
Pa#erning	  of	  the	  neural	  tube	  	  
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•  Within	  the	  neural	  6ssue,	  the	  wide	  array	  of	  neurons	  and	  glial	  cells	  must	  be	  produced	  in	  

a	  highly	  organized	  temporal	  and	  spa*al	  order	  to	  form	  a	  func6onal	  nervous	  system	  

	  
à	  early	  events	  in	  neural	  induc6on	  influences	  the	  A-‐P	  axis:	  the	  early	  neural	  plate	  is	  
already	  specified	  to	  form	  different	  parts	  of	  the	  nervous	  system	  as	  it	  arises	  following	  
neural	  induc6on.	  



Regional	  specificity	  	  
of	  neural	  induc6on	  

Head-‐trunk-‐tail	  	  
organizer	  model	  

Early	  organizer=	  early	  gastrula	  lip=presump7ve	  prechordal	  mesoderm	  PME	  -‐-‐>	  head	  organizer	  
	  
Late	  organizer=late	  gastrula	  lips=presump7ve	  chordal	  mesoderm	  -‐-‐>	  tail	  organizer	  

Transplanta6on	  of	  	  small	  regions	  
of	  organizer	  6ssues	  at	  different	  
*mes	  during	  gastrula*on	  results	  
in	  induc6on	  of	  different	  parts	  of	  
the	  neuraxis	  



The	  organizer	  is	  not	  a	  homogenous	  6ssue	  
but	  a	  dynamic	  structure…	  

AE=	  Anterior	  endoderm	  –	  PME	  prechordal	  mesoderm	  -‐CM	  chordal	  mesoderm	  



Nieuwkoop	  model	  of	  neural	  pa#erning	  

Ac6va6on:	  Noggin,Chordin,Follista*n	  	  
	  
Transforma6on:	  RA,	  Wnt,	  FGF	  



Wnt	  signaling	  pathway	  	  

Cerberus;	  Dickkopf;	  FrzB	  

Komiya	  et	  al.,	  2008	  Organogenesis	  

One	  key	  level	  of	  regula6on	  of	  Wnt	  signaling	  occurs	  in	  
the	  extra-‐cellular	  milieu	  with	  the	  presence	  of	  secreted	  
Wnt	  antagonists	  



Co-‐inhibi6on	  of	  	  Wnt	  and	  BMP	  signals	  lead	  to	  
induc6on	  of	  anterior	  neural	  structures	  

Wnt	  



Cerberus	  
Expressed	  in:	  
•  anterior	  primi6ve	  endoderm	  	  
•  pre-‐chordal	  mesoderm	  

Microinjec6on	  of	  cerberus	  mRNA	  into	  Xenopus	  
embryos	  induces	  ectopic	  heads	  in	  absence	  of	  trunk	  
structures	  

mul7valent	  
growth-‐factor	  
antagonist	  	  

In	  order	  for	  the	  head	  territory	  to	  form,	  the	  signals	  
involved	  in	  trunk	  development	  must	  be	  inhibited	  in	  
rostral	  regions	  



	  
Antagonism	  of	  Wnt	  and	  BMP	  
signalling	  leads	  to	  induc6on	  of	  
anterior	  neural	  structures	  
	  

control	  

An6-‐	  dkk1	  

Dickkopf	  

tBR=truncated	  BMP	  receptor	  
dnXwnt-‐8=dominant	  nega6ve	  form	  of	  Wnt8	  
Em=endomesoderm	  
Cm=	  chordamesoderm	  
	  

Microcephaly	  and	  cyclopia	  

A,E,F	  Injec6on	  of	  a	  four	  cell	  Xenopus	  embryo	  
	  
	  

*	  *	  



Dickkopf	  

Dkk	  KOs	  lack	  head	  
and	  brain	  structures	  
anterior	  to	  hindbrain	  
	  
similar	  phenotype	  in	  	  
Dkk+/-‐noggin+/-‐	  
mutants	  
	  
	  
	  



The	  nervous	  system	  is	  regionally	  specified	  during	  
development	  

	  

Lateral	  view	  

Dorsal	  view	  

Human	  embryos	  (Sanes)	  

6me	  



MHBC=	  Midbrain	  hindbrain	  boundary	  constric6on	  
	  



Human	  Embryo	  Carnegie	  stage	  22	  (week	  8)	  

LV	  LV	  

3°	  V	  

thalamus	  

GE	  
CP	  

mesenchephalon	  



Human	  Embryo	  Carnegie	  stage	  22	  (week	  8)	  



h#ps://transparent-‐human-‐embryo.com	  

Tridimensional	  Visualiza*on	  and	  Analysis	  of	  Early	  Human	  Development	  



great	  diversity	  in	  adult	  brain	  forms	  	  



….early	  development	  of	  most	  vertebrate	  brains	  is	  similar	  

?	   ?	   ?	   ?	  



Lowery and Sive BioEssay 2009 

Human: 43 dpf 
Rat:14 dpf 
Chick: 2.5 dpf 
Zebrafish: 24hpf 

h#ps://commons.wikimedia.org/wiki/File%3AHuman_Ventricular_system_colored_and_animated.gif	  
	  
h#ps://upload.wikimedia.org/wikipedia/commons/2/29/Hirnventrikel_mi#elgroß.gif	  
	  
	  



Comparative Neuroembryology 
  

 
1920s Nils Holmgren comparative neuroembryological approach 
1953 Harry Berquist and Bengt Kallén  
 
“All vertebrate embryonic brain shortly after neurulation exhibit a very similar pattern of 

organization “ 
 

Embryonic brain archetype (Bauplan) 
 

Embryonic brains are divided into numerous transversely oriented proliferative zones 
(neuromeres) from which young neurons migrate toward their adult positions.  

 

By	  following	  the	  fate	  of	  these	  progenitors	  is	  possible	  to	  
iden7fy	   how	   developmental	   divergence	   creates	   adult	  
species	   differences…and	   thus	   clarify	   several	  
homologies	   that	   were	   controversial	   based	   on	   adult	  
forms…	  
	  
	  Vertebrate	  pharyngula	  stage	  



Neuromeres	  =	  series	  of	  embryonic	  segmental	  units,	  or	  cellular	  compartments,	  from	  which	  differen6ate	  

the	  different	  parts	  of	  the	  vertebrate	  brain	  

Compartmentaliza6on	  into	  
morphogene*c	  units	  
	  
posi6onal	  iden6ty	  is	  maintained	  by	  
CLONAL	  RESTRICTION	  
	  
	  

•  Prosomeres	  	  	  
•  Mesomeres	  
•  Rhombomeres	  	  



Regionaliza*on	  à	  generates	  diversity	  in	  cell	  types	  	  

Precursor	  cells	  become	  regionalized	  =>	  their	  poten6al	  is	  based	  on	  their	  spa*al	  posi*on	  
	  

	  
ü  How	  do	  the	  neurons	  (and	  glial	  cells)	  in	  the	  different	  regions	  of	  the	  

brain	  and	  spinal	  cord	  become	  different?	  	  
	  
	  
Gene6c	  programs	  ac6ng	  along	  the	  rostrocaudal	  axis	  provide	  an	  important	  
means	  through	  which	  neuronal	  classes	  establish	  subtype	  iden66es	  
	  

	   	  à	  The	  example	  of	  the	  hindbrain:	  one	  of	  the	  clearest	  area	  of	   	  
	   	   	  segmenta6on	  in	  the	  brain	  	  

	  



Cranial	  nerves	  	  

Hindbrain:	  region	  of	  the	  brain	  that	  coordinates	  motor	  ac6vity,	  breathing	  rhythms,	  and	  
many	  unconscious	  func6ons	  



	  Rhombomers	  in	  the	  developing	  hindbrain	  

•  Hindbrain	  rhombomeres	  are	  
transient,	  serially	  homologous	  
structures	  separated	  by	  dis6nct	  
boundaries	  

	  
•  no	  physical	  barriers	  exist	  between	  

rhombomeres,	  differen6al	  cell	  
	  	  	  	  	  adhesion	  proper6es	  (two-‐segment	  	  	  	  	  

	  periodicity)	  prevent	  intermixing	  
	  of	  cells	  between	  compartments	  

	  
•  Each	  rhombomer	  gives	  rise	  to	  a	  

unique	  set	  of	  motor	  neurons	  that	  
control	  different	  muscle	  	  

	  	  	  	  	  of	  the	  head	  	  

How	  do	  rhombomers	  become	  different	  
to	  each	  other?	  



Hox	  genes	  are	  found	  in	  all	  animal	  species	  and	  have	  conserved	  role	  in	  body	  pa#erning	  
	  
In	  vertebrates,	  39	  Hox	  genes	  are	  distributed	  across	  four	  clusters.	  	  
	  
Each	  Hox	  gene	  is	  expressed	  in	  discrete	  rostrocaudal	  domains	  within	  the	  hindbrain	  
and	  spinal	  cord.	  
	  
Hox	  gene	  expression	  in	  the	  hindbrain	  and	  spinal	  cord	  is	  spa*ally	  and	  temporally	  dynamic	  
	  

Hox	  Expression	  PaPerns	  in	  the	  Hindbrain	  and	  Spinal	  Cord	  
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Hox	  genes	  func6on	  in	  vertebrate	  nervous	  system	  
controlling	  the	  regional	  iden*ty	  of	  the	  hindbrain	  

Combinatorial	  expression	  pa#ern	  code:	  members	  of	  Hox	  (1-‐5)	  paralog	  groups	  are	  
expressed	  in	  overlapping	  rhombomere-‐restricted	  domains	  with	  the	  most	  anterior	  
Hox	  gene,	  Hoxa2,	  being	  expressed	  up	  to	  the	  r1/r2	  boundary	  à	  paPern	  that	  is	  
conserved	  among	  different	  vertebrates	  
	  
	  

Ini7a7on	  of	  Hox	  gene	  
expression	  precedes	  
segmenta7on	  



Motor	  nuclei	  (MN):	  
Branchiomotor	  (bm)	  à	  project	  their	  axons	  dorsally-‐to	  innervate	  parasympathe6c	  ganglia	  	  
Visceral	  (vm)	  à	  project	  their	  axons	  dorsally	  -‐	  to	  innervate	  muscles	  in	  the	  pharyngeal	  arches	  
Soma6c	  à	  located	  ventrally;	  innervate	  body	  muscles	  derived	  from	  paraxial	  or	  prechordal	  
mesoderm	  
	  
soma6c	  MNs	  are	  derived	  from	  a	  progenitor	  domain	  expressing	  the	  transcrip6on	  
factor	  Olig2	  
	  
bm	  and	  vm	  MNs	  are	  derived	  from	  Nkx2.2+	  progenitors	  
	  
All	  classes	  of	  hindbrain	  MNs	  require	  Hox	  genes	  for	  their	  development.	  



Loss-‐of-‐func6on	  analyses	  have	  shown	  that	  Hox	  genes	  control	  the	  specifica6on	  of	  
rhombomere	  iden66es	  in	  vertebrates	  

Muta6ons	  in	  Hox1–Hox3	  genes	  result	  in	  misspecifica6on,	  disorganiza6on,	  and	  abnormal	  
projec6ons	  of	  hindbrain	  MNs	  





à	  In	  mouse	  Hox	  knockouts,	  
individual	  rhombomeres	  are	  
frequently	  lost	  or	  par6ally	  
transformed	  to	  more	  anterior	  
iden66es	  
	  
	  	  

Defects	  in	  hindbrain	  and	  
	  	  	  	  	  	  craniofacial	  development	  in	  Hoxa1-‐/-‐	  



àthe	  complete	  loss	  of	  PG1	  gene	  func6on	  has	  deeper	  implica6ons	  for	  the	  development	  of	  
the	  embryo	  than	  the	  loss	  of	  the	  individual	  genes	  (redundancy)	  
	  



Hox	  proteins	  cooperate	  with	  the	  Pbx	  and	  Meis	  homeodomain	  proteins	  to	  achieve	  
their	  DNA	  binding	  specificity	  	  



Hox	  proteins	  bind	  AT-‐rich	  hexamer	  sequences	  through	  homeodomains,	  
which	  are	  conserved	  among	  Hox	  paralogs	  à	  low	  selec6vity	  in	  their	  binding	  mo6f	  
	  
Interac6on	  with	  the	  TALE	  (three	  amino	  acid	  loop	  extension)	  class	  homeodomain	  
proteins	  Pbx	  and	  Meis	  enhances	  binding	  specificity	  to	  target	  sequences	  and	  	  
allow	  different	  Hox	  proteins	  to	  accomplish	  specific	  func6ons	  
	  
Due	  to	  their	  role	  as	  cofactors,	  TALE	  gene	  mutants	  open	  exhibit	  phenotypes	  similar	  	  
to	  Hox	  mutants	  in	  the	  CNS.	  	  
	  



r1	  is	  a	  hindbrain	  
ground	  (“default”)	  state	  	  
	  
à	  hindbrain	  neuron	  iden6ty	  is	  homogenized	  in	  embryos	  lacking	  Pbx	  func6on	  

Pbx	  

Gene	  	  
expression	  

Neuronal	  
types	  



Network	  	  
prior	  to	  the	  appearance	  
	  of	  the	  rhombomeres	  

Network	  	  
at	  the	  appearance	  	  

of	  the	  rhombomeres	  

The	  yellow	  background	  
	  represents	  	  

the	  re*noic	  acid	  (RA)	  
	  gradient	  	  

What	  control	  the	  paPerned	  expression	  of	  Hox	  genes	  in	  vertebrates?	  

zebrafish	  
Alexander	  et	  al.,	  2009	  Annu	  Rev	  Cell	  dev	  Biol	  



1)	  The	  ini6al	  induc6ve	  phase	  involves	  the	  sequen6al	  ac6va6on	  of	  genes	  within	  a	  Hox	  
cluster	  and	  is	  	  mediated	  by	  morphogens	  ac6ng	  in	  a	  graded	  manner	  along	  the	  rostrocaudal	  axis.	  	  
	  
2)	  Refinement	  and	  maintenance	  of	  Hox	  pa#erns	  occurs	  at	  or	  near	  the	  6me	  neurons	  
become	  postmito6c	  through	  auto-‐	  and	  crossregulatory	  interac6ons	  between	  Hox	  proteins.	  
	  

Krox20	  
represses	  Hoxb1	  in	  the	  
adjacent	  rhombomeres	  	  



RA	  	  

TERATOGENIC	  

INDUCTIVE	  SIGNALS	  

Accutane	  (isotre7noin)	  a	  popular	  
drug	  for	  severe	  acne	  introduced	  in	  
the	  ’80s	  	  

In	  vitro	  addi6on	  of	  RA	  to	  rapidly	  
prolifera6ng	  mouse	  ES	  cells,	  cultured	  in	  
suspension	  as	  embryoid	  bodies,	  leads	  to	  
the	  selec6ve	  genera6on	  of	  neural	  
progenitors	  with	  characteris6cs	  of	  radial	  
glial	  cells	  found	  in	  the	  developing	  
central	  nervous	  system	  

(Craniofacial	  and	  brain	  abnormali6es)	  



RA+	  mesoderm	  lying	  adjacent	  to	  the	  neural	  tube	  

In	  normal	  embryos	  there	  is	  a	  gradient	  of	  RA	  
expression	  (high	  levels	  in	  the	  posterior	  regions)	  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  RA	  A	   P	  

Hoxa1	  –	  Hoxb1	  promoters	  have	  RAREs	  (RA-‐response	  elements	  )	  	  

RA	  ac6on:	  interplay	  between	  diffusion	  
(morphogen-‐like)	  gradients	  and	  the	  
establishment	  of	  signalling	  boundaries	  due	  to	  
RA	  metabolism,	  	  
	  
àRA	  finely	  controls	  the	  differen6a6on	  and	  
pa#erning	  of	  various	  stem/progenitor	  cell	  
popula6ons	  
	  



RA	  is	  synthesized	  intracellularly	  from	  circula6ng	  re6nol	  or	  

diffuses	  from	  an	  adjacent	  cell	  (curved	  red	  arrow).	  

	  

	  

In	  absence	  of	  RA,	  dimers	  of	  RA	  receptors	  (RARs)	  and	  

re6noid	  X	  receptors	  (RXRs),	  bind	  to	  RA-‐response	  elements	  

(RAREs)	  in	  their	  target	  genes,	  interac6ng	  with	  protein	  

complexes	  (co-‐repressors)	  that	  stabilise	  the	  chroma6n	  

nucleosomal	  structure	  and	  prevent	  access	  to	  the	  

promoter.	  

	  

Upon	  RA	  binding,	  a	  conforma6onal	  change	  in	  the	  

helicoidal	  structure	  of	  the	  RAR	  ligand-‐binding	  domain	  

changes	  its	  protein-‐protein	  interac6on	  proper6es,	  

releasing	  the	  co-‐repressors	  and	  recrui6ng	  co-‐ac6vator	  

complexes	  that	  destabilise	  the	  nucleosomes	  and/or	  

facilitate	  assembly	  of	  the	  transcrip6on	  pre-‐ini6a6on	  

complex,	  which	  contains	  RNA	  polymerase	  II	  (Pol	  II),	  TATA-‐

binding	  protein	  (TBP)	  and	  TBP-‐associated	  factors	  (TAFs).	  

Rhinn	  et	  al.,	  Development	  2012	  

RA	  signalling	  pathway	  

Vitamin	  A	  

RDHs=re6nol	  dehydrogenases	  
RALDHs=re6naldehyde	  dehydrogenases	  



Hindbrain	  abnormali*es	  in	  animal	  models	  with	  altered	  RA	  signalling	  

animal	  models	  with	  endogenous	  deficiency	  
in	  RA	  signalling:	  	  
	  
(B)	  vitamin	  A-‐deficient	  (VAD)	  quail;	  	  
	  
(C)	  Raldh2–/–,	  as	  well	  as	  Rara–/–;Rarg–/–	  
signalling	  mutant	  mice	  (lacking	  RARα	  and	  
RARγ);	  	  

RA-‐treated	  Xenopus	  embryo	  
	  

	  altera7on	  in	  posterior	  brain	  development	  

defects	  in	  anterior	  part	  of	  CNS	  



In	  vertebrates	  Hox	  gene	  expression	  is	  confined	  
to	  the	  hinbrain	  and	  spinal	  cord	  BUT	  does	  not	  
extend	  to	  the	  mesencephalon	  and	  
prosencephalon	  
	  
…other	  homeobox	  containing	  gene	  families	  play	  
a	  role	  in	  the	  development	  of	  these	  brain	  regions	  
(e.g	  Emx,	  Dlx	  and	  Pax…)	  


