Genetic guidance, development
and plasticity of the brain



Learning objectives

Know the main stages and mechanisms of the development of the nervous system and the
human brain. In particular:
* Neuronal migration
» Regionalisation of the cortex
 Activity-dependent patterning.
« Understand the respective roles of genetic and environmental factors in brain development.
« Understand the notion and the basic mechanisms of a critical period.
» Know the different types of brain plasticity, examples of both extreme cases of plasticity and
limitations of plasticity.
« Obtain a general idea of the complexity of all the factors involved.

Outline of the course

» Morphogenesis: from a single cell to a complex brain

» Genetic guidance: the brain development results from dynamic processes that are highly
constrained genetically

 Plasticity: the brain development is also an adaptive process



Morphogenesis: from a single cell to a
complex brain

« Formation of the neural plate

« Formation of the neural tube

« Differentiation of cephalic vesicles

« Expansion of the telencephalon / diencephalon
o Characteristics of the adult brain



Morphogenesis - Formation of the neural plate 1/2

Gastrulation stage (E14 - E18): differentiation of three progetinor cell lines and
specification of the three major spatial axis
Connecting stalk

E13: end of the blastula state. The epiblast contains
embryonic stem cells, and the other parts will differentiate

Amniotic cavity

Eptolast into extra-embryonic structures (placenta, etc.).
Hypoblast
Blastocyst cavity
(yolk sac)
Cut edge . . s . .
et of amnion E14: The gastrulation begins with intense cell migration.
o This migration is organized around a primitive streak and pit
Primitive : . . .
Wl that define the anterio-posterior axis and the dorso-ventral
- axis.
Connecting Primitiv_e
stalk o Mesodermal cells ~ Hypoblast
primitive
streak
Ectoderm ] ) ]
Notoghord E18: The migration results into three layers.

Ectoderm  Notochord — Ectoderm — Neural tissue, epidermal tissue
Mesoderm - bones, muscles, vascular system, gonads
Endoderm - gastrointestinal and respiratory tracts

Endoderm Mesoderm Endoderm

© Stiles 2008



Morphogenesis - Formation of the neural plate 2/2

Neural induction: neural progenitors are induced in the ectoderm

H Rostral
Anterior = Dorsal
Meural plate cm
Posterior o N o Ventral
Caudal Motochord
Dorsal The cell migration beneath the ectoderm results in a
Cr oAl nocal gradient of molecules that induces neural progenitor
Caudal R > cells, organized around two axis:
-  \ - antero-posterior (= rostro-caudal)
S . - dorso-ventral

Ventral - and hence: left-right



Morphogenesis
The neurulation stage: formation of the neural tube

Newural plate

Step 1: shaping of the neural plate (E18)
Elongation of the embryo

Step 2: bending of the neural plate (E19)
Elevation of two neural folds by actin contraction (the
cellular “skeleton”) and selective cell death (apoptosis)

Neural crest

Step 3: closure of the neural tube (E19)
In mammals, there is a multisite closure.

Neural tube

Maotochord Somite

Neural crest Step 4: fusion (E25 E28)

. caaianal | NE @Nterior neuropore and then the posterior neuropore
close, forming a hole (ventricule).

The size of the embryo is 3 to 5 mm long;

Roof plate

Spinal cord:
White matter
Gray matter

Floor plate Ventricular zone

© J.H. Martin



Morphogenesis
Differentiation of cephalic vesicles

Primary vesicules

Prosencephaone

Mesencephalon

Rhombencephalon

X

Ventricule

T Spinal cord

Cephalic
flexure

30th day

Secondary vesicules

—» Cerebral cortex
Telencephalon

Optic vesicules,

Diencephalon ~ Ox—®thalamus,

hypothalamus
Mesencephalon —®  Midbrain (colliculi,
Metencephalon sub. Nigra ...)

Myelencephalon ® Pons, cerebellum

—» medulla

Pontine

Cephalic
ki flexure

flexure Cervical

flexura

50th day



Morphogenesis: from a single cell to a complex brain
Expansion of the telencephalon / diencephalon

100 days
25 days 40 days 50 days -
25da } E! fﬁ

6 months

5 months

_ [arietal lobe

3 months

Insular cortex. 2

© J.H. Martin

There is a curvilinear development
of the dorso-ventral axis in
primates (e.g. compared to
rodents)




Morphogenesis: from a single cell to a complex brain
Characteristics of the adult brain

The neocortex has a laminar organization

Parietal region Occipital region Calcarine region
(area 39) (area I8) (striate, areal?)



Morphogenesis: from a single cell to a complex brain
Characteristics of the adult brain

The neocortex Is made of various cell types

Excitatory (80%) Inhibitory (20% of neurons)»
-

A : cellules pyramidales E : cellule a double arborisation

B : cellule en double bouquet F : cellule bipolaire, avec un axone ascendant
CetH :  cellules en panier G : cellule neurogliaforme

D : cellules en chandelier

Les rectangles noirs & droite du schéma signalent les sites de terminaison des afférences thalamo-corticales.

Les principaux types de neurones corticaux (d'aprés Hendry et Jones, 1981).

NB: more inhibitory interneurons in primates than in other animals

Astrocytes Oligodendrocyte
(also derive from the ectoderm)

Microglia Blood vessels
(derive from the mesoderm)



Morphogenesis: from a single cell to a complex brain
Characteristics of the adult brain

Different brain regions are connected by major communication pathways that are
preserved between individuals, with layer specific connections

Hagmann, 2003, Neurolmage



Genetic guidance: the brain
development results from dynamic
processes that are highly
constrained genetically

The developing cortex growths with cell divisions. New cells have to be set at the
right place and to undergo a specific fate (differentiation).

* Neuronal proliferation and migration

* Differentiation:
— Genetic patterning

— Activity-dependent patterning



Genetic guidance
Expansion of the telencephalon: migration of projection neurons
and interneurons from distinct origins

Dorsal

Lateral Medial

Ventral

Excitatory projection Inhibitory inter-neurons
neurons originates from originates from the

the ventricular zone ganglionic eminence
and migrate radially and migrate tangiatially

(max 2 cm) (max 15 cm)




Genetic guidance
The radial unit hypothesis of cortical layers
Proliferation and migration follows an inside-out spatio-temporal sequence

symmetric

MZ
——p CP

VZ

Symmetric divisions:
increase the pool of
neural progenitors

Asymmetric divisions. The apical cell contains lots of Notch that enable response to external
signals and differentiation. In the basal cell, lots of Numb block Notch and differentiation.

20 10° neurons are produced, with a peak of 200 000/min in the human neocortex!

Migration of daughter cells along radial glial cells that serve as a scaffold.

In late development:
glial cells are produced.

B Wild type (late) C Reelin mutant

; @@@%% The inside-out development (newer neurons go
' \ N noon top) depends on Reelin, produced by Cajal-
_ 7 Retzius cells (in the MZ).




Genetic guidance
From ontogeny to function: the emergence of cortical columns

d Depth 190 um

Labeling of sister cells
(injection at E15 to tag radial
clones

To sister cells (circled) at two
level of a column

Depth260um ¢l 100 -

e
o Pair of sister cells (red) show
@ 507 Y more similar tuning than non-
= ~ — P<0.004 sister pair (black)
S - -P<0.008

0

0 30 60 90
Orientation difference (%)

Li 2012 Nature

=> The radial development could endow columns with a functional specificity



Genetic guidance
The radial unit hypothesis is debated: neurons in different layers
of a cortical column may not be clonally related

a Classical model = b Franco et al. .- ¢ ‘Unifying’ model G
Pyramidal 1I-1v n -1V
= 1l h
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Cerebral cortex

Progenitor
cell

Proliferation Proliferation

Study by Franco Science 2012, reported by Marin Nature 2012




Genetic guidance
The extension of neuronal connections is guided by many interactions

1 Extracellular matrix adhesion 2 Cell surface adhesion 3 Fasciculation

Growth cone of a neuron:
anchor and sampling of cue.

oy
""""""

4 Chemoattraction 5 Contact inhibition

© Kandel Principle of Neural
Science 4 Edition



Genetic guidance

Embryonic Age Embryonic Age Embryonic Age
40 52 64

Model #3 2 Model #3
Rakic / Leydon Rakic / Leydon
Based: Rakic,Science, 1974,1988

‘ H ‘ 1 T]5vZ | Model#a
L ‘ Rakic / Leydon
VZ | Based: Rakic,Science, 1974,1988 i VZ
L ol m > H» Mol

Based: Rakic,Science, 1974,1988

">

L M el m >
Interactions in the subplate (a transient Thalamic connections remains in the subplate
structure) establish early patterns of
connectivity in the brain.

— interactions for thalamic / L4 connections

— pioneering projection for later L5-6 /
thalamic connections.

http://rakiclab.med.yale.edu/pages/radialMigration.ph

Based on Rakic 1988 Science (primates)


http://rakiclab.med.yale.edu/pages/radialMigration.php

Genetic guidance
The radial unit hypothesis of cortical layers

A precisely orchestrated, protracted spatiotemporal sequence of interactions

Embryonic Age Embryonic Age

il

. / on
ience. 1974 1988 o 130WE) ased: Rakic,Science, 1974,1988

TR: thalamic radiation SV: ventricular zone
NB, MA: basal ganglia & monoamine projection IZ: intermediate zone
CC: inter-hemispheric connection (corpus callosum) SP: subplate

MZ: marginal zone




Genetic guidance
Differentiation: notion of morphogen and patterning

Morphogens diffusion

Gradients of secreted molecules generate a
positional information.

If these molecules constrain genetic expression
(transcription factor, mRNA silencing, ...) and
induce cellular differentiation, then the gradient

results into a genetic patterning, i.e. a region-
specific genetic expression.

Such molecules are called “morphogens”.
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The effects of a morphogen depend on

- its concentration
- the intracellular signaling cascade (which is

local and dynamic).
The patterning is thus a complex emergent

property.



Genetic guidance
Example: genetic guidance of the antero-posterior regionalization

FGF8 Anteromedial

© Kandel. Part VIII



Genetic guidance
Example: genetic guidance of the dorso-ventral regionalization

Dorsal
Neocortex

Striatum
Globus pallidus

Dorsal Dorsal root ganglion

SENSOry neurons

Dorsal

+—Ventral
interneurons

Key morphogens and signaling centrers
for the dorso-ventral regionalization

Motor neurons

b Cerebral c
cortex

Dorsal retinal

nglmn cell

Y // Ventral

To lateral
tectum

- Lateral
ganglionic
eminence
(striatum)

Medial ganglionic To medial retlnelﬂ
eminence (pallidum) | | tectum E:RQ'D“

Lupo 2006 NNR

B Bmp4, Wnt3a
B Fors
B shh

Sur 2005 Science



The developmental processes
In situ localization of morphogens and their interactions

a Spinal cord D lelencephalon
Wild type . Smo™Gli3 Wild type Shh:Gli3~"

dorsal
A

PAX7 EDBX1 PAX7 EDBX1

Nkx2.2 EOLG2

Nkx2.2 EOLG2

T gl

”, "y . <
P ot
PAX6 B Nkx6.1 PAX6 |l!\|kx6_l .‘v ‘ ')
\V4 \Y4

Regionalization of Under the control of Y 1 Nisc2 ]
morphogens other (upstream)
morphogens



The developmental processes
A glimpse into the complexity of genetic patterning

a Spinal cord

| PAXT IRX3 PAX6 (ventrally)

RA { [ DBX2 PAX6 IRX3 DBX1

SHH 1GL3 —> | DBX2 PAX6 IRX3

NOG | BMP 1 [NxGIPAXGIRX3
CHRD FST— RA EGE ——! [Nkx6.1 PAX6 OLIG2
- st FoF———f——— [No61Nea2 There are “networks of
oda > » | FOXA2 . . ”
4 interactions” between
R morphogens
elence alon
g FGF [EMX1 PAX6 | These networks show
oA = iations b diff
el s Sh B . [MEIS2 GSH2 DLXz | variations between different
NOG— e | L csmoran | structures of the nervous
system
c Eye These networks also have a
[ TBX5 TBX3 PAX6 | temporal dynamic

B RA SHH FGF ———> [ JAX7 PAX6 |
Nodal —— SHH —(7)——{ GLI3 —(?) -
VOPT —— BMP4

K
SHH FGF RA——

| VAX2 VAX1 PAX2 |

R

LI

Signalling Transcription factors DV patterning

Lupo 2006 NNR



The developmental processes
Interaction between genetic patterning and activity-dependent
patterning: “intrinsic” and “extrinsic” factors

Activity-dependent patterning Genetic patterning

BMP
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An interplay of Ca+2 and BMP signals
regulates the dorsao-ventral
specification in the spinal chord.



The developmental process
Spontaneous (without input) Ca2+ in the developing brain

i:Sapphire
% : CaGr-Dx
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Image in vivo ]
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Labelling of retinal ganglion cells and projections to the colliculi
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Retinal waves propagate to colliculi (and V1, not shown) in P5 mouse long before eye opening at P10.
These waves provides a patterned activity that encompass the visual field.
Pharmacological blocking of such waves impairs the formation of visual maps.



The developmental processes

Pervasive spontaneous, transient activity in the developing brain

Table 1 | Summary of important features of spontaneous network activity recorded in rodents

Stage

Description
of projection
neuron firing
patterns

Inter-event
interval

Mechanisms
of initiation

Primary
source of
depolarization

State of
network at
end

Recorded
invivo

Retina
E17-P1

Bursts that
propagate
overa
limited
region of
the GCL

30s

Unknown

Gap
junctions

Maturation
of
cholinergic
circuit

No

P1-P10

Bursts that
propagate
over alarge
region of the
GCL

1-2 min

Spontaneous
Ca” spikes

instarburst

Maturation of
glutamatergic
circuits

Yes®

P10-P14

Clusters of
bursts that
propagate
over a
large
region of
the GCL

Onset of
vision

YeSZ 6,27

Spinal cord
E12-E15

Bursts of
oscillatory
activity that
propagate
within and
between
segments

2-3min

Network
interactions

nAChRs,
GABA Rs
and ny
receptors

Loss of
requisite
role for
nAChR
signalling

Yes (chick®)

E15-E18

Bursts of
oscillatory
activity
that
propagate
withinand
between
segments

1 min

Network
interactio

iGluRs,
nAChRs,
Gly
receptors
and
GABA Rs

GABA

signalling
becomes
inhibitory

Yes (chick®)

Blankenship NNR 2010

Hippocampus

E18-P5
(SPAs)

Ca* spikes
correlated
over few
pyramidal
cells

8s

Ca” spikes

and gap
junctions

Maturation
of GDP
circuits

Spontaneou

in pyramidal

P3-P10
(GDPs)

Bursts
correlated
across CA3
and CA1
subfields

3-10s

Intrinsic
bursts
in CA3

interneurons

GABA,Rs
and
NMDARs

GABA
signalling
becomes
inhibitory

Yes‘lZS

Cochlea  Cerebellum
P7-P10 P4-P6
Burstsof  Travelling
action waves of
potentials; action
correlation potentials
pattern that
unknown  propagate
from the apex
to the base
of cerebellar
lobules
5-60s 100 ms

Unknown / Spontaneous
firing in
Purkinje

ATP

release

from

supporting

cellsin

Kolliker's

organ

Kolliker's  GABA

organ signalling

disappears becomes
inhibitory

Yes*! No



The developmental processes
Genetic signals result in an exuberant development that is later
refined by intrinsic and extrinsic factors

NEURONS

Adolescence
pre———

Massive elimination of neurons: 30 to 80% of neurons undergo cell death across regions
during prenatal development.
This elimination follows a genetic “suicide” program: the apoptosis.

Apoptosis is regulated by neurotrophic factors produced by target cells in an activity
dependent manner: this mechanism implements an activity-dependent elimination.

SYNAPSES

200 300 400 500 600 B0O 1000 1500 2000
Conceptual Age (days)

Huttenlocher and Dabholkar, 1997

3000 4000

6000 8000 10000 Adul

During pre-natal development,
there is concurrent formation and
elimination of synapses.

The elimination is a protracted
process that continues during
post-natal development until
adolescence.

This elimination is activity-
dependent, associated with
Hebbian learning.



The developmental processes
Activity-dependent changes (potentiation, depotentiation) and
“hebbian” plasticity: cells that fire together work together
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There is functional segregation in the brain cortex

The developmental processes

The canonical example of ocular dominance columns

Temporal
retina

MNasal
retina

Nasal
retina

Temporal
retina

Katz 2002 NNR

Primary visual cortex layer 4

Ipsilateral

- Contralateral

Ipsilateral

Contralateral




The developmental processes
Functional segregation requires the activity-dependent pruning

of neuronal connections

The canonical example of ocular dominance
columns

Normal

A

Eye

Ocular dominance Responses in and
columns in layer 4 outside layer 4

I R I R _|I|Il_

L Both R

Left Eye Deprived

L Both R

‘I‘ T’ Priorto MD  After short-term MD  After I.ong -term MD
LGN

Non-deprived Deprived Sur 2005 Science

The initial formation of ocular dominance columns relies on activity-dependent and activity-independent factors,
and is still not clearly understood. By contrast, the role of activity-dependent, competitive interactions during later
stages is well established.



The developmental processes
Summary: an interplay between extrinsic and intrinsic factors

Onset of neurogenesis

p—

Late neurogenesis

Grove & Fukuchi-Shimogori 2003 Annu. Rev. Neurosci

B D
Graded expression Subcortical cues
of transcription factors establish inter-areal
transduces positional topography
information
&
Molecular e
regionalilation Thalamus gan‘glua _
Dorsal  generates & mm L ,,.
proto-areas @ "
| |
-* —ﬁ ‘ .-_* - - - .

Rostral <I — .

Prethalamus

Sur & Rubenstein 2005 Science

Two views on arealization in the developing cortex:
“protomap”: emphasizes the role of molecular
signaling of neural progenitors (intrinsic factors)
“protocortex”. emphasizes the homogeneity of the
neocortex, and its functional segregation based on
differential input activity (extrinsic factors).

The recent view: there is a sequence of intrinsic and
extrinsic factors.

E F
Cortical cues Activity refines
establish intra-areal intra-areal topography
topography and networks

Basal  Cortex %
Thalamus ganlgl.la_ et
-* VB-—-H # Senson

Prethalamus

Postnatal cortex



Plasticity of the brain

Further activity-dependent shaping of cortical networks
during a protracted post-natal development

The notion of critical period
Plasticity in the adult brain
Adult neo-neurogenesis?



Plasticity of the brain
Interactions with the environment prune synapses and refine
sensory maps

Normal whisker map Hebbian forms of plasticity

L1 i N7
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VPMdm K
./ head ™,
& Y
core
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Over- Feldmeyer 2012 Front in Neuroanat

stimulation Q
of D1

Field in superficial layer
(L2/3). Barrel limit (L4)
Feldman 2005 Science in black

Enriched
environment



Plasticity of the brain
An extreme example of plasticity: reorganization of sensory maps

A B

Auditory Orientation maps
cortex

Normal V1 Rewired A1

c Horizontal connections
Visually responsive
auditory cortex Normal V1 Normal A1 Rewired A1
Visual T I '
cortex L a2 ”
P T _ ;tl%
dal 5. Y M
Amygdala| |~ " L'!m,H.
o o
. #"—%"" S""
. 'ff"if I"*} .
] 2 i

e = i -

Sur 2005 Science



Plasticity of the brain
Specific time-windows for plasticity: the notion of critical period

The displacement of optic signals by prism goggles
induce an alignment of auditory maps only during a
specific period of time during development.

Sensitive period

80

Head orientation
in response to:

z" O Auditory stimuli

A Before prisms +10 @ Visual stimuli

mutations Prior prism
exposure in
L . . | R adolescence
10 20 30

B Soon after visual -+10
field is displaced
23° rightward L

@)
i & 3 O)g_& gy g ' R
10 L 10 30
E _ED | 1 1 | 1 | 1 | 1 | | 1 |

0 100 200 300 400 500 600
--10 (days) Adolescence Adulthood

Auditory map shift (ITD, us)

C 42 days after

displacement [ +5 O
L 1 | 1 | 1 O| 1 R L.
10 \_ 10 30 © Kandel Principle of Neural
-5 Science 4% Edition




Neonate

2-6 mo

7-12 mo

12-24 mo

Permanent, with
transient elements

Permanent with
transient elements

Initial cognitive
circuit

Cognitive

Plasticity of the brain
Notion of critical period and interaction with the environment:
the case of the prefrontal cortex

Sensory-driven,
centered on layer V

Sensory-driven,
columnar
processing

Environmental
driven, local circuit

Socially driven,
centered on layer 1|

vy -

o
-
]
c
o)
]
4

N aggregmlon and cytoarchitecture §

- i
- Neuronaldendrltlc differentiation I

-l
xonal outgrowth and mgrowth
. T :. . ) !
Synaptogenesis and spinogenesis

SR RN _.
Prumng and cell death
X8 u ] :
Neurochemical maturation

Myelinization

Endogeneous Sensory Sensory Environ- Socially d
non-sensory driven sensitive driven mentally
Experience driven
independent Coexistence of Experience

transient and permanent  dependent
Experience
dependent

Gazzaniga The cognitive
neuroscience 4t Ed. Chap 2



Plasticity of the brain

In vivo observation of plasticity: dynamic dendritic spines

2 weeks after

Two-photon imaging of the primary somato-sensory
cortex of an adolescent rat.

Feldman 2005 Science



adjusted VBM responses
pesterior hippocampus

Plasticity of the brain
Experience-dependent morphological changes in the adult brain

&

time as taxi driver (months)
0 50 100 150 200 250 300 350 400
6 4 Il i i - A i i J
4 i . .
OBl Potential anatomical changes
2 / detected with MRI scanners:
0 1 - .
-// White matter changes (DTI)
[ ] .
2 = Large scale axonal remodeling
4 //’!f’; - - changes in anisotropy
]

Maguire PNAS 2000

Larger hippocampus in experienced May 2011 TICS

taxi driver

Gray matter changes (e.g. VBM)

- Synaptogenesis

- Angiogenesis

- Gliagenesis

- Neurogenesis

- Increase in cell size

- Increase of interstitial fluid or blood flow



Plasticity of the brain

Adult neo-neurogenesis?

In humans: new neurons are generated throughout life in the
hippocampal region

In rodent: also new neurons in the olfactory bulb

However, the ‘big picture’: there is a given pool of neurons
throughout life.

Migration

Proliferation



2012 Nobel Prize: induced pluripotent cells

NOBEL PRIZ

;

Development progressively restricts cellular fates
Can the clock be reversed?

Induced pluripotent cell (iPS): specialized cell that
are induced pluripotent (i.e. able to undergo
development once again!).

Gurdon & Yamanaka were rewarded the 2012
Nobel Prize for achieving this feat.



v

Ovule énucléé

* Gurdon: put mature cell nucleus in an egg to
make it pluripotent (little chance though...)

— Evidence that mature cells keep their whole
genetic package.

— But: it does not work in humans...

Gurdon JB (1962). Developmental Capacity of Nuclei Taken from
Intestinal Epithelium Cells of Feeding Tadpoles. J Embryol Exp
Morph 10:622-640.

Xenopus laevis



* Yamanaka: had some genes expressed during
development added in mature cells (4 are enough)
to induce cells to become embryonic stem cells

— Developed in rodent
— Now works in humans

Takahashi K and Yamanaka S (2006).
Induction of pluripotent stem cells from
mouse embryonic and adult fibroblast
cultures by defined factors. Cell 126:663-
676.

o retrovirus
Mice - 2006

4 transcription Humans - 2007

factors (c-Myc, A _;*
Oct3/4, Sox2, - .
4, - __'_.,_-".II. 4
iPS cells -

|'




Decreased neuronal connectivity in SCZD hiPSC neurons.

Control SCZD
o
T
g & Spread of rabies via
- - synaptic contacts =>
5 = : . .
Z estimate of connectivity
> L
D ¢
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1]
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£ Tubulin to localize
=3 .
5 neurites
3

Brennand KJ, Simone A, Jou J, Gelboin-Burkhart C, Tran N, Sangar S, Li Y, Mu Y, Chen G, Yu D, McCarthy
S, Sebat J, Gage FH. Modelling schizophrenia using human induced pluripotent stem cells. Nature.
2011 May 12;473(7346):221-5.



Take-home messages

* Morphogenesis and regionalization:
— Are under dynamic genetic control (intrinsic factors)
— Depend on spontaneous electrical activity (extrinsic factors)
— Depend on complementary interactions of extrinsic and intrinsic factors
— Involve pruning

* The critical period is characterized by massive plasticity
— It is required to consolidate the architecture
— It is haped by interactions with the environment (evoked activity)
— It is limited in time (followed by a freezing of the system)

* Plasticity is crucial
— During the development, in particular for the transient vs. remnant structures
— During the adulthood (but the brain plasticity of adult << during development)
— In both cases: critical for the adaptation to the environment
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