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Morphogenesis: from a single cell to a
complex brain

Formation of the neural tube

Differentiation of cephalic vesicles

Expansion of the telencephalon / diencephalon
Characteristics of the adult brain
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Morphogenesis: from a single cell to a complex brain
Formation of the neural tube
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Morphogenesis: from a single cell to a complex brain
Formation of the neural tube

Neural plate

Neural groove

Neural crest

Neural tube

J.H. Martin

Floor plate Ventricular zone
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Morphogenesis: from a single cell to a complex brain

A
Three-vesicle Stage Five-vesicle Stage
Prosencephalon [ Telecephalon—___
(forebrain) (cerebral
\ hemisphere)
Mesencephalon .
i i Diencephalon
) (thalamus and
| hypothalamus)
l}\ho?bber)c)ephalon | Mesencephalon
Urineoen _ (midbrain)
[ Metencephalon
(pons and

cerebellum) /

Mpyelencephalon

: _ (medulla)

Cervical Pontine _
floxure  Cephalic  flexure ~ Cervical
flexure
flexure ™~
Cephalic
flexure

Differentiation of cephalic vesicles
B

— Lateral ventricle

™ Third ventricle

Cerebral aqueduct

Central canal

 Interventricular
foramen

*Retina
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Morphogenesis: from a single cell to a complex brain
Differentiation of cephalic vesicles

J.H. Martin
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Morphogenesis: from a single cell to a complex brain
Expansion of the telencephalon / diencephalon

Dorsal

) Dorsal
Anterior

Lateral Medial

Posterior
Ventral

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

 Polarization

A/P

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

* Laminar organization of the cerebral cortex

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

GDP1 F. Meyniel 2012-11-26



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

Excitatory (80% of neurons) Inhibitory (20% of neurons)
i R
: %
n -4
K
Ay 2 {
—_ /
v ==
s =
Vi \ g E
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 a 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
GDP1 F. Meyniel 2012-11-26
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Morphogenesis: from a single cell to a complex brain
Characteristics of the adult brain

 Hodology

( _, Serotine
‘orc| [/ projection

i BPS:

NT.

sC

iprc/ [ o) O Acetycholine
oAy, el projection

\T.

SC

Hagmann, 2003, Neurolmage

Stahl’s Essential Psychopharmacology, 3™ Ed, 2008
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Morphogenesis: from a single cell to a complex brain
Characteristics of the adult brain

SN

42, Surface morphology and
- genetic relatedness

MZ-DZ twin design:

* The local cortical surface size is
regressed onto A (additive genetic +
non additive influence) and E (non-
shared environmental influence
(common influence assumed null).

e Correlation Ai Aj between all pair of
local cortical area

* Unconstrained for space hierarchical
clustering

e => hierarchical genetic organization,

Chen 2012 Science revealed with a functional mapping.

GDP1 F. Meyniel 2012-11-26 12



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

Neocortex o &

The human brain transcriptmone: the
Allen Brain Atlas (www.brain-map.org)

Number of differentially

eoessedgenes Hawrylycz et al Nature 2012 (2 ‘and a
half’ male brain)

stuctures

Primary visual cortex

: Hippocampus
- Striatum
o Globus pallidus

Thalamic lateral group

Low internal variation in gene

: = — P e - | o = Supraoptic nucleus
- e 3 ) 10 g 35 - c ; ;
e e i i [chex e expression in the neocortex
L | & T ua 1"-,1,:-&#' Pons . .
i Vi 5 | => Something else than gene involved?
. - T Central glial substance
!. = Inferior olive
181 4l
18 : i Cerebellum
T ’*- T
No. of DEG
Postcentral Temporal .anary Dorsal <20 37 57 80 110150 2205250
b 2000 gyrus pole visual cortex thalamus 2000 Numberof genes
1,500 1,500 with
1 %g | ;é’:o substructural
_. et [ ' L specificity
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The developmental processes

Introduction

Setting components: The radial unit hypothesis
Genetic patterning

Activity dependent patterning

GDP1 F. Meyniel 2012-11-26
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The developmental processes
Introduction

* Intrinsic vs. extrinsic determinants: Protomap
Vs. protocortex

Onset of neurogenesis

p—Te

Late neurogenesis

Grove & Fukuchi-Shimogori 2003 Annu. Rev. Neurosci
GDP1 F. Meyniel 2012-11-26 15



The developmental processes

Mechanism and storytelling

Embryonic Age

40

Embryonic Age

52

Embryonic Age

64

ic,Science, 1974,1988


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

The developmental processes
Setting components: the radial unit hypothesis

Embryonic Age Embryonic Age

odel #3
akic f Leydon
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




The developmental processes
Setting components: the radial unit hypothesis

Table 1| Summary of interneuron neurochemical subgroup characteristics in mice

Neurochemical Relative % of Characteristic Axonaltargeting on projection Intrinsic
marker GABA+ cells morphology neurons* physiology?*
Somatostatin ~30% Smallbasket Proximal dendrites/soma RSNP
Martinotti Distal dendrites BSNP
Parvalbumin ~50% Large basket Proximal dendrites/soma FS
Nest basket Soma FS/RSNP
Chandelier Axoninitial segment FS
Calretinin ~15% Smallbipolar Proximal dendrites: also, other GABA+ cells RSNP/BSNP
Anterior , . ',~-é;;;<:\ Posterior

Wonders NNR 2006

£ ;““
{ /
i @: tory ) S e y

i

Sagittal view

-  MGE (medial ganglionic eminence) -> somatostatin & parvalumin
interneurons (Nkx2.1)

- dLGE (dorso-lateral GE) -> calretinin (ER81)

- VLGE (ventral) -> undetermined subgroup




a C(Classical model

Cerebral cortex

Breaking news! Model still debated...

vz

vZ

The developmental processes
Setting components: the radial unit hypothesis

L
‘{_,‘/-

Pyramidal
cell

Intermediate

). progenitor
WY — Progenitor
{ | cell

b Franco et al.

;A

Proliferation

V-vi

’ﬁ/
l

B . A

-1V

=

Study by Franco Science 2012, reported by Marin Nature 2012

GDP1 F. Meyniel 2012-11-26

¢ ‘Unifying’ model

11-1V

‘%"K
|
)]

!

Proliferation

V-VI
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The developmental processes
Setting components: the radial unit hypothesis

a
d Depth 190 pm
Labeling of sister cells
(injection at E15 to tag radial
clones
To sister cells (circled) at two 4 £ P
level of a column : —

| \ — Depth260um @ 100 .
=
o Pair of sister cells (red) show
@ 50t more similar tuning than non-
= — P < 0.004 sister pair (black)
S - -P<0.008

0 30 60 90
Orientation difference (%)

Li 2012 Nature
=> The radial development could endow columns with a functional specificity

GDP1 F. Meyniel 2012-11-26 20



The developmental processes
Genetic patterning

Constraints on genetic expression to determine the cellular
fate:

— Transcription factors

— RNA splicing

— Post-transcriptional gene silencing

— ... see introduction to genetics

Result: differentiation of cells (corollary of specification)
restricts progressively the range of fates.

GDP1 F. Meyniel 2012-11-26



The developmental processes
Genetic patterning

Tel hal Midbrai
elencephalon |Midbrain Cerebellum

The example of dorso-ventral regionalization

Spinal cord

Dorsal
interneurons

Ventral
interneurons

Motor neurons

-

Cerebral c Dorsal retinal
cortex ganglion cell
To lateral
tectum
Lateral
ganglionic
eminence .
(striatum) —
- Y/,-’/ Ventral
Medial ganglionic To medial / rEt'"El'.l
eminence (pallidum) \ tectum E:Hg lon

GDP1 F. Meyniel 2012-11-26

Lupo 2006 NNR

22



The developmental processes
Genetic patterning

* Regionalization & function of morphogens

a Spinal cord D lelencephalon
Wi[d't_\‘pe . Smn":()ffi' Wild type Shh”-:Gli3 ™"

dorsal
N /

PAX7 W DBX1 PAX7 MDBX1

Nkx2.2 EOLG2

. 4 7
o i AR .
PAX6 l\i\/kx().l PAX6 \Ll Nkx6.1 .V \ 'z
Regionalization of  Under the control of Nkx2.1 Nkx2.1
morphogens other (upstream)
morphogens
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The developmental processes

Genetic patterning

« Common regulation of dorso-ventral
regionalization

a Spinal cord

[ PAX7 IRX3 PAX6 (ventrally) |
RA— [ [ DBX2 PAX6 IRX3DBX1 |

SHH {GLI3

e P S I YT R
CHRDFST RAFGF —1 [Nkx6.1 PAX6 OLIG2 |
SHH EGF J o [ Nkx6.1 Nkx2.2 |
Nodal » SHH ‘“{ | FOXA?Z |
4
b Telencephalon

P FCE [EMX1PAX6 |
o = [MEIS2GSH2DLX2 |

Nodal » SHH | GLI3 —

NOG — ' BMP

CHRD — 'FGF —| [GSH2DLX2 Nkx2.1 |

c Eye

[ TBX5 TBX3 PAX6 |

RASHH FOF ——————  [AREAXGII]
Nodal —— SHH —(7 )—— GLI3 —g'_
VOPT = BMP4

— [ VAX2 VAX1 PAX2 |

SHH FGF RA

£

Signalling

Transcription factors

B Bmp4, Wnt3a

B Fors
B shh

Sur 2005 Science

FGF Eye

Nodal = SHH— GLI3:I_|::
X — BMP

FGF

SHH: SC (p3, fp) eye?

RA: SC (pMN), eye
Nodal: SC (fp), eye?

Nodal SHH RA

Lupo 2006 NNR

DV patterning
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The developmental processes
Genetic patterning

 Morphogen:
mechanism

diffusion clearance

Production ,\ /\

A IMXD _ (0 G+ DG)VEM -k(G)M
ot v production rate

S(x,t)= f] (M,E) D diffusion coeff.

k degradation rate
Gj gene from the GRN

G!. (x,t)= f2 (S, 6) G set of genes forming a GRN

Signaling
—_—

Cell states

Kicheva Nature Rev 2012

Genetic patterning: an emergent
behavior of coordinated event at
the molecular, cellular & tissue-
level scales.

A Morphogen (1) @
Signaling effector (S) é)
GRN O @—@
\\.
B

[morphogen]

[signaling
effector]

Relative position

4+

it 1

t6 +

GDP1 F. Meyniel 2012-11-26
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cortex

The developmental processes
Genetic patterning

* Neuronal subtype specification in the cerebral
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The developmental processes
Genetic patterning

Projection patterns & axon guidance

D E
Subcortical cues Cortical cues
establish inter-areal establish intra-areal
topography topography
Basal Cortex Basal Cortex
Thaleus ganglna . Thal?mus ganglla/. . [, e N-Ca*+ Ch
7\ l [o® \ | : e i —-—— Catt
'.-‘-—-v“ LGN -t Virad o .
HQ--’ * VB —H : - /| {SNC‘CE:A: NN:DA'“
.—-_.. i VL @, ur, \
‘1 ‘® e J) '
Prethalamus - Prethalamus

Gazzaniga The cognitive
neuroscience 4t Ed.
Chap 1

Sur 2005 Science
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The developmental process

Activity-dependent patterning
a Y

Image in vivo
at P3-P9

or- I T i | & S ok
e no.220 f 4 i [ 0
3 3 : UL o
o Qg | it b bR E: i i
w2 || Tl T SRR it i
e || b = ¢ & L5 % e
AR O 200} ¢ { . :. 1t i
YR P L B it "
DAV Y el & 1. thd W Ead
l\ul s i
§ 83 v M Wy S 4 o Sl
\ 2 R
|50% AF/F|, G 2 | L P
WJ Man < 0 | e A
220 MJ ?-q' VWA 0 200 400 600

Ackman 2012 Nature
Retinal waves propagate to colliculi (and V1, not shown) in P5 mouse (eye openning > P10).
Pharmacological blocking of waves => impaired visual maps.

GDP1 F. Meyniel 2012-11-26 28



The developmental processes

Activity-dependent patterning

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

junctions

Retina
E17-P1

Bursts that
propagate
overa
limited
region of

the GCL

30s

Unknown

Gap

Maturation
of
cholinergic
circuit

No

P1-P10

Bursts that
propagate
over alarge
region of the
GCL

1-2 min

Spontaneous
Ca’* spikes

in starburst

Maturation of
glutamatergic
circuits

Yes®

Spinal cord
P10-P14 [E12-E15 E15-E18
Clustersof Bursts of Bursts of
burststhat oscillatory  oscillatory
propagate activitythat activity
over a propagate  that
large withinand  propagate
regionof  between withinand
the GCL segments between
segments
1 min 2-3min 1 min
Network Network
interactions interactio
nAChRs, iGluRs,
GABA Rs nAChRs,
and Gly Gly
receptors receptors
and
GABA Rs
Onset of Loss of GABA
vision requisite signalling
role for becomes
nAChR inhibitory
signalling
Yes?6.27 Yes (chick®) Yes(chick®)

Blankenship NNR 2010
GDP1 F. Meyniel 2012-11-26

Hippocampus

E18-P5 P3-P10
(SPAs) (GDPs)
Ca” spikes Bursts
correlated correlated
over few across CA3
pyramidal and CA1
cells subfields
8s 3-10s

Intrinsic
bursts

in CA3

Spontaneou
Ca’ spikes
in pyramidal

L-type Ca? GABA,Rs

channels and

and gap NMDARs

junctions

Maturation GABA

of GDP signalling

circuits becomes
inhibitory

No Yes'®

interneurons

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

Unknown / Spontaneous
firing in
Purkinje

ATP

release

from

supporting

cellsin

Kolliker's

organ

Kolliker's GABA

organ signalling

disappears becomes
inhibitory

Yes*! No

29



The developmental processes
Activity-dependent patterning

Activity-dependent patterning  Genetic patterning

4
F----
\\

Lh2A/B spinal neuron

phenotype Swapna & Borodinsky PNAS 2012

GDP1 F. Meyniel 2012-11-26



The developmental process
Activity-dependent patterning

The canonical example of ocular dominance columns

Temporal Primary visual cortex layer 4

Ipsilateral

Masal

retna Contralateral

Ipsilateral

Contralateral

Temporal
retina

Katz 2002 NNR

GDP1 F. Meyniel 2012-11-26
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The developmental processes
Activity-dependent patterning

The canonical example of ocular dominance

columns
A Normal
Eye
Ocular dominance Responses in and
columns in layer 4 outside layer 4
I R R I ..llIII_

L Both R

Vi
\/ Left Eye Deprived

L Both R

PEH 3

Priorto MD  After short-term MD  After long-term MD

Non-deprived Deprived

Sur 2005 Science

GDP1 F. Meyniel 2012-11-26
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Plasticity of the brain

Plasticity is crucial for shaping the brain

Critical period and interactions with the environment: the
case of the prefrontal cortex

Plasticity in the adult brain
Adult neo-neurogenesis?

GDP1 F. Meyniel 2012-11-26
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Plasticity of the brain
Plasticity is crucial for shaping the brain

EPSP c At<0 e
N~ = 100: i lo ||
éz bAP g ‘ * o | =
—— l @ 80 B l
3 ] 1°
pqskt:ynapﬂc 2 60 % LTP
presynaptic Pt é‘ 40 1 , o
spike © ®°
20 “ q o]
§ : i 0° °
ol 04{o— 5 a..9 - [+)
[ — |
£ 1 ° o 8o °
o .20+ o
o = LTD o,
st ike 2 401 °
- post spike D° sp 5 { Post leads pre y Pre leads post
before EPSP before r . - -
post pre -80 -40 0 40 80
Pre-post spike delay (ms)
16 A
g ™ Hebbian
v os STDP
'é: » LTP
T 1e
% 12 I
£ 10 -150 100
<z3 "‘: pre leads post post leads pre
1o LTDJ7
i . Feldman Neuron 2012
] 10 20 30 40 S0 60
Time (min) Spike time delay (At, ms)
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Plasticity of the brain

Plasticity is crucial for shaping the brain

Normal whisker map

All
intact removed

Enriched
environment

Feldman 2005 Science

Hebbian forms of plasticity

All but D1
and D2
removed

HL5BP
L6A chSAy \ / \QLGAP

Over- Feldmeyer 2012 Front in Neuroanat

stimulation
of D1

Q%O
Field in superficial layer
(L2/3). Barrel limit (L4)

in black

GDP1 F. Meyniel 2012-11-26 35



Plasticity of the brain
Plasticity is crucial for shaping the brain

Auditory Orientation maps
cortex

Normal V1 Rewired A1

Superior

colliculus

C Horizontal connections
Visually responsive
auditory cortex Normal V1 Rewired A1
Visual
cortex ¥ - &%~
B - < ‘:?
‘-_‘ w ® .
Amygdala| | o\ L8 o A
>
w:' -
g Ay

Sur 2005 Science GDP1 F. Meyniel 2012-11-26
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Plasticity of the brain
Critical periods and interaction with the environment: the case
of the prefrontal cortex

Neonate Permanent, with transient elements Sensory-driven, centered on layer V
2-6 month Permanent with transient elements  Sensory-driven, columnar processing
7-12 month Initial cognitive circuit Environmental driven, local circuit
12-24 month Cognitive Socially driven, centered on layer Il

O I {1.

- \

— - /

qJ | 2 -~

> ;! !

©

-

A. new B.1m
}:

> E 7

~ =3 A

()]

o ;

©

- !

G.new H.1m I. 15m J. 2,5y K. 30y
Gazzaniga The cognitive GDP1 F. Meyniel 2012-11-26 37
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Plasticity of the brain
Critical periods and interaction with the environment: the case
of the prefrontal cortex

.................................................................................

X

s

ey
@

-
@

Neonatal

Blecular specification

N. aggregation and cytoarchitecture
L5 =4 il
Neuronal dendritic differentiation

A
| u .
EAxonal outgrowth and ingrowth

: ‘a il : :
Bud Synaptogenesis and spinogenesis

Pruning and cell death
] [}

Neurochemical maturation
W "
Myelinization

Endogeneous Sensory Sensory Environ- Socially dr
non-sensory driven sensitive driven mentally
Experience driven
independent Coexistence of Experience Gazzaniga The cognitive
transient and permanent  dependent neuroscience 4th Ed. Chap 2
Experience
dependent

GDP1 F. Meyniel 2012-11-26 38



Plasticity of the brain
Plasticity in the adult brain

Feldman 2005 Science

GDP1 F. Meyniel 2012-11-26
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Plasticity of the brain

Plasticity in the adult brain
White matter changes (DTI)

Large scale axonal remodeling
- changes in anisotropy

May 2011 TICS

Gray matter changes (e.g. VBM)

- Synaptogenesis

- Angiogenesis

- Gliagenesis

- Neurogenesis

- Increase in cell size

- Increase of interstitial fluid or blood flow

Example: (Maguire PNAS 2000)
a. A

b, time as taxi driver (months)
0 50 100 150 200 250 300 350 400
6_4 I A 4 " A A i J
7]
28 4 =
|
§'¢EI 2 /
22 0 -4 sa
n
= .
E m
5 - n
gﬂ. 4 - B
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Plasticity of the brain
Adult neo-neurogenesis?

In humans: new neurons generated throughout life in the
hyppocampal region

In rodent: new neurons in the olfactory bulb

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

GDP1 F. Meyniel 2012-11-26
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Take-home messages

* Morphogenesis and regionalization:
— Is under dynamic genetic control (intrinsic factors)
— Depends on spontaneous electrical activity (extrinsic factors)
— Extrinsic and intrinsic factors are complementary & interact
— Involves limited but crucial pruning
* The critical period is characterized by massive plasticity
— Required to consolidate the architecture
— Shaped by interaction with the environment (evoked activity)
— Is limited in time (followed by a freezing of the system)
e Plasticity is much important
— 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: crucial for the adaptation to the environment



2012 Nobel Prize: induced pluripotent
cells

* Development progressively restricts cellular fates
. * Can the clock be reversed?

Ad . * Induced pluripotent cell (iPS): specialized cell that
- are induced pluripotent (i.e. able to undergo
. / ) " development once again!).
‘r N\ .+ Gurdon: put mature cell nucleus in an egg to (little
: / N chance though...) make it pluripotent
2 ‘ — mature cells keep their whole genetic package.
' — But: does not work in humans...

* 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

GDP1 F. Meyniel 2012-11-26 43



* 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.

10, ® ®
¥ — (i

Ovule énucléé

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.

Mice - 2006
Humans - 2007

4 transcription
factors (c-Myc,
Oct3/4, Sox2,
Kif4)

8 v

iPS cells



Decreased neuronal connectivity in SCZD hiPSC neurons.

Control SCZD
o
s
O g Spread of rabies via
+3 synaptic contacts =>
Zz estimate of connectivity
> W
D ¢
=
0]
o
£ Tubulin to localize
2 neurites
=
=

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.



Decreased neuronal connectivity in SCZD hiPSC neurons.

1.95
DMSO
= .
@ Loxapine
1 H : . .
= Typical benzodiazepin
_g} 0 i (antipsychotic drug, used in
@ E i | I schizophrenia)
A N
28 N
= 2
w5 *
L O
w
o c
o =
= 3
N o
=
= ".E 0.5
=
< =
m e —
)
T
0
Control SCZD

hiPSC Neurons

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.
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