
Neural	  induc,on	  and	  early	  
pa0erning	  in	  vertebrates	  	  



	  
the	  ectoderm	  gives	  rise	  to	  
the	  columnar	  epithelium	  of	  
the	  neural	  plate	  =	  the	  
precursor	  of	  the	  CNS	  
	  
The	  neural	  crest	  cells	  
originate	  at	  the	  dorsalmost	  
region	  of	  the	  neural	  tube	  
àPNS	  	  
	  
Ectodermal	  cells	  at	  the	  most	  
anterior	  edge	  of	  the	  neural–
epidermal	  boundary	  give	  rise	  
to	  placodes	  that	  will	  form	  
sensory	  organs	  as	  well	  as	  
some	  cranial	  sensory	  
ganglia	  
	  
	  
	  

Vertebrates	  

EM	  –	  chick	  neural	  tube	  



Carnagie	  stage	  11	  

Human	  

Time	  line	  –	  comparison	  based	  on	  Carnagies	  stages	  

Week	  4	  	  





Week	  3	  

Stage	  8	  

Human	  

Week	  4	  	  

Neural	  plate	  



When	  and	  how	  embryonic	  ,ssue	  becomes	  

commi5ed	  to	  the	  neural	  fate?	  	  

	  

	  

Establishment	  of	  the	  neuroectoderm	  
	  in	  vertebrates	  



Neural	  induc,on	  in	  vertebrates	  

The	  development	  of	  the	  nervous	  system	  is	  triggered	  by	  signals	  
from	  a	  powerful	  ‘organizing’	  region	  of	  the	  early	  embryo	  during	  
gastrula,on.	  	  
	  
Neural	  induc>on	  was	  originally	  discovered	  and	  given	  conceptual	  
defini,on	  by	  experimental	  embryologists	  working	  with	  amphibian	  
embryos.	  
	  
Many	  events	  involved	  in	  neural	  induc,on	  are	  characteris,c	  of	  all	  
vertebrates	  although	  the	  ,ming	  and	  geometry	  vary	  across	  
phylogeny	  
	  
	  
	  



Life	  cycle	  

VIDEO	  neurula,on	  

Amphibia	  and	  some	  lessons	  from	  experimental	  embryology…	  
	  



Embryonic	  Induc>on	  

	  
1935	  –	  Nobel	  Prize	  
to	  Hans	  Spemann	  

a	  twin	  embryo	  

&	  embryonic	  axis	  

àCell	  and	  ,ssue	  fate	  	  	  
can	  be	  determined	  
by	  signals	  received	  
from	  other	  cells	  
	  
	  

1.	  The	  Spemann	  &	  Mangold	  
Experiment	  (1924)	  

	  

White	  (Triturus)	  cristatus	  and	  
	  the	  dark	  T.	  taeniatus	  or	  T.	  alpestris	  
	  

VIDEO	  

newt	  embryos	  
at	  the	  gastrula,on	  stage	  	  



Transplanted	  organizer	  cells:	  
	  
•  follow	  their	  own	  developmental	  

program	  (midline	  mesoderm	  ,ssue:	  
notochord	  and	  somites)	  

	  	  	  	  	  	  	  	  
•  induce	  host	  cells	  to	  change	  their	  fate	  

forming	  a	  second	  embryonic	  axis	  
	  	  	  	  	  	  	  à	  neuraliza,on	  
	  	  	  	  	  	  	  à	  dorsaliza,on	  
	  
	  

cells	  can	  adopt	  their	  developmental	  
fate	  according	  to	  their	  posi>on	  when	  
instructed	  by	  other	  cells	  

X.	  laevis	  embryos	  

E.	  De	  Rober,s	  



Evolu,onary	  conserva,on	  of	  the	  organizer:	  
	  
Transplanta,on	  experiments	  were	  reproduced	  in	  fish	  –	  chick	  and	  mouse	  
embryos…	  



	  
Experimental	  approach:	  	  isola,on	  and	  culture	  of	  ,ssue	  fragments	  at	  different	  stages	  of	  
development	  (Amphibian	  embryos)	  
	  
Results:	  	  cell	  types	  differen,ate	  depending	  on	  the	  stage	  and	  co-‐culture	  ,ssue	  
	  

2.	  Development	  of	  the	  Animal	  Cap	  	  
Explants	  and	  Assays	  



What	  is	  the	  molecular	  nature	  	  
of	  the	  neural	  inducer?	  

1°	  Hypothesis:	  the	  ectoderm	  forms	  epidermis	  as	  a	  default	  state	  à	  the	  
organizer	  and	  resul,ng	  notochord,	  through	  secreted	  soluble	  molecules,	  
instruct	  neural-‐plate	  differen>a>on	  in	  the	  overlying	  ectoderm.	  	  

1924à	  ‘80s	  	  

Embryologists	  in	  search	  for	  the	  candidate	  molecule….	  

Try	  to	  extract	  the	  acGve	  factor	  	  
from	  the	  dorsal	  	  blastopore	  cells	  

Try	  candidate	  molecules	  	  
for	  similar	  inducGve	  acGviGes	  

Test	  other	  Gssues	  for	  inducGve	  acGvites	  



?	  Dissociated	  cells	  



Dissociated	  cells	  

The	  absence,	  not	  the	  presence,	  of	  an	  
intercellular	  signal	  was	  necessary	  for	  neural	  

differen,a,on	  
	  
	  

	  Neural	  fate	  might	  indeed	  be	  the	  'default'	  fate	  
of	  ectodermal	  cells	  



1°	  Hypothesis:	  :	  the	  ectoderm	  forms	  epidermis	  as	  a	  default	  state	  à	  the	  
organizer	  and	  resul,ng	  notochord,	  through	  secreted	  soluble	  molecules,	  
instruct	  neural-‐plate	  differen>a>on	  in	  the	  overlying	  ectoderm.	  	  
	  
	  

	  	  2°	  Hypothesis:	  the	  signal	  released	  by	  the	  organizer	  to	  cause	  neuraliza,on	  
and	  dorsaliza,on	  consists	  of	  an	  antagonist,	  which	  block	  inhibitors	  that	  
prevent	  the	  dorsaliza,on/neuraliza,on	  of	  adjacent	  ,ssue.	  



The	  default	  fate	  of	  ectodermal	  cells	  is	  neural	  differen>a>on	  
	  
This	  fate	  is	  prevented	  by	  signals	  	  from	  neighboring	  cells	  	  	  

The	  inducer	  is	  a	  de-‐repressor	  of	  neural	  fate	  	  

•  What	  signals	  repress	  neural	  differen,a,on?	  

•  What	  does	  organizer	  ,ssue	  provide	  to	  overcome	  the	  effects	  of	  the	  repressor?	  
	  

The	  default	  model	  



What	  experimental	  results	  demonstrate	  that	  a	  
par,cular	  signal	  induces	  a	  response	  ?	  	  

LOCATION	  	  
(be	  at	  the	  right	  place	  at	  the	  right	  ,me)	  

	  
NECESSITY	  

(when	  signal	  is	  blocked	  –	  no	  response)	  
	  
	  

SUFFICIENCY	  
(the	  signal	  is	  able	  induce	  the	  response	  	  

peraphs	  ectopically)	  	  
	  



Interpreta,on	  of	  Ac,vin	  gradient	  by	  Xenopus	  animal	  cap	  cells	  

high	  concentra>ons	  of	  
Ac,vin	  ac,vate	  the	  
goosecoid	  gene	  
(àdorsal	  mesoderm=	  
Notochord,	  muscle..)	  
…some	  neural	  ,ssue…	  
	  
lower	  concentra>ons	  of	  
ac,vin	  ac,vate	  the	  
brachyury	  gene	  
(àventromedial	  
mesoderm=blood,	  
connec,ve	  ,ssue)	  



In	  the	  Xenopus	  blastula,	  the	  cells	  in	  the	  middle	  of	  the	  embryo	  become	  mesodermal	  by	  
responding	  to	  ac>vin	  (or	  an	  ac,vin-‐like	  compound)	  produced	  in	  the	  vegetal	  
hemisphere.	  
	  

ac,vin	  

	  
At	  the	  blastula	  stage	  Ac>vin	  can	  promote	  
forma>on	  of	  neural	  >ssue….but	  this	  occurs	  
through	  an	  indirect	  effect	  by	  the	  dorsal	  mesoderm	  
(which	  is	  induced	  by	  ac,vin)	  

In	  the	  gastrula,	  ac,vin	  is	  ineffec,ve	  at	  promo,ng	  
the	  forma,on	  of	  neural	  ,ssue,	  since	  the	  gastrula	  
ectoderm	  loses	  competence	  to	  form	  mesoderm	  in	  
response	  to	  ac,vin	  
	  

Candidate	  n°1:	  Ac>vin	  

…Ac,vin	  is	  not	  an	  authen>c	  neural	  inducer	  	  



Main	  criteria	  for	  the	  ac,vi,es	  of	  an	  authen>c	  neural	  inducer	  
	  
1)	  It	  should	  be	  able	  to	  induce	  neural	  ,ssue	  from	  animal	  cap	  ectoderm	  in	  the	  absence	  of	  dorsal	  
mesoderm	  à	  direct	  induc>on	  
	  
2)	  competent	  ectoderm	  should	  be	  responsive	  to	  the	  neural	  inducer	  at	  the	  gastrula	  stage	  	  (when	  

dorsal	  mesoderm	  can	  s,ll	  induce	  neural	  ,ssue)	  
	  
3)	  It	  must	  be	  present	  at	  the	  right	  >me	  and	  place	  to	  account	  for	  normal	  neural	  development	  
	  
4)	  elimina,on	  of	  its	  ac,vity	  should	  block	  normal	  neural	  development	  



Science	  1993	  



Experimental	  
strategy	  used	  
to	  isolate	  noggin:	  

Screening	  cDNA	  libraries	  for	  their	  neural-‐inducing	  ac,vity	  



Noggin	  =	  the	  first	  bonafide	  endogenous	  direct	  neural	  inducer	  
	  
	  
•  Is	  expressed	  by	  the	  organizer	  (at	  the	  right	  >me	  and	  place	  to	  be	  a	  neural	  

inducer):	  	  

noggin	  expression	  begins	  at	  the	  late	  blastula	  stage	  in	  the	  prospec>ve	  dorsal	  
mesoderm	  and	  con,nues	  in	  the	  gastrula	  stage	  organizer.	  
	  
Later,	  noggin	  is	  expressed	  in	  the	  organizer	  deriva,ves,	  the	  head	  mesoderm,	  and	  
notochordà	  the	  notochord	  directly	  underlies	  the	  neural	  plate	  and	  has	  been	  
shown	  to	  be	  a	  potent	  neural	  inducer	  
	  
	  
	  
	  

How	  to	  prove	  the	  direct	  	  neural	  induc>on	  by	  noggin	  ???	  
	  
	  
	  
	  
	  

	  
	  



	  
1°	  set	  of	  experiments:	  	  
medium	  containing	  	  Xenopus	  noggin	  à	  added	  to	  blastula	  animal	  caps	  	  
	  	  

•  analysis	  of	  specific	  markers	  (neural	  and	  mesoderm)	  
	  

NCAM	  
Beta-‐tubulin	  (isoform	  expressed	  in	  hindbrain	  and	  spinal	  cord)	  
XIF3	  (neurally	  expressed	  intermediate	  filament	  gene)	  
	  
Muscle	  ac,n	  
Goosecoid	  (early	  mesoderm	  marker)	  
Brachyury	  	  (Xbra)	  (early	  mesoderm	  marker)	  
	  

Resultsà	  noggin	  induces	  neural	  ,ssue	  (+NCAM,	  XIF3,	  Beta-‐tubulin)	  	  in	  the	  absence	  of	  mesoderm	  
(ac,vin	  at	  this	  stage	  induces	  both	  mesoderm	  and	  neural	  markers)	  
	  
Similar	  results	  were	  obtained	  by	  adding	  noggin	  to	  the	  gastrula	  
	  
	  
	  

Noggin	  

induc,on	  



chordin	  Is	  Expressed	  in	  regions	  with	  
Head,	  Trunk,	  and	  Tail	  Organizer	  
Ac>vity	  
	  
(A)–(D)	  and	  (I)	  are	  vegetal	  views,	  dorsal	  side	  is	  at	  the	  top.	  
(E)	  is	  viewed	  from	  the	  dorsal	  side	  with	  anterior	  at	  top.	  (F)–
(H)	  are	  lateral	  views.	  
	  

Like	  noggin,	  chordin	  is	  a	  secreted	  protein	  
that	  is	  expressed	  by	  the	  organizer	  region	  
during	  the	  period	  when	  the	  neural	  
induc9on	  occurs	  
	  

Digoxygenin-‐labeled	  an,sense	  chordin	  RNA	  was	  hybridized	  to	  
embryos	  

stage	  9.5	  	   stage	  10.25	  

stage	  10.75	  	   stage	  11.5	  	  

stage	  13	   stage	  26	  	  

stage	  33	  

stage	  42	  
ß	  LiCl-‐treated	  embryo	  

stage	  11.5	  	  



Truncated	  Ac,vin	  type	  II	  receptor	  
(dominant	  nega,ve*)	  
promotes	  neuraliza,on	  

Ac,vin-‐like	  molecule	  	  
(TGF-‐β	  family)	  inhibitor	  of	  

neuraliza,on	  

*broad	  ac,ng	  	  



FollistaGn=	  Key	  regulator	  in	  adult	  reproducGve	  system	  à	  by	  inhibiGon	  of	  AcGvin	  

Follista,n	  -‐-‐I	  	  Ac,vin-‐like	  -‐-‐I	  Neural	  induc,on	  
	  

+	  
-‐	   -‐	  

(TGF-‐β	  family)	  
?	  



Sog	  
	  
	  
	  
	  
	  

func,onal	  homologus	  of	  chordin	  	  
	  

decapentaplegic	  	  
	  (member	  of	  the	  TGF-‐β	  family)	  
	  

homologus	  of	  BMP-‐4	  





Dpp=decapentaplegic	  
	  
Sog=short	  gastrula,on	  

BMP4=bone	  morphogene,c	  protein	  4	  
	  
Chordin	  

	  in	  drosophila	   in	  the	  frog	  

Evolu>onary	  conserva>on	  of	  molecular	  circuitry	  underlying	  neural	  induc>on	  

The	  embryonic	  axis	  is	  flipped	  in	  Arthropods	  
compared	  to	  Chordates:	  
the	  epidermis	  forms	  in	  the	  dorsal	  regions,	  
whereas	  the	  neural	  ,ssue	  arises	  from	  a	  
ventral	  posi,on.	  



Follista,n	  -‐-‐I	  	  Ac,vin-‐like	  -‐-‐I	  Neural	  induc,on	  
	  

+	  
-‐	   -‐	  

(TGF-‐β	  family)	  

Follista,n	  -‐-‐I	  	  	  	  	  	  BMP-‐4	  	  	  	  	  -‐-‐I	  Neural	  induc,on	  
	  

+	  
-‐	   -‐	  

(TGF-‐β	  family)	  
Chordin	  
Noggin	  

All	  potent	  extracellular	  inhibitors	  of	  TGFbeta	  family	  signaling	  
à	  Bind	  with	  high	  affinity	  to	  the	  ligands	  and	  prevent	  them	  from	  
ac,va,ng	  their	  cognate	  receptors	  	  

?	  



??	  



BMP4,2,7	  



Animal	  cap	  cells	  pass	  through	  2	  competence	  phases	  sequen,ally:	  
	  
1) mid	  and	  late	  blastula:	  ac,vin/nodal	  signaling	  à	  mesoderm	  

deriva,ves	  
	  
2)  gastrula	  -‐early	  neurula:	  BMP	  signalingàepidermis	  

	  
Neural	  fate	  occurs	  when	  animal	  cap	  cells	  avoid	  both	  ac>vin	  and	  
BMP	  signals	  



co-‐inhibi,on	  of	  both	  
SMAD2/3	  and	  SMAD	  1/5/8	  
branches	  	  induces	  neural	  	  fate	  
more	  potently	  than	  each	  
alone…similarly	  to	  dominant	  
nega,ve	  ac,vin	  receptor	  	  
	  
	  
	  

The	  transforming	  growth	  factor-‐
β	  (TGFβ)	  pathway:	  
2	  main	  branches	  

	  

Inhibithors	  downstream	  	  
of	  receptor	  ac,vator:	  
-‐  Phosphoryla,on	  of	  linker	  

region	  of	  R-‐Smad	  via	  MAPK,	  
GSK3β,	  and	  CDKs.	  

-‐  Smad6	  and	  Smad7	  	  
-‐  YAP/TAZ	  complex	  regulates	  

Smad	  nuclear	  transloca,on	  

	  



BMP	  Antagonists	  	  Expressed	  in	  Spemann’s	  Organizer	  
	  

midblastula	  

late	  blastula	  

early	  gastrula	  

midgastrula	  
Dorsal	  is	  to	  the	  right	  with	  the	  animal	  pole	  toward	  the	  top	  of	  the	  figure	  

Xenopus	  tropicalis	   Xnr3=Xenopus	  nodal-‐related-‐3	  	  





…..and	  more	  …	  



Claudio D. Stern Development 2005;132:2007-2021 

The `default model' in Xenopus	  

Prospective territories are: organizer in red, ventral mesoderm in pink, neural tissue in blue, epidermis 
in yellow and yolky endoderm in green.	  

DifferenGal	  BMP	  signaling	  acts	  as	  an	  instruc9ve	  
mechanism	  for	  determining	  neural	  versus	  epidermis	  
formaGon	  



Main	  criteria	  for	  the	  ac,vi,es	  of	  an	  authen>c	  neural	  inducer:	  
	  
1)  the	  molecule	  should	  be	  able	  to	  induce	  neural	  ,ssue	  from	  animal	  cap	  ectoderm	  in	  the	  

absence	  of	  dorsal	  mesoderm	  à	  direct	  induc>on	  
	  
2)	  competent	  ectoderm	  should	  be	  responsive	  to	  the	  neural	  inducer	  at	  the	  gastrula	  stage,	  when	  

dorsal	  mesoderm	  can	  s,ll	  induce	  neural	  ,ssue	  
	  
3)	  must	  be	  present	  at	  the	  right	  ,me	  and	  place	  to	  account	  for	  normal	  neural	  development	  
	  
4)	  elimina>on	  of	  its	  ac>vity	  should	  block	  normal	  neural	  development	  
	  
	  

Loss	  of	  func,on	  assay	  

Morpholino	  based	  knock	  down	  
	  approaches	  to	  inhibit	  transla,on	  of	  mRNA	  

NECESSITY	  

LOCATION	  

SUFFICIENCY	  



Sox2	  expression	  in	  neurula	  (st	  14–15)	  embryo	  

F	  =	  follista,n,	  C	  =	  chordin,	  N	  =noggin,	  UC	  =	  uninjected	  sibling	  control	  embryos,	  MO	  =	  morphant,	  and	  	  
MO	  +	  R	  =	  morphant	  rescued	  with	  pufferfish	  noggin	  mRNA.	  
	  
Khokha	  et	  al….R.	  Harland,	  Developmental	  Cell	  2005	  
	  

Xenopus	  tropicalis	  	  
	  

Loss	  of	  func,on	  assay	  with	  Morpholinos	  



Dele,on	  of	  3	  BMP	  antagonists	  from	  Spemann’s	  organizer	  	  
leads	  to	  a	  chatastrophic	  loss	  of	  dorsal	  structure:	  

	  lack	  a	  morphological	  neural	  plate	  at	  the	  neural	  stage	  	  	  
and	  dorsal	  mesoderm	  structures	  

	  
à	  Conclusive	  in	  vivo	  evidence	  that	  BMP	  inhibitors	  	  

are	  essen,al	  for	  neural	  induc,on	  	  

	  
Khokha	  et	  al.,	  Developmental	  Cell	  2005	  
	  

N
eu
ra
l	  p
la
te
	  

Beta-‐catenin	  MO	  –	  prevent	  forma,on	  of	  the	  Speman	  organizer	  
	  

Molecular	  redundancy	  of	  neural	  induc,on	  



Molecular	  redundancy	  in	  neural	  induc,on	  in	  mice	  

WT	   Nog	  KO	   Nog/Chd	  KO	  

Bachiller	  et	  al.,	  2000	  

Gene,c	  redundancyà	  to	  be	  taken	  into	  account	  in	  programming	  a	  LOF	  approach	  



Beyond	  the	  default	  model:	  	  
	  	  
•  Is	  BMPs	  inhibi,on	  sufficient	  for	  neural	  induc,on?	  
•  The	  default	  model	  	  may	  be	  too	  simplis,c	  to	  describe	  neural	  induc,on	  
•  Other	  factors	  involved?	  
	  

	  FGF	  	  	  
blocking	  BMP	  signalling	  cell	  autonomously	  by	  electroporaGng	  SMAD6	  is	  not	  
sufficient	  to	  induce	  Sox3	  expression	  in	  competent	  chick	  epiblasts.	  
	  
In	  the	  urochordate	  Ciona	  intesGnalis,	  FGF	  is	  an	  important	  neural	  inducing	  
signal	  
	  
Data	  from	  fish	  –	  frog	  –	  chick…	  indicate	  FGF	  signaling	  restricts	  	  BMP	  gene	  
expression	  and	  is	  required	  for	  expression	  of	  BMP	  inhibitors	  
	  
	  
Is	  there	  an	  instruc,ve	  role	  for	  FGF	  signaling	  in	  neural	  induc,on?	  
	  



	  
	  (1)	  FGF	  signalling	  is	  required	  for	  
the	  expression	  of	  Noggin,	  which	  
acts	  outside	  the	  cell	  to	  bind	  and	  
inhibit	  the	  ac,vity	  of	  BMP	  ligands	  
	  
(2)	  FGF	  signalling	  results	  in	  the	  
phosphoryla,on	  of	  SMAD1,	  5,	  8	  in	  
a	  central	  domain,	  which	  inhibits	  its	  
ability	  to	  move	  to	  the	  nucleus	  or	  
ac,vate	  the	  transcrip,on	  of	  BMP	  
target	  genes	  
	  
(3)	  FGF	  signalling	  can	  directly	  
ac,vate	  the	  transcrip,on	  of	  a	  set	  
of	  neural	  genes	  
	  
(4)	  FGF	  can	  inhibit	  the	  expression	  
of	  genes	  coding	  for	  BMP	  ligands	  
	  

How	  can	  FGF	  impact	  on	  neural	  induc,on?	  

	  FGF	  signaling	  in	  vertebrate	  development	  
Pownall	  and	  Isaacs	  -‐	  2010	  

	  



Experiments	  in	  frogs	  suggest	  the	  existence	  of	  a	  possible	  combinatorial	  mode:	  
	  
micro-‐injec,on	  of	  cell-‐autonomously	  ac,ng	  BMP	  inhibitors	  in	  ventral	  ectodermal	  cells	  
(Smad6	  or	  a	  dominant-‐nega,ve	  BMP	  Receptor)	  of	  the	  16-‐	  or	  32-‐cell	  embryo	  	  
à normal	  development	  –	  the	  cells	  do	  not	  become	  neural	  	  
	  
the	  epidermal-‐to-‐neural	  switch	  occurs	  only	  when	  a	  low	  amount	  of	  FGF4	  is	  combined	  
with	  those	  BMP	  inhibitors.	  	  
	  
	  
Efficiency	  of	  BMP	  inhibi>on?	  
	  
it	  could	  be	  that	  these	  reagents	  are	  just	  less	  efficient	  at	  inhibi,ng	  BMP	  signalling	  
	  
Use	  of	  an	  effec,ve	  inhibitorà	  Smad5-‐somitabun=	  a	  dominant	  nega,ve	  form	  of	  SMAD5,	  
based	  on	  the	  zebrafish	  mutant	  somitabun,	  that	  forms	  nonfunc,onal	  mul,meric	  
complexes	  with	  SMAD1,	  5,	  and	  8	  to	  shut	  down	  the	  BMP	  signalling	  pathway	  
	  
Overexpressing	  this	  mutant	  SMAD5	  in	  ventral	  epidermis	  was	  capable	  of	  inducing	  neural	  
,ssue	  cell	  autonomously	  in	  early	  neurula	  frog	  embryos.	  
	  	  
	  
	  
	  
	  
	  



Ar,cle	  discussion….	  



Neural	  induc>on	  in	  mammalian	  ESCs	  
	  

MOUSE	  

Mouse	  ESCs	  derived	  from	  the	  inner	  cell	  
mass	  of	  the	  blastocyst	  of	  
preimplanta,on	  embryos	  

	  
	  
	  
	  

ESCs:	  an	  in	  vitro	  plavorm	  	  
to	  test	  hypoteses	  and	  inves,gate	  mechanisms	  
controlling	  embryonic	  fate	  determina,on	  	  	  

ESCs=embryonic	  stem	  cells	  	  
1981	  Gail	  Mar,n	  
MarGn	  Evans	  and	  Ma^hew	  Kaufman	  

Self-‐renewal	  
Pluripotency	  

Express	  embryonic	  TFs	  
(i.e.	  Oct-‐4;	  Sox2;	  Nanog)	  

Watch	  the	  video	  on	  moodle	  



Mouse ES cell culture 
Feeder layer was crucial for isolation of ES from blastocyst 
 
addition of leukemia inhibitory factor (LIF) replaces the need 
for a feeder (LIF is required for maintenance in undifferentiated state) 
 
LIF withdrawal and growth of ES cells in suspension 
result  in embryoid bodies and differentiation  



Science-1998 

Legal problems 
Politics 
Moral 
Founding 
 



Human ES cells do not come from aborted fetuses 
 
ES cells derive from leftover in vitro fertilization (IVF) embryos 
(6days after fertilization – contain about 50 cells – no tissue differentiation) 
 
 
One blastocyst may produce a number of cell lines that can be kept in culture 
for years.  
 
 
 
 

Important to know! 

Cells adapted to proliferate in tissue culture represent only a proxy  
for the in vivo situation (properties of cells in the embryo) 



mESCs	  represent	  an	  early	  stage	  of	  development	  compared	  to	  hESCs	  	  

Needs	  LIF,	  BMP,	  and	  WNTs	  
maintein	  a	  naïve	  (or	  ‘ground’)	  state	  
of	  pluripotency	  

-‐  self-‐renew	  and	  are	  in	  a	  phase	  of	  
“primed”pluripotency	  

-‐	  acquire	  the	  gene	  expression	  signature	  
of	  pos,mplanta,on	  epiblast	  cells	  
	  
Needs	  FGF	  and	  Ac,vin/Nodal	  for	  
maintenance	  of	  pluripotency	  

mESCs	   EpiSCs	  =	  
FGFs	  or	  WNT	  inhibitors	  

MOUSE	  

HUMAN	  

hESCs	  

Needs	  FGF	  and	  Ac,vin/Nodal	  
for	  maintenance	  of	  pluripotency	  

miPSCs	  

hiPSCs	  

Both	  mouse	  and	  human	  ESCs	  are	  derived	  from	  the	  inner	  cell	  mass	  of	  preimplanta,on	  blastocysts	  
…	  are	  mESC	  and	  hESCs	  the	  same?	  

Self-‐renewal	  
Pluripotency	  

	  (Oct-‐4;	  Sox2;	  Nanog)	  

Epiblast	  stem	  cells	  



Stages of mouse and human preimplantation development 

EPI= epiblast 
TE=trophoectoderm 
PE=primitive endoderm 

3 blastocyst lineages 



Neural	  Induc>on	  in	  Mouse	  ESCs	  

-‐  ESCs	  +	  Stromal	  cell	  lines	  possessing	  SDIA	  (stromal	  cell–derived	  inducing	  ac,vity)	  

	  
	  
	  

Does	  the	  default	  model	  of	  neural	  induc,on	  work	  also	  in	  mammals?	  

Kawasaki	  et	  al.,	  Neuron	  2000	  

BMP4 Negatively Regulates Neural 
Induction by SDIA  

PA6 cells for 8 days	  



Neural	  Induc>on	  in	  Mouse	  ESCs	  

à  conversion	  into	  nes,n	  expressing	  neural	  precursors	  (enhanced	  by	  inhibi,on	  of	  BMP	  
signaling	  with	  Noggin	  or	  Cerberus	  and	  Smad4	  KO	  ESCs	  )	  

	  
Neuron	  2001	  

-‐Chemically	  defined	  serum-‐free,	  feeder	  layer-‐free,	  low-‐density	  culture	  condi,ons	  are	  sufficient	  
for	  neural	  differen,a,on	  of	  ES	  cells.	  



Neural	  Induc>on	  in	  Mouse	  ESCs	  
and	  the	  Role	  of	  FGF	  Signaling	  

A	  role	  for	  FGF	  in	  neural	  induc,on	  on	  mESCs	  ?	  	  
	  
FGF	  signaling	  manipula,ons	  on	  ESCs	  suggest	  a	  role	  for	  FGF…	  
	  
BUT:	  
-‐mESCs	  require	  FGF	  signaling	  to	  progress	  to	  a	  primed	  state	  of	  pluripotency	  before	  they	  
acquire	  the	  competence	  for	  neural	  induc,on	  
	  
-‐  FGF	  signaling	  has	  been	  shown	  to	  inhibit	  rather	  than	  promote	  neural	  induc,on	  in	  EpiSCs	  
	  
-‐  Inhibi,on	  of	  the	  TGFβ/BMP	  signaling	  promotes	  neural	  commitment	  from	  EpiSCs	  

-‐-‐à	  Default	  model	  works	  in	  mouse	  ESCs!	  

	  
FGF	  signaling	  conceivably	  regulates	  the	  competence	  of	  mESCs	  for	  germ	  layer	  
differen,a,on,	  rather	  than	  neural	  induc,on	  per	  se	  
	  
	  



Neural	  Induc>on	  in	  Human	  ESCs/IPSCs	  
and	  the	  Role	  of	  FGF	  Signaling	  

hESCs	  do	  not	  survive	  as	  single	  cells	  	  
	  
Embryoid	  bodies	  in	  absence	  of	  exogenous	  factors	  differen,ate	  into	  neural	  ,ssue	  
(àDefault	  pathway)	  	  
	  
FGF?	  
-‐	  small-‐molecule	  inhibitors	  of	  FGF	  signaling	  reduced	  the	  number	  of	  cells	  expressing	  PAX6	  
(but	  FGF	  inhibitors	  were	  not	  added	  in	  the	  ini,al	  4	  days	  of	  differen,a,on)	  
	  
-‐FGF	  increases	  the	  size	  of	  neural	  colonies	  without	  changing	  the	  efficiency	  of	  neural	  
induc,on	  
	  
-‐neuralized	  hESCs	  displayed	  low	  levels	  of	  BMP-‐SMAD1/5/8	  signaling,	  presumably	  
because	  of	  the	  high-‐level	  expression	  of	  several	  soluble	  BMP	  antagonists	  
	  
FGF	  à	  survival	  and/or	  prolifera,ve	  role	  in	  the	  early	  neuroepithelium	  

In	  the	  absence	  of	  exogenous	  morphogens,	  hESC	  colonies	  take	  on	  a	  neural	  fate	  of	  
anterior	  character	  in	  line	  with	  the	  default	  model	  à	  no	  specfic	  need	  for	  FGF	  for	  
neuraliza,on	  
	  



Signaling	  pathways	  
involved	  in	  pluripotency	  
and	  induc,on	  of	  neural	  
fate	  in	  human	  embryonic	  
stem	  cells	  (hESCs)	  by	  a	  
‘default’	  mechanism.	  	  



Downstream	  Mechanisms	  of	  Default	  Neural	  
Induc>on	  in	  Mouse	  EpiSCs	  and	  Human	  ESCs	  

NANOG	  

Ac,n/Nodal	  

ZEB2*	  

SMAD2/3	  

Neuroectodermal	  
	  differen,a,on	  	  
of	  EpiSCs	  and	  hESCs	  

Mesodermal	  differen,a,on	  

*SMAD-‐binding	  protein	  
	  

BMPs	  

SMAD1/5/8	  

COUP-‐TFII	   Neural	  	  
Differen,a,on	  
of	  hESCs	  
	  

OCT4	   Mir-‐302	  


