is	
  possible	
  that	
  
this	
   receptor	
   has	
   an	
   unidentified	
   biological	
   function.	
   Indeed	
   it	
   has	
   been	
   described	
   that	
   GHSR-­‐1b	
  
forms	
  heterodimers	
  with	
  ghrelin	
  receptor,	
  decreasing	
  GHSR-­‐1a	
  cell	
  surface	
  expression	
  by	
  retaining	
  it	
  
in	
   the	
   Endoplasmic	
   reticulum	
   (ER)	
   (Leung	
   et	
   al.	
   2007;	
   Chow	
  et	
   al.	
   2012;	
   Kit-­‐Man	
  Chu	
   et	
   al.	
   2007).	
  
Therefore,	
  GHSR-­‐1b	
  may	
  act	
  as	
  an	
  endogenous	
  modulator	
  of	
  GHSR-­‐1a.	
  Despite	
  rat	
  Ghsr1	
  gene	
  and	
  
splice	
   variants	
   are	
   similar	
   to	
   the	
   human	
  ones,	
  mouse	
   variants	
   have	
   not	
   been	
   described.	
   In	
   results	
  
section	
  we	
  propose	
  a	
  model	
  based	
  on	
  the	
  comparison	
  of	
  mouse	
  Ghsr1	
  gene,	
  mouse	
  Ghsr-­‐1a	
  mRNA	
  
and	
  known	
  data	
  from	
  human	
  and	
  rat	
  Ghsr1	
  genes	
  and	
  mRNA	
  splice	
  variants.	
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Figure	
   1.3:	
   The	
   growth	
   hormone	
   secretagogue	
   receptor	
   human	
   gene	
   and	
   mRNA	
   variants.	
   The	
   full	
   length	
  
GHSR-­‐1a	
  mRNA	
  encodes	
  seven	
  TMD	
  from	
  exon	
  one	
  and	
  two.	
  The	
  truncated	
  mRNA	
  variant,	
  GHSR-­‐1b,	
   retains	
  
part	
   of	
   the	
   intronic	
   sequence	
   and	
   encodes	
   a	
   five	
   TMD	
   protein	
   with	
   a	
   unique	
   C-­‐terminus.	
   GHSR,	
   Ghrowth	
  
hormone	
   secretagogue	
   receptor;	
   TMD,	
   Trans-­‐membrane	
   domain.	
   Adapted	
   from	
   (Jeffery,	
   Herington,	
   and	
  
Chopin	
  2003).	
  	
  	
  
	
  
	
  
	
  
	
  
GHSR-­‐1a	
  is	
  expressed	
  in	
  numerous	
  peripheral	
  tissues,	
   including	
  stomach,	
  pancreas,	
  spleen,	
  thyroid,	
  
adrenal	
  glands,	
  heart,	
  and	
  also	
  in	
  the	
  CNS.	
  Curiously,	
  GHSR-­‐1b	
  is	
  more	
  widely	
  distributed	
  then	
  GHSR-­‐
1a,	
  being	
  also	
  present	
  in	
  liver,	
  lung,	
  bladder,	
  prostate,	
  adipose	
  tissue	
  and	
  esophagus,	
  among	
  others	
  
(Gnanapavan	
  et	
  al.	
  2002).	
  In	
  the	
  CNS,	
  GHSR-­‐1a	
  and	
  GHSR-­‐1b	
  are	
  found	
  at	
  highest	
  concentrations	
  in	
  
the	
  pituitary	
  and	
  hypothalamus	
  (Howard	
  et	
  al.	
  1996;	
  Gnanapavan	
  et	
  al.	
  2002	
  ).	
  Interestingly,	
  GHSR-­‐
1a	
   is	
   also	
   expressed	
   in	
   extra-­‐hypothalamic	
   regions	
   (Guan	
  et	
   al.	
   1997;	
   Zigman	
  et	
   al.	
   2006),	
   like	
   the	
  
ventral	
   tegmental	
   area	
   (VTA),	
   substancia	
   nigra	
   (SN),	
   dorsal	
   raphe	
   nucleus	
   and	
   the	
   hippocampus	
  
(Albarrán-­‐Zeckler	
  and	
  Smith	
  2013).	
  In	
  the	
  mouse	
  hippocampus,	
  GHSR-­‐1a	
  is	
  found	
  in	
  the	
  CA1	
  and	
  CA3	
  
regions	
  (Diano	
  et	
  al.	
  2006),	
  whereas	
  there	
  are	
  no	
  data	
  about	
  GHSR-­‐1b	
  in	
  these	
  regions.	
  Importantly,	
  
ghrelin	
   also	
   exerts	
   a	
   role	
   in	
   CNS	
   extra-­‐hypothalamic	
   regions,	
   controling	
   several	
   brain	
   functions.	
  
Indeed,	
  as	
  previously	
  mentioned,	
  ghrelin	
  has	
  been	
  shown	
  to	
  hippocampal	
  neurogenesis	
  (Moon	
  et	
  al.	
  
2009;	
  Endan	
  Li	
  et	
  al.	
  2013;	
  Z.	
  Zhao	
  et	
  al.	
  2014).	
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  Adult	
  Neurogenesis	
  
	
  
Neurogenesis	
  is	
  the	
  process	
  of	
  generating	
  new	
  functional	
  neurons	
  from	
  neural	
  stem	
  and	
  progenitor	
  
cells.	
  This	
  process	
  persists	
  into	
  adulthood,	
  and	
  occurs	
  mainly	
  in	
  two	
  brain	
  regions:	
  the	
  subventricular	
  
zone	
   (SVZ)	
   of	
   the	
   lateral	
   ventricles,	
   and	
   the	
   subgranular	
   zone	
   (SGZ)	
   of	
   the	
   DG	
   of	
   the	
  
hippocampus(Fig.	
  1.4)	
  (Altman	
  1962;	
  Eriksson	
  et	
  al.	
  1998;	
  Alvarez-­‐Buylla	
  and	
  Garcia-­‐Verdugo	
  2002).	
  
In	
   the	
   SVZ	
   of	
   the	
   lateral	
   ventricles	
   and	
   in	
   the	
   SGZ	
   of	
   DG	
   there	
   are	
   neural	
   stem	
   cells	
   that	
   divide	
  
asymmetrically	
   and	
   generate	
   NPCs.	
   These	
   NPCs	
   proliferate	
   and	
   then	
   differentiate	
   into	
   neurons,	
  
astrocytes	
  and	
  oligodendrocytes	
  (Fig.	
  1.5)	
  (Gage	
  2000).	
  In	
  rodents,	
  neuroblasts	
  from	
  the	
  SVZ	
  migrate	
  
over	
   a	
   great	
   distance	
   through	
   the	
   rostral	
   migratory	
   stream	
   (RMS)	
   and	
   become	
   granule	
   and	
  
periglomerular	
  neurons	
   in	
  the	
  olfactory	
  bulb,	
  whereas	
  neuroblasts	
  from	
  the	
  SGZ	
  of	
  the	
  DG	
  migrate	
  
into	
  the	
  granule	
  cell	
  layer	
  and	
  become	
  dentate	
  granule	
  cells	
  (C.	
  Zhao,	
  Deng,	
  and	
  Gage	
  2008b).	
  New	
  
born	
  neurons	
  of	
  the	
  DG	
  integrate	
  into	
  pre-­‐established	
  hippocampal	
  circuitry	
  and	
  play	
  an	
  important	
  
role	
  in	
  learning	
  and	
  memory	
  (Eriksson	
  et	
  al.	
  1998;	
  Garthe,	
  Behr,	
  and	
  Kempermann	
  2009;	
  Piatti,	
  Ewell,	
  
and	
  Leutgeb	
  2013).	
  

	
  
Figure	
  1.4:	
  Neurogenic	
  niches	
  in	
  adult	
  human	
  (left)	
  and	
  mouse	
  (right)	
  brain.	
  SVZ	
  of	
  the	
  lateral	
  ventricles	
  and	
  
SGZ	
  of	
  DG	
  in	
  the	
  Hippocampus	
  are	
  the	
  main	
  regions	
  where	
  adult	
  neurogenesis	
  occurs.	
  DG,	
  Dentate	
  gyrus;	
  SGZ,	
  
Subgranular	
   zone;	
   SVZ,	
   Subventricular	
   zone.	
  Adapted	
   from	
  https://beyondthedish.files.wordpress.com/2014/	
  
02/subventricular-­‐zone.gif	
  and	
  (Seib,	
  D	
  &	
  Martin-­‐Villalba,	
  A	
  2013).	
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Figure	
  1.5:	
  NPCs	
  differentiation	
  during	
  the	
  process	
  of	
  neurogenesis.	
  Adapted	
  from	
  (Morrison	
  and	
  Hof	
  1997).	
  

	
  
	
  
The	
   process	
   of	
   neurogenesis	
   can	
   be	
   modulated	
   by	
   different	
   life	
   factors	
   (Tanti	
   et	
   al.	
   2012).	
   For	
  
example,	
   stress	
   decreases	
   adult	
   neurogenesis	
   in	
   the	
   hippocampus	
   (Mirescu	
   and	
   Gould	
   2006;	
  
Schoenfeld	
   and	
   Gould	
   2012)	
   while	
   enriched	
   environment,	
   exercise	
   and	
   hypocaloric	
   diet	
   increase	
  
adult	
  hippocampal	
  neurogenesis	
   (Lee,	
   Seroogy,	
   and	
  Mattson	
  2002;	
  Brown	
  et	
   al.	
   2003;	
  Olson	
  et	
   al.	
  
2006).	
   It	
   is	
  well	
   know	
  that	
   caloric	
   restriction	
  enhance	
  neurogenesis	
   in	
   the	
  adult	
  DG	
   (Levenson	
  and	
  
Rich	
  2007;	
  Stangl	
  and	
  Thuret	
  2009),	
  however,	
  the	
  molecular	
  mechanism	
  is	
  not	
  well	
  known.	
  Ghrelin,	
  
which	
   levels	
   are	
   increased	
   in	
   hypocaloric	
   diets,	
   has	
   also	
   been	
   shown	
   to	
   have	
   an	
   effect	
   in	
   adult	
  
hippocampal	
  neurogenesis	
  (Moon	
  et	
  al.	
  2009;	
  Endan	
  Li	
  et	
  al.	
  2012;	
  Endan	
  Li	
  et	
  al.	
  2013;	
  Moon,	
  Cha,	
  
and	
  Mook-­‐Jung	
  2014;	
  Z.	
  Zhao	
  et	
  al.	
  2014).	
  Therefore,	
  the	
  effect	
  of	
  diet	
  on	
  hippocampal	
  neurogenesis	
  
might	
  be	
  mediated	
  by	
  ghrelin	
  action	
  in	
  the	
  DG	
  neurogenic	
  niche.	
  
	
  
	
  

Ghrelin/GHSR-­‐1	
  system	
  and	
  adult	
  neurogenesis	
  
	
  
Ghrelin	
  has	
  been	
  described	
   to	
  modulate	
  hippocampal	
  neurogenesis	
  by	
   increasing	
  cell	
   proliferation	
  
(Moon	
  et	
  al.	
  2009;	
  Endan	
  Li	
  et	
  al.	
  2012;	
  Endan	
  Li	
  et	
  al.	
  2013;	
  Moon,	
  Cha,	
  and	
  Mook-­‐Jung	
  2014;	
  Z.	
  
Zhao	
  et	
   al.	
   2014).	
   Indeed,	
  Chung	
  et	
   al.	
   showed	
   that	
   ghrelin	
   exerts	
   its	
   proliferative	
  effect	
   in	
   neural	
  
stem	
   cells	
   (NSCs)	
   of	
   the	
   hippocampus	
   by	
   activating	
   the	
   MEK/	
   ERK1/2,	
   P13/Akt	
   and	
   Jak2/STAT3	
  
signaling	
  pathways	
  (Chung	
  et	
  al.	
  2013).	
  These	
  signaling	
  pathways	
  are	
  known	
  to	
  be	
  involved	
  in	
  several	
  
cellular	
   processes,	
   such	
   as	
   cell	
   proliferation,	
   differentiation,	
   survival	
   and	
   apoptosis	
   (Leonard	
   and	
  
O’Shea	
  1998;	
  Hers,	
  Vincent,	
  and	
  Tavaré	
  2011;	
  Roskoski	
  2012).	
  The	
  proliferative	
  effect	
  of	
  ghrelin	
   in	
  
NPCs	
   is	
   thought	
   to	
   be	
   mediated	
   through	
   its	
   receptor,	
   the	
   GHSR-­‐1a.	
   In	
   vivo,	
   GHSR-­‐1a	
   has	
   been	
  
detected	
   by	
   immunofluorescence	
   in	
   the	
   SVZ	
   and	
   in	
   the	
   SGZ	
   of	
   the	
   DG,	
   where	
   ghrelin	
   has	
   been	
  
described	
  to	
  promote	
  cell	
  proliferation	
  and	
  neuronal	
  differentiation	
  (Endan	
  Li	
  et	
  al.	
  2013;	
  E	
  Li	
  et	
  al.	
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2014).	
  However,	
  it	
  is	
  controversial	
  whether	
  ghrelin	
  receptor	
  is	
  present	
  on	
  hippocampal	
  NPCs.	
  Till	
  our	
  
knowledge,	
   two	
   studies	
   have	
   analyzed	
   the	
   effect	
   of	
   ghrelin	
   in	
   cell	
   cultures	
   of	
   hippocampal	
   NPCs.	
  
Johansson	
  et	
  al.	
  showed	
  by	
  qPCR,	
  using	
  rat	
  GHSR-­‐1a	
  specific	
  primers	
  (targeting	
  exon	
  1	
  and	
  2),	
  that	
  
there	
  is	
  no	
  expression	
  of	
  ghrelin	
  receptor	
  in	
  adult	
  rat	
  hippocampal	
  progenitor	
  (AHP)	
  cells	
  (Johansson	
  
et	
  al.	
  2008).	
  Nevertheless,	
  Chung	
  et	
  al.	
  described	
  the	
  presence	
  of	
  GHSR-­‐1a	
  in	
  adult	
  rat	
  hippocampal	
  
NSCs	
   using	
   western	
   blotting	
   and	
   immunocytochemistry	
   (Chung	
   et	
   al.	
   2013).	
   Despite	
   of	
   the	
  
contradictory	
  data	
  about	
   the	
  presence	
  of	
  GHSR-­‐1a,	
  both	
  studies	
  showed	
  that	
  ghrelin	
   increases	
  cell	
  
proliferation	
   in	
   NPCs	
   cultures	
   (Johansson	
   et	
   al.	
   2008;	
   Chung	
   et	
   al.	
   2013).	
   	
   However,	
   whether	
   the	
  
effect	
  of	
  ghrelin	
  on	
  NPCs	
   is	
  direct	
  or	
   indirect	
   is	
  also	
  a	
  matter	
  of	
  discussion.	
   It	
   is	
  known	
  that	
  ghrelin	
  
potently	
   stimulate	
   GH	
   secretion	
   from	
   the	
   pituitary	
   and	
   consequently	
   increases	
   insulin-­‐like	
   growth	
  
factor-­‐1	
  (IGF-­‐1)	
  production,	
  which	
  is	
  known	
  to	
  increase	
  neurogenesis	
  (Torres-­‐Aleman	
  2010).	
  Li	
  et	
  al.	
  
demonstrate	
   that	
   peripheral	
   administration	
   of	
   ghrelin	
   increased	
   cell	
   proliferation	
   and	
   neuronal	
  
differentiation	
   in	
   the	
   SGZ	
   of	
   spontaneous	
   dwarf	
   rats	
   (SDR)	
   that	
   show	
   total	
   loss	
   of	
   circulating	
   GH,	
  
suggesting	
   that	
   ghrelin	
   regulates	
   adult	
   hippocampal	
   neurogenesis	
   independently	
   of	
   GH/IGF-­‐1	
   axis	
  
(Endan	
  Li	
  et	
  al.	
  2013).	
  However,	
  another	
  study	
  suggested	
  that	
  the	
  effects	
  of	
  ghrelin	
  on	
  neurogenesis	
  
are	
   mediated	
   by	
   a	
   different	
   indirect	
   pathway	
   in	
   which	
   ghrelin	
   may	
   stimulate	
   neurons	
   in	
  
circumventricular	
   organs	
   (CVOs),	
   increasing	
   calcitonin	
   gene-­‐related	
   peptide	
   (CGRP)	
   release	
   in	
   the	
  
hippocampus,	
   which	
   in	
   turn	
   increase	
   IGF-­‐I	
   production	
   and,	
   therefore,	
   adult	
   hippocampal	
  
neurogenesis	
  (Chen	
  2012).	
  
It	
  is	
  still	
  not	
  clear	
  whether	
  the	
  effect	
  of	
  ghrelin	
  in	
  NPCs	
  is	
  directly	
  mediated	
  by	
  its	
  binding	
  to	
  GHSR-­‐1a,	
  
and	
  most	
  of	
  the	
  works	
  focused	
  on	
  the	
  effect	
  of	
  ghrelin	
  in	
  NPCs	
  proliferation.	
  In	
  vitro	
  culture	
  of	
  adult	
  
hippocampal	
   neural	
   precursor	
   cells	
   is	
   a	
   key	
   tool	
   for	
   deciphering	
   the	
   cellular	
   and	
   molecular	
  
mechanisms	
   that	
   regulate	
   adult	
   neurogenesis.	
   On	
   the	
   present	
   study,	
   we	
   took	
   advantage	
   of	
   cell	
  
cultures	
  of	
  DG	
  derived	
  neurospheres,	
  which	
  contains	
  NPCs,	
  to	
  study	
  the	
  presence	
  and	
  regulatory	
  role	
  
of	
  ghrelin/GHSR1	
  system	
  on	
  precursor	
  cells	
  independently	
  of	
  exogenous	
  niche	
  signals.	
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Objectives	
  and	
  Hypothesis	
  
	
  

	
  
	
  
The	
  present	
  work	
  bases	
  on	
  the	
  hypothesis	
   that	
  Ghrelin/GHSR-­‐1a	
  system	
  exerts	
  a	
  crucial	
  and	
  direct	
  
effect	
  on	
   the	
  survival,	
  maturation	
  and	
  differentiation	
  of	
  neurons	
  derived	
   from	
  hippocampal	
  neural	
  
progenitor	
  cells	
  (NPCs).	
  	
  
	
  
	
  
To	
  test	
  our	
  hypothesis,	
  we	
  have	
  two	
  main	
  objectives:	
  
	
  
	
  

• To	
  analyze	
  the	
  expression	
  of	
  ghrelin	
  and	
  growth	
  hormone	
  secretagogue	
  receptor	
  1	
  in	
  
dentate	
  gyrus	
  neurosphere	
  cell	
  cultures.	
  	
  
	
  
	
  

• To	
   investigate	
   the	
   role	
  of	
  ghrelin/GHSR-­‐1	
  system	
  on	
  cell	
  proliferation	
  and	
  neuronal	
  
differentiation	
  by	
  treating	
  NPC	
  cultures	
  with	
  ghrelin.	
  

	
  
	
  
	
  	
  
Investigating	
  the	
  presence	
  and	
  function	
  of	
  Ghrelin/GHSR-­‐1	
  system	
  in	
  dentate	
  gyrus	
  neural	
  progenitor	
  
cells,	
   we	
   hope	
   to	
   provide	
   new	
   evidences	
   about	
   its	
   direct	
   role	
   on	
   the	
   modulation	
   of	
   adult	
  
neurogenesis.	
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Chapter	
  2	
  
	
  

Methodology	
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2.1	
  Cell	
  culture	
  
	
  
Neurospheres	
  were	
  obtained	
  from	
  the	
  dentate	
  gyrus	
  (DG)	
  of	
  postnatal	
  3-­‐days-­‐old	
  (P3)	
  C57BL/6J	
  mice	
  
by	
   dissociating	
   the	
   cells	
   with	
   0.05%	
   Trypsin-­‐EDTA	
   (#25300-­‐062,	
   Gibco	
   Life	
   technologies™)	
   for	
   10	
  
minutes	
   at	
   37°C.	
   Cells	
   from	
   two	
  DG	
  were	
   then	
   cultured	
   in	
   5ml	
  of	
   serum-­‐free	
  Dulbecco’s	
  Modified	
  
Eagle	
  Medium/Nutrient	
  Mixture	
  F-­‐12	
  +	
  GlutaMAX™	
  (#31331-­‐028,	
  Life	
  technologies™)	
  supplemented	
  
with	
   10ng/ml	
   of	
   epidermal	
   growth	
   factor	
   (EGF,	
   #53003-­‐018,	
   Life	
   technologies™),	
   5ng/ml	
   of	
  
recombinant	
   human	
   basic	
   fibroblast	
   growth	
   factor-­‐2	
   (bFGF-­‐2,	
   #13256-­‐029,	
   Life	
   technologies™),	
  
100U/ml	
  Penicillin	
  and	
  100μg/ml	
  Streptomycin	
  (PenStrep,	
  #15140-­‐122,	
  Life	
  technologies™),	
  and	
  0.5X	
  
of	
  B27	
  Supplement	
  (#17504-­‐044,	
  Life	
  technologies™).	
  Cells	
  were	
  grown	
  at	
  37°C	
  in	
  a	
  95%	
  air	
  and	
  5%	
  
CO2	
  humidified	
  atmosphere.	
   Seven	
  days	
   after	
   the	
   isolation	
  of	
  DG	
  cells,	
   the	
   resulting	
  neurospheres	
  
were	
  seeded	
  in	
  multiwells	
  coated	
  with	
  0.1mg/ml	
  poly-­‐D-­‐lysine	
  in	
  serum	
  free	
  DMEM/F-­‐12,	
  GutaMAX	
  
medium	
  supplemented	
  with	
  PenStrep	
  and	
  B27	
  supplement,	
  devoid	
  of	
  growth	
  factors	
  to	
  promote	
  cell	
  
differentiation.	
  Neurospheres	
  were	
  plated	
  into	
  glass	
  coverslip	
  (Ø=10mm)	
  in	
  24	
  multi-­‐well	
  plates	
  for	
  
immunocytochemistry	
  studies	
  and	
  in	
  6	
  multi-­‐well	
  plates	
  for	
  mRNA	
  or	
  protein	
  extraction.	
  	
  

	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
Figure	
   2.1:	
   Schematic	
   representation	
   of	
   the	
   neurospheres	
   cell	
   culture	
   protocol.	
   DG,	
   dentate	
   gyrus;	
   P3,	
  
postnatal	
  3-­‐days	
  old	
  mice;	
  EGF,	
  epidermal	
  growth	
  factor;	
  bFGF-­‐2,	
  basic	
  fibroblast	
  growth	
  factor-­‐2.	
  
	
  
	
  

2.2	
  RNA	
  isolation	
  from	
  neural	
  progenitor	
  cells	
  
	
  
For	
   the	
   characterization	
   of	
   the	
   temporal	
   pattern	
   of	
   GHSR1	
   mRNA	
   expression	
   during	
   neural	
  
progenitor	
  cells	
  (NPCs)	
  differentiation,	
  neurospheres	
  cell	
  culture	
  were	
  collected	
  before	
  (day	
  0)	
  and	
  1,	
  
3,	
  5,	
  7	
  and	
  10	
  days	
  after	
  plating.	
  We	
  used	
  hypothalamic	
  tissue	
  as	
  our	
  positive	
  control.	
  
RNA	
   extraction	
   was	
   performed	
   using	
   the	
   Aurum™	
   Total	
   RNA	
   Mini	
   Kit	
   (#732-­‐6820,	
   Life	
   Science	
  
Research,	
   BIO-­‐RAD),	
   following	
  manufacturer	
   instructions.	
   Cells	
   were	
   lysed	
   with	
   the	
   provided	
   lysis	
  
buffer	
   supplemented	
   with	
   1%	
   β-­‐mercaptoethanol	
   (#63689,	
   Sigma-­‐Aldrich)	
   and	
   lysate	
   collected	
   by	
  
thoroughly	
  scraping	
  the	
  wells.	
  The	
  lysate	
  was	
  then	
  frozen	
  and	
  stored	
  at	
  -­‐20°C	
  until	
  further	
  use.	
  After	
  
defreezing,	
   70%	
  ethanol	
  was	
   added	
   to	
  each	
   sample	
   tube,	
   followed	
  by	
   vortexing	
   and	
  up-­‐and-­‐down	
  
pipetting	
   to	
   ensure	
   proper	
   mixing.	
   The	
   homogenized	
   lysates	
   were	
   transferred	
   into	
   RNA	
   binding	
  
columns	
  and	
  centrifuged	
  for	
  30	
  seconds	
  at	
  20827xg	
  (the	
  same	
  speed	
  was	
  used	
  for	
  all	
  centrifugations	
  
in	
   this	
   protocol).	
   	
   Columns	
   were	
   rinsed	
   with	
   a	
   low	
   stringency	
   wash	
   solution,	
   centrifuged	
   for	
   30	
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seconds	
  and	
  treated	
  with	
  5μl	
  of	
  DNAse	
  I	
  (reconstituted	
  with	
  250μl	
  10nM	
  Tris,	
  pH	
  7.5)	
  diluted	
  in	
  75μl	
  
of	
  DNAse	
  dilution	
  solution	
  (provided	
  with	
  the	
  kit)	
  for	
  15	
  min,	
  at	
  room	
  temperature	
  in	
  the	
  dark.	
  Then,	
  
columns	
  were	
  rinsed	
  with	
  a	
  high	
  stringency	
  wash	
  solution,	
  centrifuged	
  for	
  30	
  seconds,	
  rinsed	
  again	
  
with	
  low	
  stringency	
  wash	
  solution,	
  and	
  then	
  centrifuged	
  for	
  1	
  minute	
  and	
  2	
  extra	
  minutes.	
  Purified	
  
RNA	
   was	
   collected	
   by	
   filling	
   the	
   columns	
   with	
   the	
   provided	
   elution	
   solution	
   and	
   2	
   minutes	
   of	
  
centrifugation.	
  RNA	
  was	
  quantified	
  by	
  measuring	
  optical	
  density	
  (OD)	
  at	
  260nm	
  and	
  purity	
  analyzed	
  
using	
  the	
  ratio	
  OD260/OD280,	
  with	
  NanoDrop	
  2000	
  (Thermo	
  Fisher	
  Scientific,	
  Waltham,	
  Massachusetts,	
  
USA).	
  	
  

	
  
	
  

2.3	
  Reverse	
  transcription	
  (RT)	
  and	
  quantitative	
  polymerase	
  chain	
  
reaction	
  (qPCR)	
  
	
  
Extracted	
  RNA	
  (≅500ng)	
  was	
  reverse	
  transcribed	
  on	
  a	
  UnoCycler	
  (VWR	
  International)	
  using	
  iScript™	
  
cDNA	
   synthesis	
   kit	
   (#170-­‐8890,	
   Bio-­‐Rad)	
   and	
   following	
  manufacturer’s	
   instructions.	
   A	
   reaction	
  mix	
  
containing	
   iScript™	
  reverse	
  transcriptase,	
  RNAse	
  H+,	
  oligo-­‐dTs	
  and	
  random	
  hexamers	
  and	
  nuclease-­‐
free	
  water	
  was	
  added	
  to	
  the	
  extracted	
  RNA,	
  making	
  a	
  final	
  volume	
  of	
  20μl.	
  	
  A	
  negative	
  control	
  was	
  
used	
   for	
  qPCR	
  by	
  submitting	
  samples	
   to	
   the	
  mix	
  devoid	
  of	
   the	
  reverse	
   transcriptase	
   (RT-­‐	
  samples).	
  
The	
   complete	
   reaction	
   mixes	
   were	
   incubated	
   during	
   5min	
   at	
   25°C	
   for	
   annealing,	
   followed	
   by	
   an	
  
extension	
  step	
  at	
  42°C	
  for	
  30min,	
  and	
  5min	
  at	
  85°C	
  for	
  melting	
  and	
  RNA	
  degradation.	
  The	
  generated	
  
cDNA	
  was	
  stored	
  at	
  -­‐20°C	
  until	
  use.	
  
The	
  qPCR	
  of	
  the	
  cDNA	
  products	
  was	
  performed	
  on	
  CFX96	
  Touch™	
  Real-­‐Time	
  PCR	
  Detection	
  System/	
  
C1000	
  Touch™	
  Thermal	
  Cycler	
   (Bio-­‐Rad),	
  using	
   iQ™	
  SYBR®	
  Green	
  supermix	
  reaction	
  kit	
   (#170-­‐8882,	
  
Bio-­‐Rad).	
  Amplification	
  was	
  done	
   in	
  a	
  solution	
  containing	
  2.5μl	
  of	
  the	
  cDNA	
  template	
  (1:10),	
  5μl	
  of	
  
2xiQ™	
  SYBR	
  Green®	
  supermix	
  (containing	
  iTaq™	
  DNA	
  polymerase,	
  deoxynucleotide	
  mix,	
  MgCl2,	
  SYBR	
  
Green®	
   I,	
   enhancers	
  and	
   stabilizers),	
   forward	
   (F)	
  and	
   reverse	
   (R)	
  primers	
   (Table	
  2.1)	
  and	
  nuclease-­‐
free	
  water	
   to	
  complete	
  10μl	
  of	
   reaction	
  volume.	
  To	
  detect	
   contaminations	
  and/or	
  amplification	
  of	
  
genomic	
  DNA	
  RT-­‐	
  samples	
  were	
  used	
  as	
  negative	
  controls.	
  All	
  reactions	
  were	
  performed	
  in	
  duplicate.	
  
Three	
  different	
  housekeeping	
  genes	
  were	
  tested:	
  Hprt1,	
  Hypoxanthine	
  phosphoribosyltransferase	
  1;	
  
β-­‐actin	
   and	
   Gapdh,	
   glyceraldehyde-­‐3-­‐phosphate	
   dehydrogenase.	
   Gapdh	
   mRNA	
   expression	
   was	
  
demonstrated	
  the	
  most	
  stable	
  in	
  our	
  cultures.	
  Thus,	
  we	
  used	
  Gapdh	
  cDNA	
  detection	
  as	
  reference	
  for	
  
our	
  qPCR	
  analysis.	
  
Two	
  primers	
  were	
  used	
  for	
  the	
  detection	
  of	
  GHSR1:	
  a	
  pair	
  to	
  detect	
  the	
  Ghsr1a	
  targeting	
  the	
  mouse	
  
Ghsr	
  mRNA	
  (exon	
  3),	
  and	
  another	
  one	
  targeting	
  the	
  exon	
  2	
  of	
  the	
  mouse	
  Ghsr1	
  mRNA.	
  The	
  primers	
  
used	
  to	
  recognize	
  Ghsr1	
  exon	
  2	
  were	
  designed	
  using	
  the	
  open-­‐source	
  software	
  tool	
  PerlPrimer.	
  The	
  
other	
  primers	
  were	
  purchased	
  from	
  Sigma-­‐Aldrich.	
  	
  
qPCR	
  protocol	
  consisted	
  in	
  two	
  phases,	
  an	
  initial	
  phase	
  of	
  denaturation	
  and	
  enzyme	
  activation	
  step	
  
at	
   95°C,	
   followed	
   by	
   40	
   cycles	
   of	
   denaturation	
   (95°C),	
   and	
   annealing	
   (60°C)	
   (elongation	
   occurred	
  
during	
  the	
  temperature	
  ramp	
  between	
  annealing	
  and	
  denaturation).	
  Fluorescence	
  was	
  determined	
  
at	
  the	
  end	
  of	
  the	
  annealing	
  step	
  and	
  melting	
  curves	
  were	
  calculated	
  for	
  all	
  samples	
  between	
  55	
  and	
  
95°C,	
   with	
   a	
   temperature	
   increase	
   of	
   0.5°C	
   every	
   10seconds	
   and	
   continuous	
   fluorescence	
  
measurement.	
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Table	
  2.1:	
  Primer	
  sequences	
  (F	
  and	
  R)	
  and	
  concentrations	
  used	
  for	
  RT-­‐qPCR	
  analysis.	
  
	
  

	
  

2.4	
  qPCR	
  analysis	
  
	
  
Real-­‐time	
  qPCR	
  results	
  were	
  analyzed	
  using	
  LinRegPCR,	
  a	
  program	
  for	
  the	
  analysis	
  of	
  quantitative	
  RT-­‐
PCR	
   data.	
   This	
   software	
   uses	
   an	
   algorithm	
   to	
   analyze	
   raw	
   data	
   (non-­‐baseline	
   corrected	
   data)	
   and	
  
determine	
  the	
  optimal	
  baseline,	
  the	
  mean	
  PCR	
  efficiency	
  per	
  amplicon	
  and	
  the	
  Cq	
  value	
  per	
  sample	
  
based	
   on	
   the	
   log-­‐linear	
   phase	
   of	
   the	
   amplification	
   reactions	
   (Ramakers	
   et	
   al.	
   2003;	
   Ruijter	
   et	
   al.	
  
2009).	
   Cq	
   represents	
   the	
   fractional	
   number	
   of	
   cycles	
   needed	
   to	
   reach	
   a	
   determined	
   fluorescence	
  
threshold	
   at	
   the	
   exponential	
   phase	
   of	
   the	
   fluorescent	
   curve.	
   The	
   relationship	
   between	
   mRNA	
  
expression	
  in	
  control	
  and	
  experimental	
  samples	
  was	
  analyzed	
  using	
  the	
  following	
  equation:	
  	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
where	
  ‘E’	
  refers	
  to	
  the	
  efficiency	
  of	
  the	
  qPCR	
  reactions	
  for	
  the	
  selected	
  amplicon/primer	
  pair;	
  ‘Cqc’	
  is	
  
the	
  Cq	
  of	
  the	
  control	
  sample	
  (day	
  0	
  after	
  plating)	
  and	
  ‘Cqs’	
  the	
  Cq	
  of	
  the	
  samples	
  in	
  study	
  (day	
  1,	
  3,	
  5,	
  
7	
  and	
  10).	
   ‘Target’	
   refers	
   the	
   to	
  mRNA	
  of	
   interest	
   that	
   is	
  normalized	
  by	
   the	
   ‘reference’	
  gene	
  mRNA	
  
(Gapdh).	
  	
  

	
  

Gene	
   Concentration	
   Primer	
  Sequence	
  (5’-­‐3’)	
  

βIII-­‐Tubulin	
   0.3μM	
  
	
  F-­‐CAACTATGTAGGGGACTCAG	
  
	
  R-­‐CCACTCTGACCAAAGATAAAG	
  

Doublecortin	
   0.3μM	
  
	
  F-­‐GGATGAGAATGAATGCAGAG	
  
	
  R-­‐CTTTGACTTAGGTGTTGAGAG	
  

Gapdh	
   0.3μM	
  
	
  F-­‐TGGCCTTCCGTGTTCCTAC	
  
	
  R-­‐GAGTTGCTGTTGAAGTCGCA	
  

Ghrelin	
   0.3μM	
  
	
  F-­‐AGATCAGGTTCAATGCTCC	
  
	
  R-­‐ATCCTGAAGAAACTTCCCC	
  

Ghsr1a	
   0.5μM	
  
	
  F-­‐ACAAACAGACAGTGAAGATG	
  
	
  R-­‐TGTAGAGAATGGGGTTGATG	
  

Ghsr1	
  Exon	
  2	
   0.3μM	
  
	
  F-­‐TACTTCGCCATCTGCTTCC	
  
	
  R-­‐ATCTGTGCCGTTCTCGTG	
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2.5	
  Western	
  blotting	
  
	
  
NPCs	
  were	
  collected	
  by	
  scraping	
  in	
  a	
  cold-­‐lysis	
  buffer	
  containing	
  150mM	
  of	
  NaCl	
  (#7647-­‐14-­‐5,	
  Fisher	
  
Scientific),	
  50mM	
  of	
  Tris	
  Base	
  pH	
  8.0	
   (#T1378,	
  Sigma-­‐Aldrich),	
  1mM	
  EGTA	
   (#E4378,	
  Sigma-­‐Aldrich),	
  
5mM	
   EDTA	
   (#ED2p,	
   Sigma-­‐Aldrich),	
   1%	
   Triton	
   X-­‐100	
   (#BP151-­‐500	
   Thermo	
   Fisher	
   Scientific),	
   0.1%	
  
sodium	
  dodecyl	
  sulfate	
  (SDS,	
  #05030,	
  Sigma-­‐Aldrich),	
  1mM	
  of	
  phenylmethylsulfonyl	
  fluoride	
  (PMSF,	
  
#P7626,	
  Sigma-­‐Aldrich)	
  and	
  protease	
  Inhibitor	
  Cocktail	
  (#P8340,	
  Sigma-­‐Aldrich).	
  Samples	
  were	
  stored	
  
at	
   -­‐20	
   °C	
   until	
   further	
   use.	
   Hippocampal	
   and	
   hypothalamic	
   tissues	
  were	
   used	
   as	
   positive	
   controls.	
  
Cells/	
  tissues	
  were	
  sonicated	
  and	
  centrifuged	
  at	
  20817xg	
  for	
  10	
  min	
  at	
  4°C.	
  The	
  pellet	
  was	
  discarded,	
  
the	
  supernatant	
  collected	
  and	
  total	
  protein	
  was	
  quantified	
  using	
  the	
  Bradford	
  assay	
  (#500-­‐0006,	
  BIO-­‐
RAD).	
   Bovine	
   serum	
   albumin	
   (BSA,	
   #9048-­‐46-­‐8,	
   Santa	
   Cruz	
   Biotechnology)	
   was	
   used	
   as	
   protein	
  
standard	
   for	
   the	
   calibration	
   curve.	
   Samples	
   were	
   denatured	
   using	
   sodium	
   dodecyl	
   sulfate	
   (SDS)	
  
sample	
  buffer	
  6X	
  composed	
  of	
  0.5MTris-­‐HCL	
  pH	
  6.8,	
  30%	
  glycerol	
  (#24387.361,	
  VWR	
  PROLABO),	
  10%	
  
SDS,	
  0.6M	
  dithiothreitol	
   (DTT,	
  #BP172-­‐25,	
   Fisher	
  Scientific),	
   0.012%	
  bromophenol	
  blue	
   sodium	
  salt	
  
(#34725-­‐61-­‐6,	
   Sigma),	
   and	
   boiled	
   at	
   95°C	
   for	
   5min.	
   30μg	
   of	
   denatured	
   protein	
   per	
   sample	
   were	
  
loaded	
   onto	
   4%	
   stacking/10%	
   resolving	
   acrylamide/bisacrilamide	
   gel	
   (#BP14101,	
   Thermo	
   Fisher	
  
Scientific)	
   and	
   separated	
   by	
   SDS-­‐PAGE	
   using	
   a	
   1M	
   Bicine	
   (#B3876,	
   Sigma-­‐Aldrich)/	
   0.5%	
   SDS	
  
electrophoresis	
   buffer	
   pH	
   8.3,	
   at	
   constant	
   voltage	
   (120	
  V)	
   at	
   room	
   temperature.	
   After	
   separation,	
  
proteins	
   were	
   transferred	
   to	
   a	
   Polyvinylidene	
   difluoride	
   (PVDF)	
   methanol-­‐activated	
   membrane	
  
(#162-­‐0264,	
  BIO-­‐RAD)	
  under	
  constant	
  amperage	
  (75	
  mA),	
  for	
  2	
  hours	
  at	
  4°C	
  in	
  a	
  solution	
  containing	
  
10mM	
  CAPS	
  (#C6070,	
  Sigma-­‐Aldrich)	
  and	
  10%	
  methanol	
  (VWR	
  International)	
  at	
  pH	
  11.	
  Membranes	
  
were	
  blocked	
  in	
  Tris-­‐buffer	
  saline	
  (TBS,	
  15mM	
  Tris,	
  150mM	
  NaCl,	
  pH	
  7.6)	
  containing	
  5%	
  w/v	
  BSA	
  and	
  
1%	
   v/v	
   Tween®	
   20	
   (#P5927,	
   Sigma-­‐Aldrich)	
   for	
   1	
   hour,	
   at	
   room	
   temperature,	
   followed	
   by	
   an	
  
overnight	
   incubation	
   at	
   4°C	
   with	
   primary	
   antibody	
   solution	
   (table	
   2.2)	
   diluted	
   in	
   5%	
   BSA.	
   Some	
  
membranes	
  were	
   also	
   incubated	
  with	
  mouse	
   anti	
  α-­‐tubulin	
   (1:1000)	
   (T-­‐6199,	
   Sigma).	
  After	
   rinsing	
  
three	
  times	
  for	
  10	
  min	
  with	
  TBS-­‐T,	
  membranes	
  were	
  incubated	
  for	
  1	
  hour	
  at	
  room	
  temperature	
  with	
  
the	
  corresponding	
  alkaline	
  phosphatase-­‐linked	
  goat	
  anti-­‐rabbit	
   IgG	
  or	
  anti-­‐mouse	
  IgG	
  	
  (1:20000),	
   in	
  
TBS-­‐T	
   with	
   5%	
   BSA.	
   Protein	
   immunoreactive	
   bands	
   were	
   visualized	
   in	
   a	
   Versa-­‐Doc	
   3000	
   Imaging	
  
System	
  (Bio-­‐Rad)	
  after	
  incubation	
  of	
  membranes	
  with	
  ECF	
  chemifluorescent	
  reagent	
  (#RPN5785,	
  GE	
  
Healthcare	
  Life	
  Sciences).	
  
	
  

GHSR1	
  Antibodies	
  

Company	
   Reference	
   Recognition	
  site	
   Dilution	
  

Santa	
  Cruz	
   Sc-­‐10362	
   N-­‐term	
   1:500	
  

Abcam1	
   Ab95250	
   Middle	
  (150-­‐250)	
   1:1000	
  

Phoenix	
   H-­‐001-­‐62	
   C-­‐term	
  (330-­‐366)	
   1:1000	
  

Abcam2	
   Ab125457	
   C-­‐term	
  (316-­‐365)	
   1:1000	
  

Table	
  2.2:	
  List	
  of	
  primary	
  antibodies	
  used	
  to	
  characterize	
  the	
  GHSR1	
  by	
  Western	
  Blotting.	
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2.6	
  Enzyme–Linked	
  Immunosorbent	
  Assay	
  (ELISA)	
  
	
  
Neurospheres	
  conditioned	
  media	
  from	
  days	
  5	
  and	
  6	
  after	
  plating	
  were	
  collected	
  and	
  ghrelin	
  content	
  
analyzed	
  with	
  an	
  ELISA	
  Kit	
  (RayBiotech,	
  #EIAM-­‐GHR).	
  	
  The	
  ELISA	
  kit	
  is	
  supplied	
  with	
  a	
  96-­‐microplate	
  
pre-­‐coated	
   with	
   anti-­‐rabbit	
   secondary	
   antibody	
   and	
   all	
   the	
   necessary	
   reagents:	
   lyophilized	
   anti-­‐
ghrelin	
  polyclonal	
  antibody,	
  1X	
  assay	
  diluent	
  E	
  (diluent	
  for	
  both	
  standards	
  and	
  samples),	
  lyophilized	
  
biotinylated	
  ghrelin	
  peptide,	
   lyophilized	
  standard	
  ghrelin	
  peptide,	
   lyophilized	
  positive	
  control,	
  wash	
  
buffer	
   concentrate	
   (20x),	
   horseradish	
   peroxidade	
   (HRP)-­‐streptavidin	
   concentrate,	
   3,3’,5,5’-­‐
tetramethylbenzidine	
   (TMB)	
   one-­‐step	
   substrate	
   reagent	
   and	
   a	
   stop	
   solution.	
   A	
   blocking	
   step	
   and	
  
incubation	
  of	
  the	
  plate	
  with	
  anti-­‐ghrelin	
  antibody	
  was	
  done	
  overnight	
  at	
  4°C.	
  Then,	
  the	
  solution	
  was	
  
discarded	
   and	
   plate	
   rinsed	
   4	
   times	
   with	
   1x	
   wash	
   buffer,	
   followed	
   by	
   2.5	
   hours	
   incubation	
   with	
  
biotinylated	
   ghrelin	
   peptide	
   and	
   peptide	
   standard	
   in	
   samples	
   at	
   room	
   temperature.	
   	
   The	
   solution	
  
was	
   discarded	
   and	
   plate	
   rinsed	
   again	
   4	
   times,	
   and	
   then	
   incubated	
   for	
   45	
   minutes	
   with	
   HRP-­‐
streptavidin	
  solution.	
  Next,	
  a	
  stop	
  solution	
  was	
  added	
  after	
  incubation	
  with	
  TMB	
  substrate	
  reagent	
  in	
  
the	
  dark,	
  and	
  the	
  absorbance	
  was	
  immediately	
  read	
  at	
  450nm	
  in	
  a	
  spectrophotometer	
  (SPECTRAmax	
  
Plus®	
  384,	
  Molecular	
  Devices	
  Corporation).	
  Three	
  positive	
  controls	
  were	
  used:	
  a	
  cell	
  culture	
  medium	
  
sample	
   (supplied	
   with	
   the	
   ELISA	
   kit),	
   and	
   cell	
   culture	
   media	
   of	
   neurospheres	
   treated	
   with	
   two	
  
concentrations	
  of	
  ghrelin	
  (30μM	
  and	
  100nM).	
  	
  

	
  

2.7	
  Ghrelin	
  Treatments	
  
	
  
Rat	
  ghrelin	
  (AnaSpec,	
  #AS-­‐24160)	
  stock	
  solutions	
  were	
  prepared	
  in	
  sterile	
  phosphate-­‐buffered	
  saline	
  
pH	
  7.4	
   (PBS,	
  containing	
  137mM	
  NaCl,	
  2.7mM	
  KCl,	
  10mM	
  Na2HPO4,	
  1.8mM	
  KH2PO4)	
  and	
  stored	
  at	
   -­‐
20°C	
   until	
   use.	
   Neurosphere	
   cultures	
   under	
   differentiation	
   conditions	
   were	
   treated	
   with	
   vehicle	
  
(sterile	
  PBS)	
  or	
  ghrelin	
  at	
  two	
  different	
  final	
  concentrations:	
  30μM	
  at	
  day	
  5	
  and	
  100nM	
  at	
  day	
  6	
  after	
  
plating,	
   for	
   24h	
   and	
   8h,	
   respectively.	
   After	
   treatments,	
   cells	
  were	
  washed	
  with	
   PBS	
   3	
   times,	
   fixed	
  
with	
   4%	
   Paraformaldehyde	
   prepared	
   in	
   0.2M	
   phosphate	
   buffer	
   (PFA,	
   #P6148,	
   Sigma-­‐Aldrich)	
   for	
  
15minutes,	
   rinsed	
  again	
  with	
  PBS	
   (3	
   times,	
  5	
  min	
  each)	
  and	
   stored	
   in	
  PBS	
  at	
  4°C	
  until	
   further	
  use.	
  
Concentrations	
   for	
  ghrelin	
   treatments	
  were	
  chosen	
  based	
  on	
  data	
   from	
  previous	
  published	
  studies	
  
(Johansson	
  et	
  al.	
  2008;	
  Chung	
  et	
  al.	
  2013).	
  

	
  

2.8	
  Immunofluorescence	
  
	
  
Cells	
  were	
  washed	
   for	
  5	
  minutes	
  with	
  PBS	
  3	
   times,	
   fixed	
  with	
  4%	
  PFA	
  for	
  15	
  minutes,	
   rinsed	
  again	
  
with	
  PBS	
  and	
  incubated	
  for	
  1h	
  at	
  room	
  temperature	
  with	
  a	
  blocking	
  solution	
  containing	
  3%	
  BSA	
  and	
  
0.5%	
  Triton	
  X-­‐100	
  diluted	
   in	
  PBS.	
   Incubation	
  with	
  primary	
  antibodies	
   (table	
  2.4)	
  diluted	
   in	
  3%	
  BSA,	
  
0.2%	
   Triton	
   X-­‐100	
   and	
   PBS	
   was	
   performed	
   overnight	
   at	
   4°C	
   in	
   a	
   humidified	
   chamber.	
   Cells	
   were	
  
washed	
  with	
  PBS	
  and	
  incubated	
  for	
  2	
  hours	
  at	
  room	
  temperature	
  with	
  the	
  corresponding	
  secondary	
  
antibodies	
  diluted	
  in	
  3%	
  BSA,	
  0.2%	
  Triton	
  X-­‐100,	
  and	
  Hoechst	
  33342	
  (2μg/ml,	
  Molecular	
  Probes,	
  Life	
  
Technologies).	
   Finally,	
   coverslips	
   were	
   mounted	
   in	
   Fluoroshield	
   mounting	
   medium	
   (#ab104135,	
  
Abcam).	
  Controls	
  without	
  primary	
  antibodies	
  were	
  performed	
  for	
  each	
  experiment,	
  to	
  exclude	
  non-­‐
specific	
  labeling.	
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Table	
  2.4:	
   list	
  of	
  primary	
  and	
  secondary	
  antibodies	
  used	
  for	
  immunofluorescence.	
  DCX,	
  doublecortin;	
  GFAP,	
  
glial	
  fibrilary	
  acidic	
  protein;	
  GHSR1,	
  growth	
  hormone	
  secretagogue	
  receptor	
  1;	
  NeuN,	
  neuronal	
  nuclear	
  antigen	
  
(FOX-­‐3);	
  Sox2,	
  SRY	
  (sex	
  determining	
  region	
  Y)-­‐box	
  2.	
  

	
  

2.9	
  Image	
  analysis	
  of	
  ghrelin	
  treated	
  neurosphere	
  cultures	
  
	
  
In	
  order	
  to	
  evaluate	
  the	
  effect	
  of	
  ghrelin	
  treatments,	
  neurosphere	
  cultures	
  were	
  immunostained	
  to	
  
detect	
  the	
  cell	
  proliferation	
  marker	
  Ki67,	
  the	
  NPCs	
  marker	
  nestin,	
  the	
  neuronal	
  marker	
  doublecortin	
  
and	
   nuclei	
   counterstained	
  with	
   Hoechst.	
   Images	
   from	
   immunofluorescent	
   stainings	
  were	
   acquired	
  
using	
   a	
   widefield	
   fluorescence	
   microscope	
   (Observer,	
   Carl	
   Zeiss,	
   Göttingen,	
   Germany).	
   Each	
  
experimental	
   condition	
   was	
   performed	
   in	
   triplicate.	
   5	
   images	
   were	
   taken	
   from	
   the	
   center	
   of	
   5	
  
randomly	
  selected	
  neurospheres	
  (Fig.	
  2.2A)	
  and	
  20	
  images	
  from	
  their	
  periphery	
  (carpet	
  regions,	
  Fig.	
  
2.2B),	
   using	
   a	
   20x	
   magnification	
   objective.	
   Images	
   were	
   analyzed	
   with	
   NIH	
   ImageJ	
   Software	
  
(Schneider	
  et	
  al.	
  2012).	
  Three	
  ImageJ	
  macros	
  were	
  generated	
  to	
  help	
  on	
  cell	
  quantification.	
  Regions	
  
of	
  Interest	
  (ROI)	
  were	
  manually	
  defined	
  to	
  select	
  the	
  neurosphere	
  center	
  (Fig.2.2A)	
  or	
  exclude,	
  when	
  
analyzing	
  the	
  carpet	
  (Fig.2.2B).	
  Then,	
  two	
  different	
  pixel	
  intensity	
  thresholds	
  were	
  manually	
  selected	
  
in	
  Hoechst	
   channel	
   to	
   further	
   segment	
   pyknotic	
   bodies	
   (highly	
   and	
   homogeneously	
   stained	
   round	
  
nuclei,	
   Fig.2.2C)	
   and	
   alive	
   cells	
   (bigger	
   nuclei	
   showing	
  weak	
   staining	
   and	
  highly	
   stained	
   clusters	
   of	
  
heterochromatine,	
   Fig.2.2D).	
   A	
   macro	
   was	
   designed	
   to	
   help	
   on	
   the	
   selection	
   of	
   pixel	
   intensity	
  
thresholds	
   to	
   detect	
   Ki67,	
   DCX	
   and	
   Nestin	
   positive	
   cells.	
   Briefly,	
   user	
   manually	
   counts	
   each	
  
population	
  of	
  cells	
   in	
  several	
   images.	
  Then,	
  an	
  algorithm	
  is	
  applied	
  to	
  get	
  the	
  threshold	
  that	
  allows	
  
the	
  detection	
  of	
   a	
   similar	
  number	
  of	
   cells	
   and	
   storage	
   this	
   information	
   in	
   a	
   table.	
   The	
   final	
  macro	
  
automatically	
  analyzes	
  the	
  percentages	
  of	
  different	
  populations	
  of	
  cells	
  by	
  using	
  previous	
  established	
  
intensity	
  thresholds	
  to	
  eliminate	
  pyknotic	
  bodies,	
  segment	
  nuclei	
  and	
  analyze	
  staining.	
  

Primary	
  Antibodies	
   Dilution	
   Reference	
  

Goat	
  α-­‐	
  DCX	
   1:500	
   Santa	
  Cruz,	
  sc-­‐8066	
  

Goat	
  α-­‐GFAP	
   1:4000	
   Abcam,	
  ab53554	
  

Rabbit	
  α-­‐GHSR1	
   1:500	
   Abcam,	
  ab95250	
  

Rabbit	
  α-­‐Ki67	
   1:2000	
   Abcam,	
  ab16667	
  

Mouse	
  α-­‐MAP2	
   1:500	
   Abcam,	
  ab11267	
  

Mouse	
  α-­‐Nestin	
   1:500	
   BD	
  Pharmingen,	
  556309	
  

Mouse	
  α-­‐NeuN	
   1:4000	
   Millipore,	
  MAB377	
  

Goat	
  α-­‐Sox2	
   1:500	
   Santa	
  Cruz,	
  sc-­‐17320	
  

Secondary	
  Antibodies	
   Dilution	
   Reference	
  

Donkey	
  anti-­‐	
  Goat	
  488	
   1:500	
   Life	
  technologies,	
  #A11055	
  

Donkey	
  anti-­‐	
  rabbit	
  594	
   1:500	
   Life	
  technologies,	
  #A21207	
  

Donkey	
  anti-­‐	
  mouse	
  647	
   1:500	
   Life	
  technologies,	
  #A21235	
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Figure	
   2.2:	
   Representative	
   images	
   of	
   neurosphere	
   center/neurosphere	
   carpet	
   stained	
   with	
   Hoechst.	
   (A)	
  
Image	
  of	
   the	
  center	
  of	
  a	
  neurosphere	
  at	
  6	
  days	
  after	
  plating,	
  showing	
  the	
  area	
  considered	
  for	
  quantification	
  
(Region	
  of	
  Interest,	
  ROI)	
  delimited	
  with	
  a	
  red	
  line.	
  (B)	
  Image	
  of	
  the	
  periphery	
  (cells	
  carpet)	
  of	
  a	
  neurosphere,	
  
red	
  line	
  delimits	
  a	
  region	
  that	
  was	
  excluded	
  in	
  the	
  analysis	
  as	
  it	
  belongs	
  to	
  the	
  center	
  of	
  a	
  neurosphere.	
  Scale	
  
bar:	
  100μm.	
  Magnification	
  of	
  (1)	
  pyknotic	
  bodies	
  and	
  (2)	
  alive	
  cells	
  of	
  the	
  highlighted	
  yellow	
  boxes	
  on	
  (B).	
  Scale	
  
bar:	
  10μm.	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  

2.10	
  Analysis	
  of	
  cells	
  expressing	
  the	
  GHSR1	
  
	
  
To	
  analyze	
  the	
  type	
  of	
  cells	
  that	
  express	
  GHSR1,	
  25	
  images	
  were	
  obtained	
  under	
  a	
  40x	
  objective	
  and	
  
analyzed	
   with	
   Cell	
   Profiler	
   (Carpenter,	
   Anne	
   E	
   et	
   al.	
   2006).	
   Cell	
   profiler	
   is	
   a	
   cell	
   image	
   analysis	
  
software	
   that	
   allows	
   the	
  user	
   to	
   create	
  modules	
   that	
   can	
  be	
  placed	
   in	
   sequential	
   order	
   to	
   form	
  a	
  
pipeline;	
   the	
   pipeline	
   is	
   used	
   to	
   identify	
   and	
   measure	
   biological	
   objects	
   and	
   features	
   in	
   images	
  
obtained	
   by	
   fluorescence	
  microscopy.	
   For	
   the	
   analysis,	
   subtract	
   background	
   function	
   from	
   ImageJ	
  
(Schneider	
   et	
   al.	
   2012)	
   was	
   applied	
   for	
   each	
   channel	
   using	
   a	
   200micrometer	
   rolling	
   ball	
   radious.	
  
Then,	
  a	
  module	
  identified	
  nucleus	
  and	
  cells,	
  based	
  on	
  size	
  and	
  intensity	
  of	
  the	
  objects.	
  The	
  intensity	
  
and	
   shape	
   of	
   the	
   objects	
   in	
   the	
   Hoechst	
   channel	
   are	
  measured,	
   and	
   bigger	
   nuclei	
   showing	
   weak	
  
staining	
  and	
  highly	
   stained	
   clusters	
  of	
  heterochromatine	
  were	
   considered	
  alive	
   cells,	
  while	
   smaller	
  
and	
  highly	
  homogeneous	
  stained	
  round	
  nuclei	
  were	
  considered	
  pyknotic	
  cells	
   (Fig.	
  2.2).	
  Once	
  alive	
  
cells	
  were	
  segmented,	
  another	
  filter	
  was	
  applied	
  to	
  identify	
  each	
  type	
  of	
  cell	
  and	
  presence	
  of	
  GHSR1	
  
based	
  on	
  the	
  intensity	
  of	
  the	
  staining	
  in	
  each	
  channel.	
  Data	
  were	
  exported	
  to	
  an	
  excel	
  file	
  table,	
  and	
  
the	
  percentage	
  of	
  different	
  population	
  of	
  cells	
  and	
  cells	
  expressing	
  GHSR1	
  was	
  calculated.	
  

	
  

2.11	
  Statistical	
  analysis	
  
	
  
Statistical	
   analysis	
   was	
   performed	
   using	
   GraphPad	
   Prism	
   5.0	
   (GraphPad	
   Software,	
   San	
   Diego,	
  
California,	
  USA).	
  Data	
  are	
  presented	
  as	
  mean	
  ±	
   standard	
  error	
  of	
   the	
  mean.	
   Statistical	
   significance	
  
was	
  determined	
  using	
  one	
  way	
  analysis	
  of	
  variance	
  (ANOVA)	
  followed	
  by	
  Bonferroni	
  post	
  hoc	
  test	
  for	
  
qPCR	
  data.	
  For	
  the	
  analysis	
  of	
  ghrelin	
  treatments	
  effect,	
  Student’s	
  t	
  test	
  were	
  used	
  when	
  data	
  were	
  
parametric,	
   or	
   Wilcoxon	
   matched	
   pairs	
   was	
   used	
   when	
   data	
   were	
   non	
   parametric.	
   Statistical	
  
significance	
  was	
  considered	
  relevant	
  for	
  p	
  values	
  <0.05.	
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3.1	
  Ghsr1	
  mRNA	
  expression	
  on	
  DG	
  neurosphere	
  cell	
  cultures	
  
	
  
In	
  order	
  to	
  study	
  the	
  relevance	
  of	
  GHSR-­‐1a	
   in	
  the	
  modulation	
  of	
  DG	
  NPCs	
  derived	
  cell	
  cultures,	
  we	
  
evaluated	
   Ghsr1	
   mRNA	
   expression	
   at	
   different	
   time	
   points	
   after	
   neurosphere	
   plating.	
   First,	
   we	
  
analyzed	
   the	
   structure	
   of	
   the	
   mouse	
   Ghsr1	
   gene	
   using	
   the	
   mouse	
   genomic	
   DNA	
   sequence	
  
(http://www.ncbi.nlm.nih.gov/gene/208188)	
   and	
   the	
   Ghsr-­‐1a	
   mRNA	
   sequence	
   (http://www.	
  
ncbi.nlm.nih.gov/nuccore/146198834/).	
  The	
  comparison	
  of	
  these	
  two	
  sequences,	
  using	
  the	
  software	
  
PerlPrimer,	
   indicates	
   that	
  mouse	
  Ghsr1	
   gene	
   contains	
   three	
   exons	
   (Fig.	
   3.1A).	
   This	
   result	
   differes	
  
from	
  what	
  has	
  been	
  described	
  for	
  rat	
  and	
  human	
  genes	
  that	
  present	
  two	
  exons	
  (Howard	
  et	
  al.	
  1996).	
  
Therefore,	
   to	
   analyze	
   the	
   expression	
   of	
   the	
  Ghsr-­‐1a	
  mRNA	
  we	
   used	
   a	
   commercial	
   pair	
   of	
   primers	
  
targeting	
  exons	
  2	
  and	
  3.	
  Using	
  these	
  primers	
  we	
  were	
  unable	
  to	
  detect	
  mRNA	
  levels	
  of	
  Ghsr-­‐1a	
  in	
  our	
  
DG	
   neurosphere	
   cultures	
   before	
   (day	
   0)	
   or	
   after	
   plating,	
   while	
   we	
   observed	
   GHSR-­‐1a	
   mRNA	
  
expression	
  in	
  hypothalamic	
  cDNA	
  used	
  as	
  positive	
  control	
  (Fig.	
  3.1B).	
  	
  
By	
   comparison	
  with	
   human	
   and	
   rat	
   data	
   about	
  Ghsr1	
   gene,	
  we	
   supposed	
   that	
  mouse	
  Ghsr1	
   gene	
  
could	
   present	
   two	
   splicing	
   variants	
   (Fig.	
   3.1A).	
   Therefore,	
   we	
   designed	
   another	
   pair	
   of	
   primers	
  
targeting	
   mouse	
   Ghsr1	
   exon	
   2.	
   These	
   primers	
   allow	
   the	
   detection	
   of	
   any	
   mRNA	
   splice	
   variants	
  
containing	
  exon	
  2,	
  e.g.	
  Ghsr-­‐1a	
  and	
  the	
  predicted	
  Ghsr-­‐1b	
  mRNAs.	
  When	
  using	
  these	
  primers	
  raised	
  
against	
   exon	
   2,	
  we	
   did	
   observe	
  Ghsr1	
   cDNA	
   amplification	
   on	
   our	
  DG	
   neurosphere	
   cultures	
   and	
   in	
  
hypothalamus	
   samples	
   (Fig.	
   3.1E).	
   The	
   specificity	
   of	
   the	
   amplification	
   reaction	
   was	
   verified	
   using	
  
negative	
  controls	
  (RT-­‐),	
  analyzing	
  melting	
  curves	
  (Fig	
  3.1C	
  and	
  Fig.	
  3.1F)	
  and	
  checking	
  the	
  size	
  of	
  the	
  
amplification	
   product	
   (Fig.	
   3.1G	
   and	
   Fig.	
   3.1D).	
   These	
   data	
   suggest	
   the	
   presence	
   of	
   the	
   Ghsr-­‐1b	
  
transcript	
  in	
  our	
  cultures.	
  
We	
  further	
  analyzed	
  the	
  temporal	
  expression	
  of	
  Ghsr1	
  mRNA	
  using	
  the	
  pair	
  of	
  primers	
  that	
  targets	
  
the	
  exon	
  2	
   of	
  Ghsr1.	
  We	
  observed	
   that	
  Ghsr1	
  mRNA	
   levels	
   increase	
   early	
   after	
   plating,	
   showing	
   a	
  
trend	
  for	
  increased	
  mRNA	
  expression	
  from	
  day	
  1.	
  However,	
  no	
  significant	
  differences	
  between	
  time	
  
points	
   were	
   detected.	
   We	
   also	
   observed	
   doublecortin	
   (DCX,	
   a	
   marker	
   for	
   neuroblasts/young	
  
neurons)	
  mRNA	
  expression	
  in	
  our	
  cultures,	
  showing	
  a	
  peak	
  at	
  day	
  5	
  post-­‐plating.	
  Our	
  cultures	
  show	
  
detectable	
  levels	
  of	
  βIII-­‐tubulin,	
  which	
  remains	
  unchanged	
  along	
  the	
  time.	
  
This	
   study	
  served	
   to	
  select	
   the	
  post-­‐plating	
  date	
   for	
   further	
  analysis,	
  days	
  5-­‐6	
  post-­‐plating,	
   since	
   it	
  
represents	
  the	
  days	
  when	
  Ghsr1	
  mRNA	
  expression	
  were	
   increased,	
  and	
  as	
  an	
  advantage,	
   it	
  doesn’t	
  
require	
  too	
  much	
  cell	
  culturing	
  time.	
  
Our	
  data	
   indicates	
  that	
   in	
  DG	
  neurosphere	
  cultures	
  there	
   is	
  no	
  expression	
  of	
  Ghsr-­‐1a	
  mRNA,	
  while	
  
another	
  Ghsr1	
  splice	
  variant	
  containing	
  exon	
  2	
  is	
  present	
  in	
  these	
  cultures.	
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Figure	
   3.1:	
   Analysis	
   of	
   Ghsr1	
  mRNA	
   expression	
   on	
   DG	
   neurosphere	
   cultures.	
   (A)	
  Ghsr1	
   gene	
   consists	
   in	
   3	
  
exons	
   as	
   indicated	
   by	
   the	
   analysis	
   of	
   its	
   genomic	
   and	
  mRNA	
   sequences.	
   By	
   comparing	
   human	
   and	
   rat	
   data	
  
about	
  Ghsr1	
  gene,	
  we	
  inferred	
  that	
  mouse	
  Ghsr1	
  gene	
  may	
  present	
  two	
  splice	
  variant,	
  GHSR-­‐1a	
  and	
  GHSR-­‐1b.	
  
(B)	
  Relative	
  fluorescence	
  (RFU)	
  and	
  (C)	
  melting	
  curve	
  charts	
  showed	
  no	
  amplification	
  of	
  Ghsr-­‐1a	
  cDNA	
  from	
  DG	
  
neurospheres	
  (purple).	
  In	
  hypothalamic	
  tissue	
  Ghsr-­‐1a	
  cDNA	
  was	
  amplified	
  (blue).	
  Image	
  from	
  an	
  agarose	
  gel	
  
showing	
  specific	
  bands	
  corresponding	
  to	
  the	
  expected	
  size	
  of	
  (D)	
  Ghsr1a	
  and	
  (G)	
  Ghsr1	
  amplified	
  products.	
  (E)	
  
RFU	
  and	
  (F)	
  melting	
  curve	
  charts	
  showed	
  that	
  Ghsr1	
  cDNA	
  is	
  amplified	
  in	
  our	
  neurosphere	
  samples	
  when	
  using	
  
primers	
  targeting	
  exon	
  2.	
   (H)	
  Levels	
  of	
  Ghsr1	
  mRNA	
  (purple)	
  show	
  a	
  trend	
  to	
   increase	
  early	
  after	
  plating.	
  DG	
  
neurosphere	
  cultures	
  presented	
  detectable	
  levels	
  of	
  Dcx	
  mRNA	
  (green)	
  and	
  βIII-­‐tubulin	
  mRNA	
  (blue).	
  N=3-­‐5.	
  
	
  
	
  
	
  

	
  

	
  

	
  

	
  



 

 
28 

3.2	
  GHSR1	
  protein	
  detection	
  
	
  
In	
  order	
  to	
  detect	
  GHSR1,	
  we	
  tested	
  four	
  commercially	
  available	
  antibodies	
  (some	
  of	
  them	
  previously	
  
used	
  to	
  describe	
  GHSR1	
  presence	
  in	
  cells	
  of	
  the	
  neurogenic	
  niches)	
  directed	
  against	
  different	
  regions	
  
of	
   GHSR1	
   (Fig.	
   3.2A).	
   We	
   used	
   western	
   blotting	
   of	
   protein	
   extracts	
   from	
   hypothalamus	
   and	
  
hippocampus,	
  CNS	
  regions	
  that	
  have	
  been	
  previously	
  shown	
  to	
  present	
  high	
  levels	
  of	
  GHSR1.	
  Santa	
  
Cruz	
  (#sc-­‐10362)	
  (Fig.	
  3.2B)	
  and	
  Phoenix	
  antibodies	
  (#H-­‐001-­‐62)(Fig.	
  3.2D)	
  that	
  target	
  the	
  N-­‐terminal	
  
region	
  of	
  GHSR1	
  and	
  Abcam2	
  antibody	
   (#ab125457)(Fig.	
  3.2E)	
   that	
   targets	
   the	
  C-­‐terminal	
   region	
  of	
  
GHSR1	
   presented	
   many	
   bands.	
   However,	
   the	
   antibody	
   from	
   Abcam1	
   (#ab95250)(Fig.	
   3.2C),	
   that	
  
targets	
  the	
  middle	
  region	
  of	
  GHSR1	
  shows	
  two	
  bands	
  around	
  42	
  and	
  32kDa.	
  Importantly,	
  42	
  and	
  32	
  
kDa	
   are	
   the	
  molecular	
   sizes	
   expected	
   for	
   GHSR-­‐1a	
   and	
   GHSR-­‐1b,	
   respectively	
   (Leung,	
   Po-­‐Ki	
   et	
   al.	
  
2007).	
  Based	
  on	
  these	
  results,	
  we	
  decided	
  to	
  use	
  the	
  antibody	
  from	
  Abcam1	
  (#ab95250)	
  for	
  further	
  
analysis.	
  	
  
	
  
	
  
	
  
	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  

	
  
	
  
	
  

	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
Figure	
   3.2:	
   Characterization	
   of	
   different	
   GHSR1	
   antibodies.	
   (A)	
   Several	
   GHSR1	
   antibodies	
   were	
   tested	
   by	
  
western	
   blotting	
   using	
   30μg	
   of	
   cell	
   extracts	
   from	
   the	
   hypothalamus	
   and	
   the	
   hippocampus.	
   Different	
   band	
  
patterns	
  are	
  observed:	
   the	
  antibodies	
   from	
   (B)	
  Santa	
  Cruz,	
   (D)	
  Abcam2	
  and	
   (E)	
  Phoenix	
  exhibit	
  many	
  several	
  
bands,	
  while	
  (C)	
  Abcam1	
  presented	
  only	
  two	
  bands	
  at	
  42	
  and	
  32kDa.	
  Hipp,	
  hippocampus;	
  Hypth,	
  hypothalamus.	
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GHSR1 

α-­‐Tubulin 

48kDa 

35kDa 

Hipp d5 DG 

63kDa 

We	
  evaluated	
  GHSR1	
  protein	
  expression	
  on	
  neurospheres	
  5	
  days	
  after	
  plating.	
  Hippocampus	
  and	
  DG	
  
tissue	
  samples	
  were	
  used	
  as	
  positive	
  controls.	
  Our	
  western	
  blotting	
  membranes	
  showed	
  a	
  band	
  with	
  
42	
  kDa	
  (the	
  predicted	
  size	
  for	
  GHSR-­‐1a)	
  in	
  the	
  hippocampus	
  and	
  DG	
  samples.	
  However,	
  the	
  samples	
  
from	
   our	
   neurosphere	
   cultures	
   showed	
   a	
   new	
   band	
   with	
   an	
   unexpected	
   size	
   (between	
   42	
   and	
  
32kDa).	
   A	
   band	
   around	
   32	
   kDa	
   was	
   also	
   observed	
   (Fig.	
   3.3A).	
   We	
   also	
   detected	
   the	
   presence	
   of	
  
GHSR1	
   in	
   our	
   cultures	
   using	
   immunofluorescence	
   staining.	
   In	
   agreement	
   with	
   qPCR	
   data,	
   we	
  
observed	
  increased	
  levels	
  of	
  GHSR1	
  and	
  doublecortin	
  at	
  day	
  5	
  after	
  plating	
  when	
  compared	
  to	
  day	
  1	
  
(Fig.	
  3.3B).	
  	
  
Our	
   data	
   indicates	
   that	
   the	
   antibody	
   from	
   Abcam1	
   (#ab95250)	
   specifically	
   recognizes	
   GHSR1,	
   and	
  
suggests	
   that	
   its	
   truncated	
   isoform,	
  GHSR-­‐1b,	
   is	
   present	
   in	
  mouse	
   tissue	
   and	
  DG	
  neurosphere	
   cell	
  
cultures.	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
Figure	
   3.3:	
   GHSR1	
   detection	
   in	
   DG	
   neurosphere	
   cultures.	
   (A)	
  Western	
   blotting	
   of	
   30μg	
   cell	
   extracts	
   from	
  
hippocampus,	
  neurosphere	
  at	
  day	
  5	
  after	
  plating	
  and	
  DG	
  samples.	
  Hippocampus	
  and	
  DG	
  samples	
  showed	
  two	
  
bands	
  around	
  42	
  and	
  32kDa.	
  D5	
  neurosphere	
  sample	
  presented	
  an	
  unexpected	
  band	
  between	
  42	
  and	
  32kDa,	
  
and	
  another	
  band	
  around	
  32kDa.	
  (B)	
  Immunofluorescence	
  images	
  showing	
  GHSR1	
  (red)	
  and	
  DCX	
  (green)	
  in	
  DG	
  
neurospheres	
  at	
  day	
  1	
  and	
  day	
  5	
  after	
  plating.	
  An	
  increase	
  in	
  DCX	
  and	
  GHSR1	
  immunofluorescence	
  staining	
  is	
  
observed	
   in	
   d5	
   neurosphere	
   cultures	
  when	
   compared	
   to	
   d1	
   cultures.	
   Cell	
   nuclei	
  were	
   stained	
  with	
  Hoechst	
  
33342	
   (blue).	
   	
   DG,	
   dentate	
   gyrus;	
   d1,	
   day	
   1	
   after	
   plating;	
   d5,	
   day	
   5	
   after	
   plating;	
   GHSR1,	
   growth	
   hormone	
  
secretagogue	
  receptor	
  1;	
  Hipp,	
  hippocampus.	
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3.3	
  GHSR1	
  expression	
  in	
  NPCs	
  and	
  differentiating	
  neurons	
  
	
  
Previous	
  studies	
  suggest	
  that	
  GHSR1	
  is	
  expressed	
  in	
  the	
  hippocampus	
  (Diano	
  et	
  al.	
  2006).	
  However,	
  it	
  
has	
  not	
  been	
  fully	
  described	
  the	
  subcellular	
  localization	
  of	
  GHSR1	
  in	
  hippocampal	
  NPCs	
  and	
  derived	
  
cells.	
  Here,	
  we	
  first	
  analyzed	
  the	
  subcellular	
  pattern	
  of	
  expression	
  of	
  GHSR1	
  in	
  our	
  neurosphere	
  cell	
  
cultures	
  and	
  used	
  cortical	
  neurons	
  (kindly	
  given	
  from	
  Dr.	
  Ana	
  Luísa	
  Carvalho	
  laboratory)	
  as	
  a	
  system	
  
where	
  GHSR-­‐1a	
  has	
  been	
  previously	
  described	
  (Ribeiro	
  et	
  al.	
  2014).	
  
Cortical	
   neurons	
   maintained	
   15	
   days	
   in	
   vitro	
   GHSR1	
   sataining	
   in	
   their	
   soma	
   (perinuclear)	
   and	
  
throughout	
   cell	
   dendrites	
   (stained	
   with	
   microtubule	
   associate	
   protein,	
   MAP2).	
   However,	
   DG	
  
neurosphefere	
  derived	
  cells	
  did	
  not	
  express	
  the	
  same	
  staining	
  pattern	
  as	
  cortical	
  neurons,	
  exhibiting	
  
only	
   a	
   perinuclear	
   staining	
   (Fig.	
   3.4).	
   Importantly,	
   GHSR-­‐1a	
   has	
   been	
   described	
   to	
   be	
   located	
   in	
  
neuronal	
   dendrites	
   (Ribeiro	
   et	
   al.	
   2014),	
   while	
   GHSR-­‐1b	
   is	
   mainly	
   present	
   in	
   the	
   ER,	
   showing	
   a	
  
perinuclear	
  pattern	
  (Leung	
  et	
  al.	
  2007;	
  Chow	
  et	
  al.	
  2012).	
  The	
  presence	
  of	
  a	
  perinuclear	
  pattern	
  of	
  
staining	
  and	
  the	
  absence	
  of	
  a	
  punctated	
  and	
  dendritic	
  one	
  in	
  our	
  cultures,	
  suggest	
  that	
  only	
  GHSR-­‐1b	
  
is	
  expressed	
  by	
  our	
  cells.	
  This	
  is	
  in	
  agreement	
  with	
  our	
  previous	
  qPCR	
  data.	
  	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
Figure	
  3.4:	
  Immunofluorescence	
  staining	
  pattern	
  for	
  GHSR1.	
   Immunofluorescence	
  images	
  of	
  d6	
  neurosphere	
  
cultures	
  showing	
  a	
  DCX+	
  (green)	
  cell	
  expressing	
  GHSR1	
  (red)	
  with	
  a	
  specific	
  perinuclear-­‐staining	
  pattern	
   (top	
  
panels	
   arrow).	
   	
   15-­‐DIV	
   cortical	
   neurons	
   exhibit	
   two	
   different	
   staining	
   patterns	
   for	
   GHSR1:	
   a	
   punctated	
   and	
  
dendritic	
  pattern	
  that	
  co-­‐localizes	
  with	
  MAP2	
  (green)	
  and	
  a	
  perinuclear	
  one	
  (lower	
  panels	
  arrow	
  heads).	
  DCX,	
  
doublecortin;	
   DIV,	
   days	
   in	
   vitro;	
   MAP2,	
   microtubule-­‐associated	
   protein	
   2;	
   GHSR1,	
   growth	
   hormone	
  
secretagogue	
  receptor	
  1.	
  Scale	
  bar	
  of	
  lower	
  panels	
  applies	
  to	
  top	
  panels.	
  
	
  
	
  
	
  
Our	
   previous	
   results	
   suggest	
   that	
   a	
   truncated	
   isoform	
   of	
   GHSR1	
   is	
   expressed	
   in	
   DG	
   neurosphere	
  
cultures.	
  To	
  explore	
  whether	
  this	
  expression	
  could	
  be	
  relevant,	
  we	
  analyzed	
  the	
  type	
  and	
  proportion	
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of	
   cells	
   showing	
   immunofluorescence	
   staining	
   for	
   ghrelin	
   receptor.	
  We	
   observed	
   that	
   some	
   NPCs	
  
(Nestin+/Sox2+,	
  Fig.	
  3.5A)	
  and	
  many	
  neuronal	
  cells	
  (DCX+,	
  NeuN+	
  and	
  DCX+/NeuN+,	
  Fig.	
  3.5B)	
  were	
  
stained	
  for	
  GHSR1	
  at	
  the	
  perinuclear	
  region.	
  However,	
  astrocytes	
  (cells	
  showing	
  high	
  levels	
  of	
  GFAP)	
  
did	
  not	
  expressed	
  GHSR1	
  (Fig.	
  3.5C).	
  	
  	
  
	
  

	
  
	
  

	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
Figure	
  3.5:	
  GHSR1	
  expression	
  in	
  NPCs	
  and	
  NPCs	
  derived	
  cells.	
  (A)	
  Immunofluorescence	
  image	
  showing	
  Sox2+	
  
(green),	
   Nestin+	
   (red)	
   and	
   GHSR1+	
   (white)	
   stained	
   NPCs.	
   (B)	
   Fluorescence	
   image	
   showing	
   DCX	
   (green)	
   and	
  
NeuN	
   (red)	
   positive	
   cells	
   expressing	
   the	
   GHSR1	
   (white).	
   (C)	
   Immunofluorescence	
   staining	
   for	
   GFAP	
   (green),	
  
Nestin	
  (red)	
  and	
  GHSR1	
  (white).	
  DCX,	
  doublecortin;	
  GFAP,	
  glial	
  fibrilary	
  acidic	
  protein;	
  GHSR1,	
  growth	
  hormone	
  
secretagogue	
  receptor	
  1;	
  NeuN,	
  neuronal	
  nuclear	
  antigen	
  (FOX-­‐3);	
  Sox2,	
  sex	
  determining	
  region	
  Y	
  (SRY)-­‐box	
  2.	
  
Scale	
  bars:	
  20μm	
  
	
  
	
  
As	
   many	
   neuronal	
   cells	
   expressed	
   the	
   receptor,	
   we	
   decided	
   to	
   further	
   explore	
   the	
   proportion	
   of	
  
these	
  cells	
  in	
  our	
  cultures.	
  It	
  is	
  important	
  to	
  point	
  out	
  that	
  the	
  majority	
  of	
  cells	
  of	
  our	
  cultures	
  (82	
  ±	
  
2.7	
  %)	
  did	
  not	
  belong	
  to	
  the	
  neuronal	
  lineage	
  (NeuN-­‐/DCX-­‐)(Fig.	
  3.6A).	
  Remarkably,	
  our	
  cell	
  cultures	
  
showed	
  a	
  17	
  ±	
  2.3%	
  of	
  neuronal	
  cells	
  (Fig.	
  3.6A).	
  From	
  this	
  percentage	
  of	
  neuronal	
  cells,	
  only	
  1.4	
  ±	
  
0.1%	
  corresponded	
  to	
  the	
  less	
  mature	
  neuronal	
  stage	
  (DCX+/NeuN-­‐),	
  while	
  7.8	
  ±	
  2%	
  were	
  neurons	
  in	
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an	
   intermediate	
  phase	
  (NeuN+/DCX+)	
  and	
  8.8	
  ±	
  2%	
  were	
  mature	
  neurons	
  (NeuN+/DCX)	
  (Fig.	
  3.6A).	
  
Regarding	
  the	
  expression	
  of	
  GHSR1,	
  15.87	
  ±	
  2%	
  of	
  cells	
  in	
  our	
  cultures	
  expressed	
  the	
  receptor	
  and	
  59	
  
±	
  10%	
  of	
  these	
  cells	
  were	
  from	
  the	
  neuronal	
  lineage.	
  Within	
  the	
  population	
  of	
  neuronal	
  cells,	
  50	
  ±	
  9%	
  
of	
   the	
   immature	
  neurons	
   (DCX+/NeuN-­‐),	
  62	
  ±	
  9%	
  of	
  NeuN+/DCX+	
  cells	
  and	
  44	
  ±	
  4%	
  of	
   the	
  mature	
  
neurons	
  (NeuN+/DCX-­‐)	
  expressed	
  the	
  receptor	
  (Fig.	
  3.6B).	
  By	
  contrast,	
  only	
  8	
  ±	
  2%	
  of	
  non	
  neuronal	
  
cells	
  (NeuN-­‐/DCX-­‐)	
  were	
  stained	
  for	
  GHSR1	
  (Fig.	
  3.6B).	
  	
  
Taken	
  together,	
  our	
  results	
  indicate	
  that	
  the	
  expression	
  of	
  GHSR1	
  is	
  highly	
  relevant	
  for	
  neuronal	
  cells	
  
in	
  DG	
  neurosphere	
   cultures,	
   since	
  more	
   than	
  half	
   of	
   these	
   cells	
   showed	
  high	
   levels	
   of	
   perinuclear	
  
receptor	
  staining.	
  
	
  

	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  

	
  
Figure	
  3.6:	
  Quantification	
  of	
  cells	
  expressing	
  GHSR1.	
  (A)	
  Pie-­‐	
  chart	
  showing	
  the	
  proportion	
  of	
  cells	
  present	
  in	
  
our	
   DG	
   neurosphere	
   cultures	
   that	
   are	
   not	
   from	
   the	
   neuronal	
   lineage	
   (blue),	
   immature	
   neurons	
   (green),	
  
maturating	
   neurons	
   (purple)	
   and	
   mature	
   neurons	
   (red).	
   Light	
   colors	
   represent	
   the	
   percentage	
   of	
   cells	
  
expressing	
   GHSR1	
   in	
   each	
   population.	
   	
   (B)	
   Graph	
   representing	
   the	
   type	
   and	
   percentage	
   of	
   cells	
   expressing	
  
GHSR1.	
  N=3.	
   DCX,	
   doublecortin;	
   GHSR1,	
   growth	
   hormone	
   secretagogue	
   receptor	
   1;	
   NeuN,	
   neuronal	
   nuclear	
  
antigen	
  (FOX-­‐3).	
  
	
  
	
  
	
  
	
  

3.4	
  Ghrelin	
  detection	
  in	
  DG	
  neurosphere	
  cell	
  cultures	
  
	
  
	
  
Despite	
  ghrelin	
  is	
  mainly	
  produced	
  in	
  the	
  stomach,	
  there	
  are	
  several	
  evidences	
  indicating	
  that	
  it	
  can	
  
be	
   synthesized	
   locally	
   in	
   the	
  CNS.	
   Thus,	
  we	
  decided	
   to	
   explore	
  whether	
  our	
   cell	
   cultures	
   could	
  be	
  
producing	
  ghrelin.	
  Surprisingly,	
  we	
  were	
  able	
  to	
  detect	
  ghrelin	
  mRNA	
  in	
  our	
  DG	
  neurosphere	
  cultures	
  
by	
  qPCR	
  (Fig.	
  3.7A).	
  The	
  specificity	
  of	
  the	
  amplification	
  reaction	
  was	
  verified	
  by	
  analyzing	
  the	
  melting	
  
curve	
   (Fig.	
   3.7B)	
   and	
   the	
   size	
   of	
   the	
   amplification	
   product	
   in	
   a	
   positive	
   control	
   sample	
   from	
  
hypothalamus	
  (Fig.	
  3.7C).	
  We	
  also	
  analyzed	
  ghrelin	
  mRNA	
  expression	
  along	
  different	
  time	
  points	
  and	
  
observed	
   that	
   ghrelin	
  mRNA	
   levels	
   trend	
   to	
   increase	
   early	
   after	
   plating,	
   no	
   statistical	
   significance	
  
between	
  the	
  time	
  points	
  studied	
  was	
  observed	
  (Fig.	
  3.7D).	
  	
  	
  

8.8%$NeuN+/DCX-$ 82%$NeuN-/DCX-$
7.8%$NeuN+/DCX+$
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Figure	
  3.7:	
  Analysis	
  of	
  Ghrelin	
  mRNA	
  expression	
  on	
  DG	
  NPCs	
  derived	
  cells.	
  (A)	
  Relative	
  fluorescence	
  (RFU)	
  and	
  	
  
(B)	
  melting	
   curve	
   charts	
   showed	
   that	
  ghrelin	
   cDNA	
   is	
   amplified	
   in	
   neurospheres	
   at	
   7	
   days	
   (d7)	
   after	
   plating	
  
(purple)	
   and	
   in	
   hypothalamic	
   tissue	
   samples	
   (blue).	
   (C)	
   Agarose	
   gel	
   image	
   showing	
   a	
   specific	
   band	
  
corresponding	
  to	
  the	
  expected	
  size	
  of	
  the	
  amplification	
  product.	
  (D)	
  Levels	
  of	
  ghrelin	
  mRNA	
  trends	
  to	
  increase	
  
early	
  after	
  plating.	
  	
  
	
  
	
  
	
  
	
  
To	
  analyze	
  whether	
  ghrelin	
  peptide	
  is	
  synthesized	
  in	
  our	
  DG	
  neurosphere	
  cultures,	
  we	
  decided	
  to	
  use	
  
an	
  ELISA	
  kit	
  to	
  detect	
  the	
  presence	
  of	
  ghrelin	
  in	
  neurosphere	
  culture	
  media	
  (Fig.	
  3.8).	
  We	
  observed	
  
that	
   the	
  neurosphere	
   cell	
   culture	
  medium	
  contains	
  10.4	
  ±	
  1.5ng/ml	
  of	
   ghrelin.	
   Till	
   our	
   knowledge,	
  
this	
  is	
  the	
  first	
  time	
  that	
  synthesis	
  of	
  ghrelin	
  is	
  shown	
  in	
  DG	
  neurosphere	
  cell	
  cultures.	
  
Our	
   results	
   indicate	
   that	
   ghrelin	
   is	
   synthesized	
   by	
   NPCs	
   or	
   derived	
   cells,	
   suggesting	
   that	
   ghrelin	
  
system	
  may	
  be	
  relevant	
  for	
  these	
  cells.	
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Figure	
  3.8:	
  Analysis	
  of	
  ghrelin	
  peptide	
  in	
  neurosphere	
  cell	
  cultures.	
  Neurosphere	
  cell	
  culture	
  medium	
  contains	
  
10,4	
   ±	
   1,5	
   ng/ml	
   of	
   ghrelin,	
   detected	
   by	
   ELISA.	
   Three	
   positive	
   controls	
   were	
   used:	
   a	
   cell	
   culture	
   medium	
  
provided	
  with	
  the	
  commercial	
  ELISA	
  kit	
  and	
  cell	
  culture	
  media	
  from	
  neurospheres	
  treated	
  with	
  two	
  different	
  
dilutions	
  of	
  ghrelin.	
  N=8.	
  Ghrl,	
  ghrelin.	
  	
  	
  
	
  
	
  

3.5	
  Effects	
  of	
  exogenous	
  ghrelin	
  on	
  DG	
  neurosphere	
  cultures	
  
	
  
A	
   previous	
   study	
   demonstrated	
   that	
   acylated	
   ghrelin	
   has	
   an	
   effect	
   on	
   NPC	
   cultures	
   lacking	
   Ghsr1	
  
expression	
  (Johansson	
  et	
  al.	
  2008).	
  Based	
  on	
  this,	
  we	
  decided	
  to	
  treat	
  our	
  DG	
  neurosphere	
  cultures	
  
with	
  acylated	
  ghrelin	
  and	
  check	
  whether,	
  despite	
  of	
  the	
  absence	
  of	
  GHSR1a,	
  our	
  cells	
  still	
  respond	
  to	
  
this	
   peptide.	
   We	
   followed	
   two	
   different	
   protocols	
   that	
   have	
   been	
   previously	
   described	
   in	
   the	
  
literature	
   to	
   increase	
   proliferation	
   of	
  NPCs	
   (Johansson	
   et	
   al.	
   2008;	
   Chung	
   et	
   al.	
   2013).	
  Our	
   results	
  
show	
  no	
   significant	
   effect	
  of	
   ghrelin	
   treatments	
  with	
  100nM	
   (Fig.	
   3.9A)	
  or	
   30μM	
   (Fig.	
   3.9B)	
   in	
   the	
  
proportion	
  of	
  proliferative	
  Ki67+	
  cells,	
  DCX	
  neurons	
  or	
  Nestin+	
  cells.	
  However,	
  a	
  significant	
  increase	
  
in	
  pyknotic	
  bodies,	
  probably	
  reflecting	
  cell	
  death,	
  was	
  observed	
  on	
  neurospheres	
  treated	
  with	
  30μM	
  
of	
  ghrelin.	
  	
  
Our	
  data	
  indicate	
  that	
  the	
  addition	
  of	
  exogenous	
  acylated	
  ghrelin	
  has	
  no	
  effect	
  on	
  cell	
  proliferation	
  
or	
  neuronal	
  differentiation	
  on	
  our	
  DG	
  neurosphere	
  cultures.	
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Figure	
  3.9:	
  Effects	
  of	
  exogenous	
  ghrelin	
  on	
  DG	
  neurospheres	
  culture.	
  Neurospheres	
  were	
  treated	
  with	
  100nM	
  
(A,	
  B)	
  and	
  30μM	
  (C,	
  D)	
  of	
  ghrelin.	
  No	
  significant	
  effect	
  of	
  ghrelin	
  treatments	
  was	
  observed	
  on	
  DG	
  NPCs	
  cultures	
  
in	
   the	
   proportion	
   of	
   Ki67+	
   cells,	
   DCX	
   neurons	
   or	
   Nestin+	
   cells.	
   However,	
   a	
   significant	
   increase	
   in	
   pyknotic	
  
bodies	
  was	
  observed	
  in	
  neurosphere	
  center	
  after	
  treatment	
  with	
  30μM.	
  (E)	
  Fluorescence	
  images	
  of	
  DG	
  cultures	
  
showing	
   double	
   stained	
   DCX(green)/Ki67(white),	
   	
   and	
   Nestin(red)/Ki67	
   cells.	
   Cell	
   nuclei	
   were	
   stained	
   with	
  
Hoechst	
  33342	
  (blue).	
  DCX,	
  doublecortin;	
  Ghrl,	
  ghrelin.	
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Ghrelin,	
   the	
  orexigenic	
  gut	
  hormone	
  has	
  been	
  widely	
  studied	
  and	
  related	
  with	
  the	
  effect	
  of	
  diet	
   in	
  
the	
   control	
   of	
   neural	
   functions.	
   Some	
   studies	
   have	
   described	
   the	
   role	
   of	
   ghrelin	
   in	
   memory	
   and	
  
learning,	
  and	
  associated	
  ghrelin	
  with	
  hippocampal	
  adult	
  neurogenesis	
  (Moon	
  et	
  al.	
  2009;	
  Li,	
  E	
  et	
  al.	
  
2013a;	
  Li,	
  E	
  et	
  al.	
  2013b;	
  Zhao	
  et	
  al.	
  2014;	
  Moon	
  et	
  al.	
  2014;	
  Li,	
  E	
  et	
  al.	
  2014).	
  Ghrelin	
  exerts	
  it	
  effects	
  
by	
   binding	
   to	
   its	
   receptor,	
   GHSR-­‐1a	
   (Kojima	
   et	
   al.	
   1999;	
   Takaya	
   et	
   al.	
   2000),	
   which	
   is	
   the	
   only	
  
functional	
   receptor	
   characterized	
   	
   and	
   identified	
   until	
   now.	
   Importantly,	
   GHSR-­‐1b,	
   the	
   ghrelin	
  
truncated	
   receptor,	
   has	
   been	
  described	
   to	
   be	
  mainly	
   present	
   in	
   the	
   ER	
   and	
   to	
   form	
  heterodimers	
  
with	
   GHSR-­‐1a,	
   retaining	
   it	
   at	
   the	
   ER	
  membrane	
   and	
   avoiding	
   its	
   translocation	
   to	
   the	
   cell	
   surface	
  
where	
   it	
   exerts	
   its	
   function.	
   Till	
   our	
   knowledge,	
   two	
   works	
   has	
   focused	
   on	
   the	
   effect	
   of	
  
Ghrelin/GHSR1	
   system	
   on	
   hippocampal	
   NPCs,	
   demonstrating	
   that	
   ghrelin	
   exert	
   a	
   direct	
   effect	
   in	
  
adult	
   rat	
   hippocampal	
  NPCs,	
   leading	
   to	
   an	
   increase	
   in	
   their	
   proliferation.	
   However,	
   none	
   of	
   these	
  
works	
  have	
  analyzed	
  the	
  effect	
  of	
  ghrelin	
  on	
  NPCs	
  differentiation.	
  	
  
In	
  the	
  present	
  work,	
  we	
  show	
  that	
  GHSR-­‐1a	
  is	
  absent	
  in	
  neurosphere	
  cell	
  cultures	
  derived	
  from	
  the	
  
dentate	
   gyrus.	
   Nevertheless,	
   we	
   observed	
   that	
   another	
   isoform	
   of	
   GHSR1	
   (probably	
   its	
   truncated	
  
isoform	
  GHSR1b)	
   is	
   expressed	
   by	
   neuroprecursor	
   cells	
   (NPCs)	
   and	
   differentiating	
   neurons	
   in	
   these	
  
cultures.	
   Furthermore,	
  we	
  provide,	
   for	
   the	
   first	
   time,	
  evidences	
  of	
   the	
  production	
  of	
  ghrelin	
   in	
  DG	
  
neurosphere	
   cultures.	
   Finally	
  we	
   observed	
   that	
   the	
   addition	
   of	
   exogenous	
   acylated	
   ghrelin	
   to	
   our	
  
cultures	
  of	
  DG	
  neurosphere	
  has	
  no	
  effect	
  on	
  cell	
  proliferation	
  or	
  neuronal	
  differentiation	
  of	
  DG	
  NPCs.	
  	
  
	
  
	
  
	
  

Role	
  of	
  GHSR1	
  on	
  DG	
  neurosphere	
  cell	
  cultures	
  
	
  
Although	
  a	
  previous	
  work	
  has	
  described	
  the	
  presence	
  of	
  GHSR-­‐1a	
   in	
  NPCs	
   (Chung	
  et	
  al.	
  2013),	
  our	
  
cultures	
   present	
   undetectable	
   levels	
   of	
   Ghsr-­‐1a	
  mRNA	
   at	
   different	
   days	
   after	
   neurosphere	
   plating	
  
(from	
  day	
  1	
  to	
  day	
  10).	
  Despite	
  of	
  the	
  lack	
  of	
  Ghsr1a	
  mRNA	
  in	
  our	
  DG	
  neurospheres,	
  we	
  detected	
  the	
  
expression	
   of	
   Ghsr1	
   mRNAs	
   containing	
   the	
   exon	
   2	
   of	
   murine	
   Ghsr1	
   gene.	
   There	
   are	
   some	
  
controversies	
  regarding	
  the	
  expression	
  of	
  GHSR-­‐1a	
  on	
  hippocampal	
  NPCs.	
  A	
  Study	
  from	
  Johansson	
  et	
  
al.	
   showed	
   by	
   qPCR	
   that	
   there	
   is	
   no	
   expression	
   of	
   the	
   ghrelin	
   receptor	
   in	
   adult	
   rat	
   hippocampal	
  
progenitor	
  (AHP)	
  cells	
  (Johansson	
  et	
  al.	
  2008),	
  while	
  Chung	
  et	
  al.	
  observed	
  the	
  presence	
  of	
  GHSR-­‐1a	
  
in	
  adult	
  rat	
  hippocampal	
  neural	
  stem	
  cells	
  (NSCs)	
  using	
  western	
  blotting	
  and	
  immunocytochemistry	
  
(Chung	
  et	
  al.	
  2013).	
  However,	
  the	
  antibody	
  used	
  by	
  Chung	
  et	
  al.	
  was	
  not	
  specific	
  for	
  GHSR-­‐1a	
  (#sc-­‐
10362,	
  Santa	
  Cruz	
  Biotechnology),	
  since	
  it	
  recognizes	
  the	
  N-­‐terminal	
  region	
  of	
  GHSR1,	
  being	
  able	
  to	
  
detect	
  GHSR-­‐1a	
  and	
  GHSR-­‐1b.	
  Furthermore,	
  we	
  observed	
  that	
  using	
  the	
  same	
  antibody	
  as	
  Chung	
  et	
  
al.,	
   our	
  western	
   blotting	
   of	
   hypothalamus	
   and	
   hippocampus	
   samples	
   presented	
   several	
   unspecific	
  
bands.	
  However,	
  using	
  an	
  antibody	
  (Abcam1	
  #ab95250)	
  that	
  recognizes	
  the	
  middle	
  region	
  (150-­‐250	
  
amino	
   acids)	
   of	
   GHSR1,	
  western	
   blotting	
  membranes	
   presented	
   a	
  more	
   clear	
   and	
   restricted	
   band	
  
pattern,	
  showing	
  only	
  two	
  bands	
  at	
  42kDa	
  and	
  at	
  32kDa	
  (the	
  bands	
  expected	
  for	
  GHSR-­‐1a	
  and	
  GHSR-­‐
1b,	
   respectively).	
   Considering	
   this,	
  we	
   cannot	
   exclude	
   the	
   possibility	
   that	
   isoform	
   1b	
  was	
   the	
   one	
  
detected	
   by	
   Chung	
   et	
   al.	
  Meanwhile,	
   in	
   neurosphere	
   samples	
   5	
   days	
   after	
   platting,	
   this	
   antibody	
  
(Abcam1	
   #ab95259)	
   presented	
   a	
   new	
   band	
   with	
   an	
   unexpected	
   size	
   between	
   42k	
   and	
   32Da,	
  
suggesting	
  the	
  possibility	
  of	
  the	
  existence	
  of	
  a	
  non	
  described	
  GHSR1	
  variant	
  in	
  our	
  DG	
  neurosphere	
  
culture.	
   In	
   agreement,	
   it	
   has	
   been	
   previously	
   proposed	
   the	
   existence	
   of	
   a	
   non	
   described	
   GHSR1	
  
isoform	
   on	
   hippocampal	
   NPCs.	
   This	
   assumption	
   was	
   based	
   on	
   the	
   existence	
   of	
   a	
   binding	
   site	
   for	
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hexarelin,	
  an	
  analog	
  of	
  ghrelin,	
  in	
  rat	
  AHP	
  cells	
  that	
  lack	
  GHSR-­‐1a	
  expression	
  (Johansson	
  et	
  al.	
  2008).	
  	
  
Several	
   facts	
   suggested	
   that	
   the	
   GHSR1	
   isoform	
   detected	
   in	
   our	
   neurosphere	
   cultures	
   is	
   indeed	
  
GHSR-­‐1b.	
   First,	
   the	
   lower	
   band	
   observed	
   in	
   our	
  western	
   blot	
  membranes	
   corresponds	
   to	
   the	
   size	
  
expected	
  for	
  GHSR-­‐1b.	
  Second,	
  when	
  we	
  used	
  the	
  same	
  anti-­‐GHSR1	
  antibody	
  used	
  for	
  western	
  blot,	
  
our	
   immunofluorescent	
   signal	
   mainly	
   appears	
   in	
   the	
   perinuclear	
   region.	
   Importantly,	
   this	
   is	
   a	
  
characteristic	
  pattern	
  of	
  proteins	
  located	
  in	
  the	
  endoplasmic	
  reticulum	
  (ER)	
  membrane,	
  and	
  GHSR-­‐1b	
  
has	
  been	
  described	
  to	
  be	
  mainly	
  present	
  at	
  the	
  ER	
  (Leung	
  et	
  al.	
  2007;	
  Chow	
  et	
  al.	
  2012).	
  Third,	
  the	
  
absence	
  of	
  Ghsr1a	
  mRNA	
  and	
  existence	
  of	
  mRNA	
  containing	
  GHSR1	
  exon	
  2	
  suggest	
  the	
  presence	
  of	
  a	
  
truncated	
  splice	
  variant,	
  like	
  GHSR-­‐1b,	
  in	
  DG	
  neurosphere	
  cultures.	
  The	
  small	
  proportion	
  of	
  cells	
  that	
  
express	
  GHSR1	
  in	
  our	
  cultures	
  (15.87	
  ±	
  2%)	
  may	
  indicate	
  that	
  this	
  expression	
  is	
  irrelevant.	
  However,	
  
half	
   of	
   the	
   neuronal	
   cells	
   in	
   our	
   cultures	
   exhibited	
   the	
   receptor.	
   These	
   data	
   suggest	
   that	
   the	
  
expression	
  of	
  GHSR1	
  should	
  be	
  important,	
  somehow,	
  for	
  the	
  neuronal	
  population	
  of	
  cells.	
  
	
  
	
  
	
  

Relevance	
  of	
  ghrelin	
  for	
  DG	
  neurosphere	
  cell	
  cultures	
  
	
  
Till	
  our	
  knowledge,	
  we	
  are	
   the	
   first	
   to	
  show	
  that	
  ghrelin	
   is	
  produced	
   in	
  cell	
   cultures	
  of	
  DG	
  derived	
  
neurosheres.	
  Some	
  studies	
  have	
  suggested	
  that	
  ghrelin	
  is	
  synthesized	
  locally	
  in	
  the	
  hypothalamus	
  (Lu	
  
et	
  al.	
  2002;	
  Cowley	
  et	
  al.	
  2003)	
  and,	
  curiously,	
  this	
  region	
  also	
  contains	
  a	
  particular	
  neurogenic	
  niche.	
  
Whether	
   ghrelin	
   is	
   also	
   produced	
   in	
   vivo	
   by	
   cells	
   of	
   the	
  DG	
  neurogenic	
   niche	
   needs	
   to	
   be	
   further	
  
explored.	
  Despite	
  what	
   it	
   has	
   been	
  observed	
   in	
   other	
   studies,	
   the	
   addition	
   of	
   exogenous	
   acylated	
  
ghrelin	
   to	
  our	
  neurosphere	
  cultures	
  did	
  not	
   induced	
  any	
  significant	
  difference	
   in	
   the	
  proportion	
  of	
  
proliferation	
  (Ki67+	
  cells)	
  or	
  neuronal	
  differentiation.	
  A	
  possible	
  explanation	
  for	
  the	
  lack	
  of	
  effect	
  of	
  
ghrelin	
  is	
  the	
  absence	
  of	
  its	
  receptor,	
  GHSR-­‐1a.	
  However,	
  even	
  with	
  no	
  detectable	
  levels	
  of	
  GHSR1a	
  
in	
  their	
  hippocampal	
  NPCs	
  cell	
  cultures,	
  Johansson	
  et	
  al.	
  observed	
  that	
  acylated	
  ghrelin	
  increased	
  cell	
  
proliferation	
  (Johansson	
  et	
  al.	
  2008).	
  Another	
  possible	
  explanation	
  for	
  the	
  lack	
  of	
  effect	
  of	
  exogenous	
  
ghrelin	
   in	
   our	
   cultures	
   is	
   that	
   our	
   in	
   vitro	
   system	
  may	
   be	
   overloaded	
   with	
   endogenous	
   produced	
  
ghrelin.	
   In	
   this	
   case,	
   the	
   addition	
   of	
   high	
   levels	
   of	
   ghrelin	
   to	
   the	
   media	
   could	
   be	
   even	
   toxic,	
   as	
  
suggested	
   by	
   the	
   increase	
   in	
   the	
   proportion	
   of	
   pyknotic	
   cells	
   when	
   treating	
   cells	
   with	
   30μM	
   of	
  
ghrelin.	
  
Our	
  study	
  reveals	
  that	
  ghrelin	
  system	
  is	
  present	
  in	
  NPC	
  cultures	
  derived	
  from	
  DG.	
  Furthermore,	
  our	
  
data	
   points	
   to	
   the	
   possibility	
   of	
   the	
   existence	
   of	
   an	
   endogenous	
   source	
   of	
   ghrelin	
   in	
   the	
   DG	
  
neurogenic	
  niche.	
  Our	
  work	
   leaves	
  several	
   important	
  question	
  opened	
  and	
  reveals	
  the	
  necessity	
  of	
  
deeping	
  on	
   the	
  analysis	
  of	
  ghrelin	
  system	
  and	
   its	
   interaction	
  with	
  neurogenic	
  cells.	
  Further	
  studies	
  
are	
   needed	
   to	
   understand	
   the	
   secondary	
   effects,	
   desired	
   or	
   not	
   desired,	
   of	
   popular	
   habits	
   or	
  
interventions	
   that	
   could	
   affect	
   ghrelin	
   system	
   (i.e:	
   maternal	
   malnutrition,	
   gastric	
   bypass,	
   dietary	
  
restriction).	
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Chapter	
  5	
  
	
  

Conclusions	
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Considering	
  our	
  work	
  hypothesis,	
  the	
  main	
  aims	
  of	
  this	
  study	
  and	
  the	
  results	
  obtained,	
  we	
  conclude	
  
that:	
  
	
  
	
  

1. Dentate	
   gyrus	
   neurosphere	
   cultures	
   do	
   not	
   express	
   GHSR-­‐1a	
   but	
   that,	
   at	
   least,	
   another	
  
isoform	
  of	
  this	
  receptor	
  is	
  present	
  in	
  these	
  cultures.	
  
	
  

2. GHSR1	
  is	
  expressed	
  by	
  NPCs	
  and	
  neurons	
  at	
  different	
  stages	
  of	
  maturation	
  in	
  our	
  DG	
  derived	
  
neurosphere	
  cultures.	
  

	
  
3. Ghrelin	
  is	
  present	
  in	
  the	
  conditioned	
  media	
  of	
  DG	
  differentiating	
  neurosphere	
  cultures.	
  	
  

	
  
4. Exogenous	
   acylated-­‐ghrelin	
   treatments	
   does	
   not	
   affect	
   cell	
   proliferation	
   or	
   neuronal	
  

differentiation	
  on	
  DG	
  NPCs	
  cultures.	
  
	
  
	
  
	
  
	
  
Summarizing,	
  we	
  conclude	
  that	
  ghrelin/GHSR1	
  system	
  is	
  present	
  in	
  our	
  DG	
  derived	
  neurosphere	
  cell	
  
cultures,	
   suggesting	
   that	
   this	
   system	
  may	
  play	
  a	
  direct	
   role	
   in	
   the	
  biology	
  of	
  DG	
  NPCs	
  and	
  derived	
  
cells.	
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