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The rostral part of the neural tube differenciates to form the three

primitive vesicles at the origin of the brain.
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Derived cells from
neural tube and
neural crest

Neural crest:
» Ganglionar cells (spinal & ANS)
*» Chromaffin cells

» Glial cells:

- Schwann cells
- Microglia

Neural tube:

* Neurons (brain & spinal cord)
» Ependymal cells

* Glial cells:
- Oligodendrocytes
- astrocytes
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Hippocampus and limbic
system
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Hippocampus: A cortical structure in the
medial portion of the temporal lobe; in humans,
concerned with short-term declarative memory,
among many other functions.

Figure 2-1. Human hippocampus dissected free (left) and com-
pared to a specimen of Hippocampus leria (right). (Source: Courtesy
of Professor Laszlo Seress, University of Pecs.)
Magistere de genétique (Pans’s) - Hippocampal development & Synaptogenesis - Lydia Danglot
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Fig. 1. A Drawing and B dissection showing the inferomedial 5, calcarine sulcus; 6, occipital lobe (cuneus); 7, parietal lobe,
aspect of the right hemisphere. Bar, 10 mm medial aspect (precuneus); 8, cingulate gyrus; 9, frontal lobe,
1, hippocampus, only partly visible on the inferomedial sur- medial aspect (superior frontal gyrus); 10, corpus callosum;
face of the temporal lobe; 2, parahippocampal gyrus (Ts); 11, fornix; 12, third ventricle

3, fusiform gyrus (T4); 4, inferior temporal gyrus (T3);
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12 Chapter 3  Structure, Functions, and Connections

e

Putamen

Hippocampe

Gyrus
parahippocampiqueé

Fig. 2. A, B Coronal section of the brain. A Head section. frontal gyrus; 12, cingulate gyrus; 13, corpus callosum;

Bar, 10 mm. B MRI view, T'-weighted image 14, lateral ventricle; 15, thalamus; 16, putamen; 17, temporal
1, hippocampus; 2, parahippocampal gyrus; 3, fusiform gy- {inferior) horn of the lateral ventricle; 18, red nucleus;

rus; 4, inferior temporal gyrus; 5, middle temporal gyrus; 19, substantia nigra; 20, pons; 21, tentorium cerebelli; 22, am-
6, superior temporal gyrus; 7, lateral fissure; 8, postcentral bient cistern

gyrus; 9, central sulcus; 10, precentral gyrus; 11, superior  The human hippocampus, Henri M. Duvernoy.
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Fig. 84. E Coronal head section. Anterior view of the section.
Bar, 10 mm

1, hippocampal head; V', internal digitations (digitationes
hippocampi); 2, temporal (inferior) horn of the lateral ventri-
cle; 3, amygdala; 4, uncal sulcus; 5, parahippocampal gyrus;
B, collateral sulcus; 7, fusiform gyrus; 8, interior temporal gy-
rus; 9, middle temporal gyrus; 10, superior temporal sulcus;
11, superior temporal gyrus; 12, temporal stem; 13, lateral fis-
sure; 14, insula; 15, postcentral gyrus; 16, precentral gyrus;
17, middle frontal gyrus; 18, superior frontal gyrus; 19, cin-
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gulate sulcus; 20, cingulate gyrus; 21, corpus callosum;

22, fornix: 23, lateral ventricle; 24, caudate nucleus; 25, claus-
trum; 26, tail of caudate nucleus; 27, putamen; 28, globus pal-
lidus, lateral part; 29, globus pallidus, medial part; 30, inter-

nal capsule, posterior limb; 31, ventral anterior thalamic nu-
cleus; 32, third ventricle; 33, optic tract; 34, mamillary body;

35, basilar artery; 36, pons; 37, internal carotid artery;

38, temporomandibular joint



Fig. 97. F Head section. Bar, 10 mm
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1, hippocampal head, cornu Ammonis; 2, hippocampal head,
gyrus dentatus; 3, temporal (inferior) horn of the lateral ven-
tricle; 4, amygdala; 5, hippocampal body, cornu Ammonis;

6, fimbria; 6', alveus; 7, margo denticulatus (gyrus dentatus);
8, subiculum; 9, parahippocampal gyrus; 10, middle cerebral
artery; 11, anterior commissure, lateral part; 12, putamen;
13, globus pallidus, lateral part; 14, caudate nucleus; 15, pul-

3 Gyrus
parahippocampique

'

[
d

vinar; 16, lateral ventricle; 17, middle occipital gyrus; 18, infe-
rior occipital gyrus; 19, transverse sinus; 20, fusiform gyrus;
21, collateral sulcus: 21°, anterior calcarine sulcus: 21%, calcar
avis; 22, quadrangular lobule; 23, simple lobule; 24, superior
semilunar lobule; 25, horizontal fissure; 26, inferior semilunar
lobule; 27, biventer lobule; 28, tentorium cerebelli; 29, tempo-
ral, petrous part; 30, internal carotid artery; 31, auditory tube
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Putamen
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1, hippocampal body, cornu Ammonis: 2, hippocampal body,
gyrus dentatus; 3, fimbria; 4, subiculum: 5, collateral emi-
nence; 6, temporal (inferior) horn of the lateral ventricle;

1, pulvinar; 8, lateral geniculate body; 9, medial geniculate
bady; 10, superior colliculus: 11, cerebral aqueduct; 11, peri-
aqueductal grey matter; 12, red nucleus; 13, substantia nigra;
14, mamillothalamic tract; 15, third ventricle; 16, column of
fornix; 17, anterior commissure, medial part; 17°, anterior
commissure, lateral part; 18, caudate nucleus; 19, claustrum:
20, insula; 21, putamen; 22, globus pallidus, lateral part;

23, plobus pallidus, medial part; 24, internal ca psule, posteri-

or limb; 25, lateral fissure; 26, superior temporal gyrus;

47, superior temporal sulcus; 28 middle temporal gyrus;

29 collateral sulcus; 297, lingual sulcus; 30, lingual gyrus;

31, tentorium cerebelli; 32, parahippocampal gyrus: 32, ante-
rior calcarine sulcus; 33, quadrigeminal cistern: 34, ambient
cistern; 35, wing of ambient cistern: 36, culmen
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Fig. 4. A Drawing and B dissection showing a sagittal sec- posterior part; 11, parahippocampal gyrus, anterior part (pi-
tion, right hemisphere. The limbic lobe is separated from the  riform lobe). Piriform lobe: 12, entorhinal area; 13, ambient
isocortex by the limbic fissure and may be divided into two gyrus; 14, semilunar gyrus; 15, prepiriform cortex. Intralim-
gyri: the limbic and intralimbic gyri. The line a-a indicates bic gyrus: 16, prehippocampal rudiment; 16, paraterminal
the plane of the section on Fig. 5. Bar, 7.7 mm gyrus; 17, indusium griseum. Hippocampus: 18, gyrus denta-
Limbic fissure: 1, anterior paraolfactory sulcus (subcallosal tus; 19, cornu Ammonis; 20, gyri of Andreas Retzius; 21, fim-
sulcus); 2, cingulate sulcus; 3, subparietal sulcus; 4, anterior bria (displaced upwards, amows); 22, uncal apex; 23, band of
calcarine sulcus; 5, collateral sulcus; 6, rhinal sulcus. Limbic Giacomini; 24, uncinate gyrus; 25, anterior perforated sub-

gyrus: 7, subcallosal gyrus; 8, posterior paraolfactory sulcus;  stance; 26, anterior commissure; 27, fornix; 28, corpus callo-

9, cingulate gyrus; 10, isthmus; 11, parahippocampal gyrus, sum
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Fig: 3. Intraventrecular aspect of the hippocamgpus. The tem-

poral kiorn has been opened and the choroid plexiases re
maoved, Bar, 6.5 mm

1, hippocampal body; 2, head and digitationes hippocamp
{internal digitations); 3, hippocampal tail; 4, fimbria; §, crus
of fornix; 6, subiculum; 7, splenium of the corpus callosum:;
&, calcar avig; %, collateral irigone; 10, collateral eminence:
11; uncal recess of the temporal horn

The human hippocampus, Henri M. Duvernoy.
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Figure 29.5 Formation hippocampique. (A) Vue par au-dessus. (B) Grossissement de A, montrant le cortex entorhinal et les trois parties
composant la formation hippocampique.
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Hippocampal formation,
Amaral and Witter, corona l

in The Rat Nervous System,
Edited by Paxinos, 2001
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Horizontal view
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Sagital view
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Fig. 6. Site of CA1 and CAj3 in rats and humans (see p. 8).
Arrowheads show the hippocampal sulcus. The arrow indicates
the inversion of arrangements in the hippocampus in these
two species
CA1, superior region; CA3, inferior region; Th, thalamus
The human hippocampus, Henri M. Duvernoy.
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s::r: ' Major excitatory connections in the rodent hippocampus : the tri-synaptic circuit.
Temporal
pole
Pyramidal
cell of CA1
coronal
slice
\
Subiculum
@
- . W, |
Pyramidal cell P 7= | | A e
of CA3 A Z _, X>—7 Entorhinal
cortex
ar
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Danglot et al. (2006), Hippocampus 16: 1032-1060.

= = 1. Perforant path : axons from the entorhinal cortex innervate granule cells.

= =+ 2. The axons of the granule cells (mossy fibers) innervate pyramidal cells of CAS.

= = * 3. The axons of the pyramidal cells of CA3 (Schaffer collaterals) innervate pyramidal cells of CAT.
= =" 4. The axon of the pyramidal cells of CA1 innervate the subiculum and the entorhinal cortex.
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Cells types
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Modiifié d’aprés Freund et al., Hippocampus, 1996.
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GABAergic afferences on hippocampal pyramidal cells.
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Development of the
nippocampus

& Cell migration
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Ammonic
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of CA1 and then CA3.
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> Secondary dentate matrix
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Danglot et al. (2006), Hippocampus, 16: 1032-1060.
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Modes of migration of

excitatory cells
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Télencephale

Surface externe

T Vers Ia plaque corticale
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Bulbe clfac Cellule en — ||| | Zone . LEC
) migration ] intermédiaire \ Glie radiaire
Subpallium ., ..o radiale |
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Neurone en
B Néocortex a s migration
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Hi mpea s :1 TH 1T -1
( \ ppocamp ventriculaire ra d‘ra le

Subpallium

Adapted from « Neurosciences »:

De Dale Purves, George J. Augustine, David Fitzpatrick
Traduit par Jean-Marie Coguery

De Boeck Université 3éme édition, 2005
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l Vers la Zone ventiriculaire
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Nature Reviews Neuroscience 3, 423-432 (June 2002)
Modes of neuronal migration in the developing cerebral cortex
Bagirathy Nadarajah & John G. Parnavelas
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Radial migration of pyramidal cells

" © Somal translocation of pyramidal cell

2} Pause in the IZ: pyramidal cell
with multipolar morphology

© Ventricule-directed migration

© Glia-guided locomotion
; of pyramidal cell

Disrupted In
Ax 1/2
utant

Danglot et al. (2006), hippocampus 16: 1032-1060.
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=72 min

Figure 3 | Somal translocation. Time-lapse images of a cell showing somal transiocation in a mouse cortical slice that was labelled
with Oregon Green BAFTA-1 488 AM. Images were acquired every minute and each frame shows a single optical section. Scale
bar, 10 um. See Supplementary Movie from REE 31 @ 2001 Macmillan Magazines Ltd.

Nadarajah & Parnavelas
E 1 6 Nat Rev Neur (2002)vol.3:423.

Terminal

Somal translocation

Translocation
Total recording time:
300 min.

Nadarajah, Nature Neurosci. 4, 143—-150 (2001).
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Glia-guided locomotion

Glial-Guidance

recording time:160 min

Nadarajah, Nature Neurosci. 4, 143—-150 (2001).

Nadarajah & Parnavelas
Nat Rev Neur (2002)vol.3:423.

Nature Reviews | Neuroscience
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Modes of migration of

Inhibitory cells
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Migration of inhibitory interneurons

A.

Tectum

Diencephalon ’
v Cerebellum

Medulla

Palliu Prospective

Olfactory bulb

Subpallium
Hypothalamus

Hypothalamus

Danglot et al. (2006), Hippocampus 16: 1032-1060.



Magistére de génétique (Paris 7) - Hippocampal development & synaptogenesis - Lydia Danglot

Cortex
striatum
hippocampus

(CA regions and dentate gyrus)
amygdala

stria terminalis

Cortex
striatum
hippocampus
(CA regions)

olfactory bulb
LGE| Cortex
nucleus accumbens

MGE

Danglot et al. (2006), Hippocampus 16: 1032-1060.
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Tangential migration of interneurons Radial migration of pyramidal cells

Somal transfocation of pyramidal cell

e Fause in the I£: pyramidal cell
with multipolar morphology

@ Ventricule-directed migration

@ Gilia-guided locomotion
of pyrarmidal cell

A

*

b Thalamus

% : - Disrupted in
» striatum <
‘\3“ w Mx 1/2
s S5 T i utant

& - e = -
NuartTTnted in

& & -~
Il b ___.3' 'I

Danglot et al. (2006),
hippocampus : 16: 1032-1060.

o » Multidirectional tangential
migration within the MZ plane

Tangential migration of

interneurons b.
__® . Radial migration of .
interneurons toward MZ . W ¥
—% . Radial migration of
interneurons toward CP . )
OE® : a. i < < £, |
—==+ Ventricule-directed . .\]9‘3 | z _ Golgi | Translocation
migration of interneurons — — - fime i RO
» Radial migration of ] ; ) . .
pyramidal cells Changing direction in the IZ Somal translocation

Figure 5 : Modes of migration of interneurons from the subpallial telencephalon toward the cortical and hippocampal anlagen.
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Tangential migration of interneurons

Multidirectional tangential
migration within the MZ plane

— :I‘angential migration of
interneurons

_® . Radial migration of
interneurons toward MZ

"'-..‘v...x_
Sy,

\ -~

. ; -
‘\‘\ 3 striatum -i}-‘—'

b ]

i;, Radial migration of
interneurons toward CP

i.':_f*'—"”i_h'::- Ventricule-directed
migration of interneurons
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Evuropean Journal of Neuroscience, Vol 23, pp. 894-900, 2006 doi: 10.1111/}.1460-9568 2006.04630.x

REVIEW ARTICLE
Cell and molecular mechanisms involved in the migration
of cortical interneurons

Christine Métin,"? Jean-Pierre Baudoin,”* Sonja Raki¢® and John G. Pamavelas®




Multidirectional and

multizonal tangential
migration of GABAergic
interneurons in the

developing cerebral cortex
Development 133, 2167-2176 (2006)
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Synaptogenesis
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Hippocampal neurons in culture
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ndwich model of Hippoca

Whole Hippocampus

Danglot et al (2003), Mol Cell Neurosci, 23:264-278, C. Verderio et al., Cell. Mol. Life Sci. 55 (1999) 1448-1462.
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Axonal outgrowth
ot
Jours en culture :
0,25 0,5 1,5
Stades :
1 2 3

Lamelipodes Neurites mineurs Croissance axonale

Dentrites outgrowth Onset of dentritic spines
Synaptogenesis with appearance of development
axonal pre-synaptic boutons (swelling)
connecting dentrites/bodies

4 >7

A

4 L 5 \L
Croissance dendritique Maturation
DIV 18-21

Phase contrast microscopy (Goslin et al., 1977)
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Formation of the
synapse

Development of synaptic contacts

New contact
MN-cadharmn
Prosyns | | ! [
me nﬁ‘ N N 1]
MNauralign
Synaptic cleft Mouran
e i —

Immature, silent synapse
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Axonal transport of presynaptic proteins

Canaux

Vésicules a
o calcigques

corps dense |

Structures tubovésiculalres Vésicules de transport
0 nm de diametre Piccolo/ Bassoon: « PTV »
wiianisiesiiinhig 80 nm de diamétre
Ahmari et coll., Nat Neur, 2000. Zhal et al., Neuron, 2001

o
S | U

JAN Piccolo
SV2 Bassoon
VDCC RiM, Munci13, VDCC

MunciB8, Syntaxine, SNP25
N-Cadhérine, ...
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Assembly of presynaptic active

zones from cytoplasmic transport
packets

Susanne E. Ahmari, Jo Ann Buchanan and Stephen | Smith

S

150’

nature neuroscience * volume 3 no5 * may 2000
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8 %O O i Invagination
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. arrime

£0Ne aClVE  mModifié d*aprés Current Opinion in Neurobiology 2000, 10:321-327 et Natrure Review Molecular Cell Biology, 2003, 4:127-139.



Magistere de genetique (Paris 7) - Hippocampal development & synaptogenesis - Lydia Danglot

Glutamatergic synapse
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NMDAR (NR1) AMPAR (GluR1) Synaptophysin

2 weaks : | 2 weeks

The Journal of Neuroscience, February 15, 1998, 18(4):1217-1229
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NR1 chisters al non-synaplic siles
/- POD-OS/IGKAP/chapsyn 2 days

! ! PSD-85/GKAFP/chapsyn cluster at
E‘ shaft synapses (- glﬁﬁ‘h - NR1) B Hye

NMDAR (NR1) PSD 95

GluR1 and actinin cluster at apine
c synapges + PED-B/GKAF/chapsyn 9 days

NR1 clusters al shall synapses
D synap
+ PSD-865/GKAP/chapsyn 12 days
NR1 clusters al s 0] 5 «= GiluR1
! ! | ! F.rm!ﬂ‘r Pm} !u >15 days
4 R GEEEE® Synaptophysin/SV2
GluR1 %’ PSD-85/GKAP/chapsyn
The Journal of Neuroscience, February 15, 1998, 18(4):1217-1229 @ NR1+GluR I] Actiin
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Danglot PhD report. (2004)
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Synapse Naive
Récepteur NMDA —/&)_wm_m\— Récepteur AMPA
Endocytose
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— w @ @ ( —
de LTD Augmentation de
I'actniteé CaMKIl
Long Term Long Term
Depression Potentiation
Déprimée Potentialisée

| =
Mr

réwénar régwam
Iee. protéines
ﬂ ﬁamana-a a ﬂﬂ']"lﬂll"ﬁﬁ

Nat Rev Neurosci. 2001 May;2(5):315-24. Review.
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Neuroligine
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GRIP/ABP

D'aprés Gamer et al. (2000), Trends n Cell Biology, 10: 274-280.
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Targeting of post-synaptic proteins

Synapse excitatrice Synapse inhibitrice
hippocampe moelle épiniére
Laboratoire A.M. Craig Laboratoire A.Triller
Rao et al., J. Neuroscl., 2000 Rosenberg et al., J. Neuroscl, 2000
Rao et al., J. Neuroscl., 2000 Meier et al, JCS, 2000
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extrasynaptiques

} Vil
¥

Meier et al,, Nat. Meur., 2001
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q
LL

amas RGABA
extrasynaptiques ?

amas RGABA Geéphyrine
synaptiques ? extrasynaptique ?



Magistére de genetique (Paris 7) - Hippocampal development & synaptogenesis - L
Synapsin | £ '

y

Gabaergic presynaptic
terminal

GABAAR \ |
)

Post-synaptic element




Magistére de génétique (Paris 7) - Hippocampal development & synaptogenesis - Lydia Danglot

GABAergic synapse
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Dangfn; et al. Mol cell Neurosci. (2003)
VIAAT': Axonal diffuse expression and clustering after 10 dais in vitro (DIV).
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Gephyrin and GABAAR y2 associates

before being detected at synapses
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Gephyrin is dispensable for GABAAR y2 clustering.  Danglot et al. Mol cell Neurosci. (2003)
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Hippocampal development & Synaptogenesis

1. Introduction to neuroanatomy

Neurulation
Differenciation : Forebrain-Midbrain-Hindbrain
Major structures of the brain

2. Hippocampus & the limbic system
Localization in human and rodents
General function
Connections and cellular populations

3. Formation of the hippocampus and dentate gyrus
Migration of excitatory neurons
pyramidal cells & granule cells
Migration of inhibitory interneurons

4. Dissociated hippocampal neurons in culture
The sandwich model of Gary Banker
Acquisition of neuronal polarity
Synaptogenesis

Lydia Danglot
Institut Jacques Monod CNRS 7592
Equipe Avenir Inserm T. GALLI

Module « Cellular Neurobiclogy & Development »
Magistére Européen de Génétique

UFR Sciences du Vivant - Université Denis Diderot Paris V|
22 septembre 2008 danglot@ijm.jussieu.fr
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Some interesting handbooks ...
ENGLISH VERSION FRENCH VERSION

3= édltmn

NEUROSCIENCE NEUROSCIENCE

a la découverte du cerveau

Mark F Bear Barry W. Connors  Michael A, Paradino

Viark I, Bear

Barrv W. Connors

Viichael A, Paradiso

~
Neuroscience: Exploring the Brain Neurosciences : A la découverte du cerveau
de Mark F. Bear, Barry W. Connors, Michael A. de Mark F. Bear, Barry W. Connors, Michael A. Paradiso
Paradiso Jéme édition
2006 - 857 pages
Editions Lippincott Williams & Wilkins Trduit par André Nieoullon

Editions Pradel
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ENGLISH VERSION

Neuroscience
De Dale Purves, George J. Augustine, David Fitzpatrick

Published by Sinauer Associates, 2004

FRENCH VERSION

Neurosciences

@[ ¥ ATE .n-!'|__

Neurosciences:

De Dale Purves, George J. Augustine, David Fitzpatrick
Traduit par Jean-Marie Coquery

De Boeck Université 3éme édition, 2005
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FRENCH VERSION

ME: JI a{i:_ﬁ f:..'hlq'l.
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L
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IROSCIENCES CONNEXI

M.].T. FitzGerald & Jean Folan-Curran




ENGLISH VERSION ENGLISH VERSION

third edition

Netter’s

Atlas of Human
Neurosaence Neuroanatomy

text and atlas

John H. Martin

INTERNATIONAL EDITION
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