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1. Comparative aspects of cortical
neurogenesis in vertebrates

2. Pallial neurogenesis in sharks
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Elaboration of the telencephalon in amniote evolution

A bird (songbird) Tolorcaphaion

A reptile (crocodile)

Telercephalon

pallium
3-layers cortex 6-layers cortex y b@ Hein

Birds, Reptiles Mammals Amammal human)

Telencuphelon

evolution :> Developmental |:> Huge diversity!

mechanisms shaping
telencephalon
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Elaboration of the telencephalon in amniote evolution

Birds
A bird (songbird) Teencaphialon
Hyperpallium, mesopallium & nidopallium ——
complex

« Pseudo-layereed structure
(different from mammals)

« Apparent layers generated
from VZ

Piritorm corex

[ Patum

Stinatum
Paldum
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Elaboration of the telencephalon in amniote evolution

Reptiles
Dorsal cortex with 3 layers - %
o

« Layers similar to mammalian layers |, V and VI st et olx-yorec
. dorsal cortex neocortex

« Upper layers lack neuronal subtypes found in
upper layers in mammals

A reptile (crocodile)

Teloncephalon

HR
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Neither birds or reptiles have homologues to the
upper layer pyramidal neurons

(@ %) UNIVERSITA | oz Opsimenos
MD NEUROSCIENCE- Gabriele Baj - gbaj@units.it Se s lie e et e



What are the major changes in mammalian neurogenesis?

Mammalian cortex has more neurons, numerous theories for this.

Hp Mammalian neocortex evolved from rearrangement of
(Karten) elements already present in ancestor vertebrates.

Predicts relocation of corresponding cell groups in ancestral species.

—

SUPPORTING REJECTING
CSUPPORTING C_REJECTING

Interneurons tangentially migrate into cortex from Tangential migration is not unique to
outside, but they only account for inhibitory, not mammals, also in birds and reptiles
excitatory neurons. GABAergic neurons derive from ventral

telencephalon
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What are the major changes in mammalian neurogenesis?

Mammalian cortex has more neurons, humerous theories for this.

Hp2 Extracortical neurons and cortical expansion occur de novo in
(Martinez- mammals, and it is required an accessory site of proliferation
Cerdeno,

Molnar) subventricular zone

intermediate progenitors
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Neurogenesis in the SVZ could increase the number of
neurons produced during development

WHEN? embryonic development
WHERE? VZ in all reptiles, birds and mammals

SVZ only in mammals (?)/bigger in mammals

SVZ |IPC

VZ radial glia (RG) 2-step neurogenesis

RG
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Neurogenesis in the SVZ could increase neural complexity

Neurons with different laminar fate

VZ radial glia (RG) SvetT
Cux1, CuxZ2
RG Tbr2
NeuroD
Ctip2

Thalamic inputs
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The SVZ & the expansion of the neocortex within mammals

2 s VZ: ventricular zone
In primates, SVZ have inner SVZ and g glors Yy ine e
iSVZ: inner subventricular zone
O ute r SVZ = /Mlgranng ool oSVZ: outer subventricular zone
A Deeper layer neuron 1Z: intermediate zone

A Upper layer neuron CP:  cortical plate

D>
>
D>

S s Yo

CP

1z &,@éwt

> DD

>p>

SVZ ¢

vZ J % by
Pl
Mouse developing Human developing
Young-Goo Han, 2016 neocortex neocortex
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The SVZ expansion of the neocortex within mammals

In primates, SVZ have inner SVZ and outer SVZ: different markers.

GW17.3

B HOPX/CRYAB

TUUNmM
D CRYAB {OPX HOPX/CRYAB

GW155

GW14.5
GwW13
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100um

Nowakowski, 2016
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Conserved neuron number in the cortical column

In mammals, cortical neurons are organized in mini-columns.

The ratio neuron/glia is decreased in primates compared to mouse, and
increased in mammals compared to other species.

A. B.
Neuron Counts Neuron/Glia Ratio
1000, = Macaque 10 m Macaque
200 - oMouse 8 o Mouse
600 4 61
400 4]
200 5] '
0 K — ] 0 ] ) — ! — ! —_— 1 —
£ : £ 5
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The SVZ and the tangential expansion of the neocortex

Transformation from lissencephalic 2 gyrencephalic.

Relative size of SVZ and duration of
SVZ proliferation correlates with
tangential expansion of the cortex.

Capybara
(Hydrochaeris hydrochaeris)

1cm

5 mm Potto 1cm Guinea Baboon
(Perodicticus potto) (Papio hamadryas)
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The SVZ and the neural complexity within the mammal cortex

Tangential expansion associated with unique neuronal subtypes.
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The SVZ and the neural complexity within the mammal cortex

Tangential expansion associated with unique neuronal subtypes.
|
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The SVZ and the appearance of a six-layered cortex in
mammals

Turtles: 3-layer cortex, with neurons similar to mammalian layers |, V, and VI.

Does the turtle have SV/Z?

EXP:IF anti-phospho-histone H3 in E18-E25 in turtle embryo.
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The SVZ and the appearance of a six-layered cortex in
mammals

Turtle E25 Chick E8 Rat E15

Turtles have a VZ, but do not have a well organized SVZ.
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The subcortical SVZ in mammals and birds

SVZ has been identified in subcortical regions of mammal and bird
telencephalon.

Birds: Hyperpallium

Mesopa\lium

, : Dorsal ventricular ridge (DVR)
Nidopallium

Striatum & pallidum
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The subcortical SVZ in mammals and birds

Birds: Mammals:
SVZ absent in the hyperpallium SVZ in the LGE &MGE appears
But present in ventral telencephalon. before the pallial SVZ.

Subpallium does not form a
parallel band to the VZ.
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Spatial and temporal organization of the avian SVZ

EXP: pH3 to label mitotic cells in chicken.

(”'vz Striatum Nidopallium Mesopallium Dorsal Cortex

.. .. |

Fig. 5 Reconstructions of the H3-immunoreactive nuclei in an E8 chick
telencephalon. (A) Confocal microscopic reconstruction of a coronal
section of an E8 chick brain. Phospho-histone H3-labelled cells (red) were
counted in 100-um bands running perpendicular from the VZ (dotted
yellow lines). Nuclei are labelled with bisbenzimide (blue) and are most
dense at the VZ. The outline of the section can be observed in the green
channel. Bar, 200 um. (B) Phospho-histone H3-positive nudei were
counted in three 100-um bands from each region. Note that H3-labelled
cells (white) cluster in the VZ (within 20 um of the ventricle) and in the
SVZ starting around 90 um from the ventricle (red arrows)

Where is the SVZ present in chicken?

" 'Pia

S WEWLI I1VWI .".-.v JuITIICcE Uelia vila
o0

DITRIESTE




TF expression in the pallial and subpallial SVZ

Chick Mouse

E6 E12.5 E16.5

Fig. 7 Molecular markers may distinguish the
pallial and subpallial SVZ in chick. in situ
hybridization for Tbr2 in chick demonstrates
that Tbr2 expression reaches the proliferative
zone of the DVR at E4.5 and E6 (white arrows
in C,D), and Tbr2 is excluded from the
subpallium (A). In mice, Tbr2 expression reaches
the cortical proliferative zone at E12.5 and
E16.5 (white arrows in C,D). Tbr1 expression is
confined to the periphery and restricted from
the subpallium in chick (g,F) and mouse (G,H).
Sox-9 is expressed all along the chick ventricular
zone, but is only expressed in the subpallial SVZ
at E7 (), ES (J) and E11 (K). Dach2 is expressed
inthe subpallial SVZ at E11, but also appears to
express along the pallial SVZ described in this
paper. Panels A-H from Bulfone et al. (1999);
panels I-L from Szele et al. (2002).

Tbr2

Thbrl

Sox-9
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Comparing sites of proliferation in chicken with reptiles and
mammals -
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Could the pallial SVZ in birds be associated with the evolution
elaboration of the avian telencephalon?

A range of adult bird species show that the size of some regions correlates
with ecological and cognitive specialization.

Inside-out (radial unit) sequence of layer organization in mammals, does
NOT exist in non-mammalian amniotes.

IPCs evolved maybe independently in mammals and sauropsids.
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Introduction

Dorsal pallium in vertebrates

Absence of layers Amphibians and fishes
3 layers reptiles
6 layers mammals
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mammals

Neurogenesis

CR Cajal-Retzius neuron
cp Cortical plate
En Embryonic day n (mouse) p
P Intermediate progenitor 9/
1Z Intermediate zone
Ln Neocortical layer n o
MZ  Marginal zone J
NP Neuroepithelial progenitor . ]
PP Preplate J ‘
RGC  Radial glial cell ] ;
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Gliogenesis

Figure 2. Neurogenesis and neuronal migration in the mouse neocortex.

MD NEUROSCIENCE- Gabriele Baj - gbaj@units.it

! DEGLI STUDI

DITRIESTE

Scienze della Vita



Neurogenesis
mammals
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P Cortical plate
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Figure 2. Neurogenesis and neuronal migration in the mouse neocortex.

Migrating neurons Tbr1

Mature neurons Tbr1
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Neurogenesis

& VZ  observed in reptiles, amphibians and teleost fishes

SA

Pallial SVZ  Clearly observed in some reptiles and mammals.
Here, the authors show sharks have it.
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Species in this study: Scyliorhinus canicula Cartilaginous fishes

- UROCHORDATES Chondrichthyans

shark, skate, ray

CHORDATA - CEPHALOCHORDATES Actinopterygians
ambhioxus Ray-finned fish
P (e.g. Zebrafish)
AGNATHA Dipnoi
— (Cyclostomes) fleshy-finned fish
- VERTEBRATES Hagfish, lamprey Actinistia
4 radiations — Sarcopterygians
— GNATHOSTOMES
__ Tetrapoda
« Amphibians
« Mammals
« Raptiles
« Birds
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AIM

Study the evolutionary mechanisms of pallial neurogenesis,
the existence of IPCs and of SVZ and of glutamatergic
ineage transcritomic program in the shark.

This will tell us if some neurogenesis mechanisms were
present in the common ancestor of gnathostomes.

.....
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Methods

Developmental stages: S28-S29 early neurogenic phase

* Telencephalon subdivided in pallial domain (Pax6)
» & subpallial domain (GAD65/67)
« 528-531 comparable to E10.5-E14.5 in mouse

S31-S32 mid-neurogenic phase
+ Telencephalon is maturing (Pax6 still in VZ, narrower)

Immunohistological techniques
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Early stages of development: characterization of pallial progenitor cells

ScSox2 at S29

MERGE

Do they proliferate?

PCNA
GFAP
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Early stages of development: characterization of pallial progenitor cells

Pax6 soaEe
s Paxé expression
STy
- ?‘
M
. .PSPB
_'-’
¥
SP
F
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Exploring the existence of a SVZ in sharks

S30 S30 .ﬁ#"‘?""’ .
ScSox2 scsoxz/qcx}‘n,z Bty :\g Do they proliferate and
A };__,--ff - where at S30?
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Exploring the existence of a SVZ in sharks

Do they proliferate and where at S307? | e .

I BrdU pulse |

A Fixed at 24 h

BrdU administration at S30 for 2.5 h

¥

analysis after 24h or 10 days (S31)

BrdU located in VZ but also in SVZ
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Study of neurogenic transcription factors in S31 and S32

S31 o s31 831 s31

1 5 PaxB7s o ___ ScTbr2 ¢ ScN = Tbri
S31 mid-neurogenic phase r{\ 7 g’m

» Paxé still in VZ, narrower

A — &9 — == b —
» Numerous Pax6+ cells outside VZ ssaaal T UE s 532 532
Pax6 « L Sch'r'_z_f--~ Jy ScNeuroD ; Thr1
A T——— J ¥ ¢ 5
. . o i | ;
» ScTbr2 expressed in a band above - N % ,
Pax6+ cells h

» ScNeuroD & Tbr2

S32

» Pax6 not expressed anymore in the VZ

» ScTbr2, ScNeuroD & Tbr1 not in the VZ i
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Discussion and Relevance

A cartilagenous fish show evidence of SVZ similar to reptiles and mammals:
what is the relevance of it?

Cartilagenous fishes are an important taxon to study early vertebrate
pallium.

Genome of cartilagenous fishes have evolved very slow.

SVZ might be very ancient!

Radial migration takes place in a similar way to mammals and birds
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Comparative Histogenesis (Il)
Neurogenesis in Zebrafish and in Xenopus
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Lecture 8:

Comparative Histogenesis (l):
Neurogenesis in Zebrafish and in Xenopus

e ™
1. Neurogenesis in Zebrafish

2. Neurogenesis in Xenopus
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Schmidt et al. Neural Development 2013, 8:3
http//www.neuraldevelopment.com/content/8/1/3 _ N eural
ol Development

REVIEW Open Access

Neurogenesis in zebrafish — from embryo to adult

Rebecca Schmidt, Uwe Strahle and Steffen Scholpp’
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Species in this study: Danio rerio

- UROCHORDATES

CHORDATA =~ CEPHALOCHORDATES

amphioxus

- VERTEBRATES ——

4 radiations

AGNATHA
(Cyclostomes)
Hagfish, lamprey

Cartilaginous fishes

— Chondrichthyans

shark, skate, ray

— Actinopterygians
Ray-finned fish
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(e.g. Zebrafish)
’ Dipnoi
fleshy-finned fish

Actinistia
J— Sarcopterygians
Tetrapoda
« Amphibians
« Mammals
* Reptiles
« Birds
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Neurogenesis in Zebrafish

* Neural induction by extrinsic factors

* Intrinsic factors

*  From neural plate to neural tube

* Initiation of neurogenesis by bHLH factors, the E(Spl) family
« Early anterior-posterior patterning of the neural plate

* The thalamus neurogenesis in zebrafish
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Neurogenesis in Zebrafish

* Neural induction by extrinsic factors
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Neural induction by extrinsic factors

Noggin & Chordin

Cerberus
Fof

Neural induction

BMPs
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Neurogenesis in Zebrafish

 Intrinsic factors
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Intrinsic factors

SoxB1 (e.g. Sox2)
Specification of embryonic ectoderm into type A

neuroectodermal lineage (in vertebrates)

In zebrafish:

Sox1 (a/b), 2, 3, 19(a/b) Blastula stage

Sox2 NSCs
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Neuronal type

Morphology

Typical marker
genes

Description

Influencing,
external cues

Stage of first
apperance
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SoxB1
(e.g.Sox2)

v
BHLH/E(Spl)
(e.g. Her6)

Notch positive, highly
proliferating, embryonic
neural stem cell of e.g. the
ventricular zone of the
neuroepitelium

Induction: Fgf signaling
Maintenance: Wnt signaling(?)

10hpf (tailbud stage, early
somitogenesis)
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Neurogenesis in Zebrafish

« From neural plate to neural tube
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From neural plate to neural tube

hindbrain spinal cord cell and tissue organization
A A’

~ -~ h—-—«‘_‘-‘ ~

-

cell and tissue
convergence

neural plate
10-11 hpf

cell elongation
and intercalation

neural keel
12-13 hpf

neural rod

polarized midline
cell division

apical
enrichment

neural tube

polarized neural tube
neural and lumen formation

tube

o
o
o}
a
©
s
=3
o
c

organization
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From neural plate to neural tube

——

<l
T T
- 1 s~

AN @) UL

//‘ = &Ufal D‘a:e notochord §‘?

ot i Basal self-renewal regulated by Notch

\ Interkinetic nuclear migration

/,’,{ﬁgs::;“""i:.j%\ U N IVE Rs ITA oL Dipartimento di
¢ DEGLI STUDI g%, Scienze della Vita

DITRIESTE Y

7]



Neurogenesis in Zebrafish

* Initiation of neurogenesis by bHLH factors, the E(Spl) family

.....
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Neurogenesis in Zebrafish

« Early anterior-posterior patterning of the neural plate
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Early anterior-posterior patterning of the neural tube

Whnt
E%fdal in neural plate primordium

Retinoic acid

in Zebrafish

Tgf3 & axin — anterior patterning and eye

ANB anterior neural boundary  * organizer to pattern the anterior

neural plate

* releases SFRP—% Wnt
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Early anterior-posterior patterning of the neural tube

MDO mid-diencephalic organizer —— Shh

A wnt B Shh

>

MHB isthmus rhombencephali organizer ——  Fgf8
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Neurogenesis in Zebrafish

« The thalamus neurogenesis in zebrafish
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The thalamus neurogenesis in zebrafish

In the thalamus, neuronal differentiation progresses from posterior to anterior
(neurogenetic gradient).

MDO — Shh ~—— neurog] —_— neurogenesis

E(Spl)

Heré6+ domains remain separated and will undergo delayed neurogenesis
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Neuronal type

Morphology

Typical marker
genes

Description

Influencing,
external cues

Stage of first
apperance

Neurogenesis in the embryonic thalamus in zebrafish

SoxB1
(e.g.Sox2)

v
RHLH/E(Spl)
(e.g. Her6)

Notch positive, highly
proliferating, embryonic

neural stem cell of e.g. the

ventricular zone of the
neuroepitelium

Induction: Fgf signaling

Maintenance: Wnt signaling(?)

10hpf (tailbud stage, early

somitogenesis)

Delta

(e.g. Delta A)

&

BHLH v
(e.g. Neurog1,
Ascl)

miR-9(?)

Proliferating, neural
progenitor cell of the
ventricular and
subventricular zone

Induction: Shh signaling

Induction: Shh signaling

20hpf (late somitogenesis)

Lhx
(e.g. Lhx2/9)

v

Id2a, Lef1,
HuC

Young post-mitotic
neurons of the mantel
layer

Induction: Wnt signaling

30-42hpf

VhEVLI 91 VWI

DITRIESTE

Neurotransmitter
marker

(e.g. GAD1, VgluT)
&

lon channels

(e.g. Cav3.1)

Mature, post-mitotic, axon-forming
neurons with defined
neurctransmitter properties and
electrophysiological characteristics
of thalamic nuclei

Induction: intrinsic(?)

48-60hpf
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Species in this study: Xenopus laevis Cartilaginous fishes

- UROCHORDATES — Chondrichthyans
shark, skate, ray
CHORDATA == CEPHALOCHORDATES — Actinopterygians
ambhioxus Ray-finned fish
P (e.g. Zebrafish)
AGNATHA Dipnoi
— (Cyclostomes) fleshy-finned fish
- VERTEBRATES = Hagfish, lamprey Actinistia
4 radiations J— Sarcopterygians
— GNATHOSTOMES —
| Tetrapoda
Amphibians
‘ Mammals
* Reptiles
» Birds
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Xenopus embryonic and larval development

TABLE 1 | Xenopus laevis developmental timing at 23°C.

£ T N i = 5) e i,A 5} ¥ ”\4'-"";“'\ =) 8,7 > —, > f‘@f
Stage 28 Stage 31 Stage 35-36 Stage 37-38 Stage 40 Stage 42 Stage 46 Stage 54
1 day, 8 hr 1 day, 13 hr 2 days, 2 hr pf 2 days, 5 hr 2 days, 18 hr pf 3 days, 8 hr pf 4 days, 10 hr pf 26 days pf
30 min 30 min pf 30 min pf
Early embryonic stages Late embryonic stages Larval stages
Neural tube appearance Before telencephalic Incipient telencephalic Telencephalon evaginated
evagination evagination

—
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Xenopus larval development

e - :’Z‘?ﬁ
St 5254 \ St56
Pre-metamorphosis Pro-metamorphosis Metamorphic climax
(St 46 - 52) (St 43 - 58) (St 59 - 65)

Metamorphosized juvenile
(St 65 - 66)

& " } UNIVERSITA A Dip?rtimentodi .
MD NEUROSCIENCE- Gabriele Baj - gbaj@units.it il ieur P it il



Pallial boundaries during development

fisl1 Isl1 :
5t 37138 Tbr1: marker of pallium

 Pa

Is|1: marker of subpallium
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Ventricular limits and mitotic cells

St 37/38

DAPI: to localize chromatine content
& localize mitotic cells
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Mitotic rate

= Pallium

g.
A

PH3+cells/area
8

d Tt e
—

st 37/38 42 46
Developmental stages

54

PH3+cells/area

M Subpallium
= Pallium

300
200 4
100

ns
ns
0 4 . ns
-] =

st 37/38 42 46 54

Developmental stages

PH3+cells/area

160

.

st

Dorsomedial pallium
I Ventrolateral pallium

ns

ﬁ

v
ne
H
el
42 46

Developmental stages

37138

54
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Proliferation analysis with BrdU

A e A R
‘\;}r\( 7 <) ) g% A’\:"‘) o ""'“m-‘“ f =)
St 28 St 31 St 37/38
"BrdU L T

st 40 BrdU/PH3/DAPI

Brdﬂ‘St 28 A
&

St31.% BrdU.St28
,._.7’,DM s DM
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Proliferation analysis with BrdU and neuronal birth

- : T e
: =i > J;:\Q&W ‘L -)‘5‘"@*
\ St 52-54 \ St 56
" '
15d 30d 60d  Fix

BrdU Fix Fix Fix

BrdU 24h  st46| Brdy15d - st 50 | Brd0 30d, st 52| BrdU 60d
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|dentification of progenitor cells at embryonic stage:
BLBP, Lhx2, Sox2, Paxé

ILhx2

st 37/38

BLBP
Sox2 RG cells

Paxé

Lhx2

Tbr2 sparse
distribution
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|dentification of progenitor cells at embryonic stage: Sox2, Dcx

SOX2
st 37/38

43@/\(2 ﬂ.
4‘} [:_]

p\%
SPa
*Q""“ 3 —”’3
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|dentification of progenitor cells at embryonic stage: Sox2, Dcx, PH3

IPH3 st 37/38
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|dentification of progenitor cells at larval stage: Lhx2, Pax6, BLBP
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|dentification of progenitor cells at larval stage:
Sox2, Dcx, BLBP, PCNA, PH3
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|dentification of progenitor cells at larval stage:
Sox2, Dcx, BLBP, PCNA, PH3
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|dentification of progenitor cells at larval stage: Tbr2 (SVZ?)

IBLBP ‘st 54
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DP Pax6 DP IPax6
st 54 MP . st 54 MP ¢+ st 54 P
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DERT/S0 Embryonic stages ez Larval stages St 52-54

“~— BLBP radial glial cells .— BLBP/Sox2/Lhx2/Pax6/mitotic Pax6/Lhx2
(D Brdus cells )y~ Sox2/DCX/mitotic z Paxe

Lhx2
=== Mitotic rate (-~ Sox2/DCX Tobr2
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2,3
BIRDS
Radial glial cells
q\p Pax8 vZ
q Intermediate
J progenitors SVZ
: O A

Thr2 Intermediate progenitors vs Thr2 postmitotic cells

"2 MAMMALS

O Radial glial cells
\) Pax6/Lhx2/Sox2

o Thr2 Intermediate
J progenitors SvVZ
Synapsids

AMNIOTES >

TURTLES *°

23

O Radial glial cells
Pax6

D Tbr2 Intermediate 2
\) progenitors sSvVz

LIZARDS

Radial glial cells
Sauropsids Q) Pax6 vZ

4
AMPHIBIANS

Radial ghal cells VZ
Q Pax6/Lhx2/Sox2

q Intermediate SVZ
\) progenitors

V Tbr2 postmitotic cells

TETRAPODS »»

Q\) Radial glial cells VZ

Pax6

q Intermediate sSVZ?
‘_) progenitors?
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