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Brain developmental timeline

Neurulation and patterning
Gene networks regulating neurogenesis

Temporal and spatial interplay of gene
expression and morphogens secretion
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Development Timeline

Neural tube formation

I
NSC proliferation Axonal dendritic arborization
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Rules and Processes
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Developmental cues

BMPs / Wnt

Roof plate

Signaling molecules: —

Alar plate
+ Restrict the fate of progenitors cells

- Define axes and anatomical regions Basal plate

- Different roles at different times

Floor plate

wWnt

Spinal cord

Hindbrain

Midbrain -
Forebrain



Regulatory networks

RORDb OXD oo

Gene regulatory networks

- Determine a temporal unfolding of events

- Establish lock-in steady states corresponding Chx10
to endpoints of developments

« Can be simulated using differential equations N
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Regulatory networks

Neural progenitor
proliferation vs
differentiation

Forebrain territory
specific program

Cell polarity and
conversion-exten-
sion movements

Complex morphogenetic processes arise from the combination of regulation of:

different biological processes within a cell - different cells/lineages/tissues
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Stages of neurodevelopment

Early induction and Neurulation

At the end of gastrulation
Mouse E7.5 - E10.00
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Stages of neurodevelopment

Early induction and Neurulation

At the end of gastrulation
Mouse E7.5 - E10.00

- Induction of the neuroectoderm
- Neural plate regionalization

- Neural tfube closure

- Definition of the 3 vesicles

- Definition of secondary organizers



Stages of neurodevelopment

Early induction and Neurulation

At the end of gastrulation
Mouse E7.5 - E10.00

Neural
plate

Ectoderm Mesoderm
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Embryonic development

After neural fube closure
Mouse E10 - E18

BMPs / Wnt
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Stages of neurodevelopment

Early induction and Neurulation Embryonic development
At the end of gastrulation After neural tube closure
Mouse E7.5 - E10.00 Mouse E10 -E18
* Induction of the neuroectoderm - Cell proliferation at the ventricular
zone

«  Neural plate regionalization

- Generation of the anatomical
«  Neural tube closure

complexity

- Definition of the 3 vesicles
- Fate commitment and

- Definition of secondary organizers differentiation of neurons

- Migration of neuroblasts and glia
- Stratification of the cortex

- Axon growth and segmentation



Stages of neurodevelopment

Early induction and Neurulation Embryonic development Postnatal brain development

At the end of gastrulation After neural tube closure From birth to adulthood

Mouse E/.5-E10.00 Mouse E10 - E18
o 2
Neural
plate
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Stages of neurodevelopment

Early induction and Neurulation

At the end of gastrulation
Mouse E7.5 - E10.00

Induction of the neuroectoderm
Neural plate regionalization
Neural tube closure

Definition of the 3 vesicles

Definition of secondary organizers

Embryonic development

After neural fube closure
Mouse E10 - E18

Cell proliferation at the ventricular
zone

Generation of the anatomical
complexity

Fate commitment and
differentiation of neurons

Migration of neuroblasts and glia
Stratification of the cortex

Axon growth and segmentation

Postnatal brain development

From birth to adulthood

Completion of gliogenesis
Fine tuning of neuronal subtypes
Definition of synaptic contacts

Neurogenesis in particular areas



Gastrulation

Gastrulation is the starting point for nervous
system development.

The gastrulation process has already:
+ Broken symmetry defining AP and DV axes
- Defined the three embryonic germ layers

- Produced the notocord

E5.5 E5.75 E6.5 E7.5
Early gastrulation

Post-implantation Pre-streak Mid gastrulation

Visceral
endoderm

A
WAVE .
complex
Dist. visceral
Prox. endoderm
A.visceral
endoderm Primitive
A P
. streak
Dist.

Step I: Emergence Step 2: Submergence
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Axial mesoderm

Notochord

Notochordal plate Endoderm



Gastrulation

Gastrulation

Mouse embryo

* visceral endoderm

3d View Sagrl"l'cﬂ Plane amnion mesoderm
primitive streak primitive streak
* mesoderm “ mesoderm

ectoderm :
= - ‘ ectoderm

Anterior - Posterior

EMAP eMouse Atlas Project (hitp://www.emouseatias.org); Richardson L, Venkataraman §, Stevenson P, Yang Y, Moss J, Graham L, Burton N, Hill B, Rao J, Baldock RA,
Armit C. (2014) , EMAGE mouse embiryo spatial gene expression database: (2014 update) Nucleic Acids Res. 42(1):D835-44. doi: 10.1093/nar/gkt1155



http://www.emouseatlas.org
http://dx.doi.org/10.1093/nar/gkt1155

Early induction

Gastrulation Neuroectoderm “induction”

Mouse embryo

3d View Sagittal Plane

Pre-notocordal cells

“Induction* 1 (central part)

Epiblast ==———p Ectoderm =———>p Neural plate
(not migrating)

Anterior - Posterior

EMAP eMouse Atlas Project (hitp://www.emouseatias.org); Richardson L, Venkataraman §, Stevenson P, Yang Y, Moss J, Graham L, Burton N, Hill B, Rao J, Baldock RA,
Armit C. (2014) , EMAGE mouse embryo spatial gene expression database: (2014 update) Nucleic Acids Res. 42(1):D835-44. doi: 10.1093/nar/gkt1155



http://www.emouseatlas.org
http://dx.doi.org/10.1093/nar/gkt1155

Brain vesicles formation
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Patterning signals

Neural plate Headfold Late headfold

Patterning signals
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The neural plate at E8.25:

EMAP eMouse Atllas Project (hitp://www.emouseatias.org); Richardson L, Venkataraman S, Stevenson P, Yang Y, Moss J, Graham L, Burton N, Hill B, Rao J, Baldock RA,
Armit C. (2014) , EMAGE mouse embryo spatial gene expression database: (2014 update) Nucleic Acids Res. 42(1):D835-44. doi: 10.1093/nar/gkt1155



http://www.emouseatlas.org
http://dx.doi.org/10.1093/nar/gkt1155

Neurulation: process of formation of the folding of the neural plate into a neural tube.,

Neural plate Neural plate border

Embryonic
ectoderm Notochord



Neurulation: process of formation of the folding of the neural plate into a neural tube.,

Neural plate Neural plate border

Embryonic
ectoderm Notochord

Paraxial mesoderm

Medial hinge point



Neurulation: process of formation of the folding of the neural plate into a neural tube.,

Neural plate Neural plate border

Dorsolateral

hinge point
Embryonic
ectoderm Notochord

Paraxial mesoderm

Medial hinge point



Neurulation: process of formation of the folding of the neural plate info a neuvral tube,

Neural plate Neural plate border

Dorsolateral
hinge point

Embryonic
ectoderm Notochord

Epidermis

Paraxial mesoderm

Medial hinge point




Neural crest cells

Epidermis

Neural tube Neural crest cells

l

Central nervous system

Cerebellum Cortex

Olfactory
bulb




Neural crest cells

Epidermis

Neurj:l tube Neural rI"est cells
Central nervous system Peripheral nervous system

Cerebellum —
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Medulla —~

Olfactory ganglion
Pons —~ bulb

Sympathetic chain

Somatic Sensory & Motor

Autonomic Sympathetic &
Parasympathetic




Neural crest cells
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Neural crest cells

Epidermis

Neural tube Neural crest cells

l l

Central nervous system Peripheral nervous system
Cerebellum

> Cortex D | root
Medulla v orsat oo
Olfactory ganglion
Pons — bulb

Sympathetic chain

Somatic

Sensory & Motor

Enteric nervous system

Autonomic Sympathetic &
Parasympathetic

Nerve

Submucosal plexus
Myenteric plexus

Muscle layer
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Cells derived outside
of the nervous system
Melanocytes

Adipocytes

Chondrocytes

Osteoblasts

Odontoblasts

Meninges



Shh

Floor plate

Notochord

Neural crest

Roof plate
Alar plate

Basal plate

Floor plate

Notochord



Shh BMPs

Future Slug
neural plate
BMP-4
O BMP-7

Neural plate

Floor plate

Notochord
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Secondary organizers Roof plate

Zona Limitans

Cortical Hem

During gastrulation:

- Signals are provided exirinsically

- . Isthmus
«  Specific neural progenitors orchestrate the

morphogenesis of the brain

Anterior Neural Ridge

Antihem

Dorsalizing (Bmp, Wnt) organizers

Boundary (Fgf) organizers Floor plate



Early regionalization

Three primary

, Brain vesicles
Patfterning TFs

Prosencephalon
Otx2

Mesencephalon

Gbx2 Rhombencephalon

Embryonic day 9

EMAP eMouse Atllas Project (hitp://www.emouseatias.org); Richardson L, Venkataraman §, Stevenson P, Yang Y, Moss J, Graham L, Burton N, Hill B, Rao J, Baldock RA,
Armit C. (2014) , EMAGE mouse embryo spatial gene expression database: (2014 update) Nucleic Acids Res. 42(1):D835-44. doi: 10.1093/nar/gkt1155



http://www.emouseatlas.org
http://dx.doi.org/10.1093/nar/gkt1155

Five primary Part of the brain

Pattemning TFs Brain vesicles
Cerebrum
Six3 Telencephalon Eye cup
Paxé Thal
. alamus
Diencephalon Hypothalamus
Epithalamus
Mesencephalon
g Fax2 Midlbrain
Enl
Metencephalon Pons
Cerebell
Myelencephalon SEREl
Medulla
oblongata

Embryonic day 11

EMAP eMouse Atllas Project (hitp://www.emouseatias.org); Richardson L, Venkataraman §, Stevenson P, Yang Y, Moss J, Graham L, Burton N, Hill B, Rao J, Baldock RA,
Armit C. (2014) , EMAGE mouse embryo spatial gene expression database: (2014 update) Nucleic Acids Res. 42(1):D835-44. doi: 10.1093/nar/gkt1155



http://www.emouseatlas.org
http://dx.doi.org/10.1093/nar/gkt1155

Spinal cord

Rostrocaudal axis
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Regionalization

Further finer regionalizations

« Specific complex story for each region
- Complex anatomy

- Availability of gene expression/anatomical
atlases to study and interpret those
process correctly

Allen Brain Atlas - Mouse (hitps://mouse.brain-map.org/ );
Lein, E.S. et al. (2007) Genome-wide atlas of gene expression in the adult mouse brain, Nature 445: 168-176. doi:10.1038/nature05453


https://mouse.brain-map.org/
https://mouse.brain-map.org/
https://mouse.brain-map.org/

Ditferentiation & migration

Cellular differentiation: acquisition of specific
functions and morphology

Proliferative

s




Ditferentiation & migration

Cellular differentiation: acquisition of specific
functions and morphology

Proliferative

Post-mitotic

Neocortex

Lateral ganglionic
eminence

Cellular migration: specific cell
types migrate to specific
layers and brain regions

Medial ganglionic
eminence

Striatum



Differentiation

Early Neuroblast
Nhih1 g3

Igfbpl1 . :

Proliferative Neurod1 . |

Neuronal differentiation is a complex process ~

that leads to the acquisition of:

Neurotransmitter specificity Post-mitotic Bnc? _I‘_“I_r_ﬁ_-_- =
Electrophysiological Pbx1 _J_D_D_._. |
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Ventricular zone
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. Interkinetic nuclear migration

A Cortical cells oy an insde-first autside-last program of newrogenesis

Generation in a inside-out fashion

Histogenetic production of different types




The migration of interneurons

. Neuroblast from the MGE migrate throughout
the subpallium

. Sort out in 2 main streams towards cortex or
the striatum.

. Assisted by LGE-derived cells and by
motogenic and chemoattractive factors.

. Migration restriction in two streames:
the SVZ and MZ

)

Lateral . Sema3A/F e
ganglionic

=
eminence el 7

motogenic
»driving”
reverse signaling

repulsive
»guiding”
forward signaling

ephrin A3/A5
ephrin B3

Medial ganglionic eminence
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