H2

Vyvoj nervoveho systemu




Osnova:

Neurulace

Neuralni lista a jeji derivaty (Neural Crest and its
derivatives)

Specifikace jednotlivych bunek v CNS (Cell fate
specification in the CNS) — dorso/ventralni a anterio-
posteriorni

Bunecné typy a jejich vyvoj (basic cell types in the
developing nervous system), radialni glia a jejich funkce

Navadéni a konektivita axonu (axon guidance, dendritic
branching etc.)




Wikipedia:

Neurulation is a part of
organogenesis in vertebrate
embryos. Steps of neurulation
include the formation of the
dorsal nerve cord, and the
eventual formation of the
central nervous system. The
process begins when the
notochord induces the
formation of the central
nervous system (CNS) by
signaling the ectoderm germ
layer above it to form the thick
and flat neural plate. The
neural plate folds in upon itself
to form the neural tube, which
will later differentiate into the
spinal cord and the brain,
eventually forming the central
nervous system.

Neurulace

B L




Klicova role notochordu pfri indukci neurulace

Neurulation

Neural plate  Neyral fold

Notochord

Epidermis

-

Crump Institute for Biological Imaging

notochord (= chorda) produkuje faktory, které specifikuji ektoderm a vedou ke tvorbé
nervove ploténky (neural plate). Jde zejména o nasledujici faktory: noggin, chordin a
follistatin (inhibitory BMP a aktivinu). Samotna produkce téchto BMP inhibitora specifikuje
anteriorni (pfedni) nervovou trubici, v kombinaci s FGF specifikuje posteriorni (zadni)
nervovou trubici.




Konvergentni extenze (convergent extension) pri

neurulaci
Conergence
—— ITIEdiEl”}'-'I— Fostral
A1 [
alo
Caudal B ~ r-::ls{rgocaudal
axis

Lateral hedial Lateral

Caudal

Konvergentni extenze — migrace bunék
smérem ke stredu téla — vede k prodluzovani

télni osy

Apical wadging
ol nauroepithaliurm

Contnuing
comargent extnsion

7 Shaping of latarabdorsal
naural iissun




Dusledky narusené konvergentni extenze (CE) pri
neurulaci: vedou k neuplnému uzavreni nervove

trubice a vzniku vyvojovych poruch

Exencephaly

—

Poruchy uzavreni nervové
trubice jsou jedny z
nejcastéejsich vrozenych
vyvojovych vad u cloveka.

Open neural tube, spina bifida etc.




Nervova lista (neural crest)

- populace bunék, vznika

z dorsalni (= horni)
strany nervove trubice
procesem delaminace a
migruje nekolika
hlavnimi cestami do
jinych Casti embrya

Dorsal

epldermis

o U @ neural
o % & crost
@ .. ;ﬁcells
neural tube

Wentral




Co vSechno z NC vznika?

- podil na vzniku cca 40 ruznych tkani a organu

1. ObIaSt tru pu: Neuralni lista A L Melanocyt
" N A - Schwanrova.
.y V4 v plﬂa ni by .-" L Tk Lo
* Neurony a glialni bunky ganglion / ¢ Sateliib,

Neuron

senzorickeho, sympatickeho
a parasympatickeho

SySté mu F _ Postgangl.

neuran

« Bunky drene nadledvin

- Chromafinni b.
* Pigmentove bunky
epidermis

.- Y":‘xﬁ Prevertebrilni
] y . ] Neurony ', 4 Y/ plexus
« Svaloveé bunky nékterych sympatiku Entericky "

cév plexus = Parasympaticky
B.M. Carlson (1999) m”’“”ﬁ

-




Co vSechno z NC vznika?
2. Oblast hlavy:

chick skull:

M neural crest

Tha neurnl creal (2. nd. 1888)

 Lebka: kosti | chrupavky predni casti

« Zaberni oblouky + jejich derivaty

« Zaklad zubu

* Nékteré smyslové organy (€asti oka, chutovych poharku)




Bunecne procesy pri tvorbe bunek nervove listy

specifikace — diky vysokym
hladinam faktord BMP a Wnt v
dorsalni nervové trubici

delaminace — proces
epithelialné-mesenchymalni
transice (EMT) = snizeni
adhezivnich vlastnosti bunék
(napf. downregulace kadherinu)
a ziskani ,migracniho”
charakteru. Determinovana
transkripCnimi faktory
regulujicimi EMT — napf. Slug
nebo Snail.

migrace — v nékolika hlavnich
drahach (viz dale). Dusledkem
migrace je tvorba tzv. dorsal root :
ganglia (DRG), kde mnoho Neural crest stem cells (blue) are generated in

bunék NC zUstava po cely zivot. the dorsal region of the neural tube where they
undergo an epithelial-mesenchymal transition,

delaminate and migrate into the periphery.




Hlavni migracni drahy bunék neuralni listy

a E?

‘ Sensory |
lineage |
eage Melanocyte

|Lnease -

Dermamyotome

Meural tube

¢ EI2-birth

skin

M\

Spgall “% .
cord | /8 \
I'a

/ CRG

y

| o |

——
I". a C-”) OSyrﬁpathEht
=7 "=, chain

!: Gut

Melanacyte i:neage
== Autonomic lineage
2 Multipotent NCCs
ﬂ Fropricceptive neurons
‘ﬂ‘ Mechanoreceptive neurons |

@ Naociceptive neurons

Soina
corad

Mature Reviews | Meuroscience

a | Trunk neural crest cells (NCCs)
delaminate from the dorsal neural tube and
migrate along a ventral pathway to produce
cells of the dorsal root ganglion (DRG;
sensory lineage), and sympathetic and
enteric neurons (autonomic lineage). Other
cells take a dorsolateral pathway, colonizing
the skin with pigment cells (melanocytes). b |
During migration and shortly after coalescing
into a DRG, NCCs commit to a sensory and
neuronal fate and diversify into principal
sensory subtypes such as nociceptive,
mechanoreceptive and proprioceptive
neurons. ¢ | Only after neuronal subtypes are
specified are modality-specific central fields
of terminations established. Modality-specific
terminations are outlined schematically, with
nociceptive neurons terminating in the dorsal
horn, mechanoreceptors in deeper laminae
of the dorsal spinal cord, proprioceptive
neurons in the intermediate zone (Golgi
tendon organ Ib afferents and muscle spindle
la afferents) and in the ventral spinal cord
horn (muscle spindle la afferents). E,
embryonic day.




Slug/Snail

« Slug - aktivni ve formaci
prekurzord bunék neuralni listy,
jejich delaminaci a migraci

« cilem molekuly cadherinu —
snizeni produkce N-cadherinu,
E—cadherinu, N-CAM,
cadherinu 6B

) Snail




Wnt signaling pfi vyvoji neuralni listy

control mutant

Neural crest
progenitor
ngn2-positive
Sensory
precursor

Melanocyte
precursor

Neural crest
progenitor

Y ngni-positive
Sensory
precursor

Sensory
neurons

v Melanocytes

Hari, L. et al. J. Cell Biol. 2002;159:867-880




Dorso-ventral a anterio-posterior
patterning

* nervovy systém u Cloveka obsahuje asi 100
miliard (=1x10'") nervovych bunék, které mezi
sebou maji asi 1x10'* synaptickych spojeni

« pro ustaveni tak slozité a funkcCni struktury je
nezbytné nutneé definovat pro kazdy neuron
polohu (patterning), identitu (cell fate) a ustavit
ta spravna synapticka spojeni.




Dorsoventral patterning neuralni trubice — rozpustné
morfogenetické faktory determinuji spodni a horni Casti
nervove trubice a vedou k ustaveni jedinecneho
transkripcniho kodu (a identity) pro bunku v kazdeé poloze

Dorsalizujici faktory

Panged

nhibitor
MKkxE. 1, Oligo2, Pacs!ow

BMP

(noggin,
chordin)

NExG.1, Nkx2 2
=hh, FoxAld

ventralizujici faktory
produkované notochordem floor plate (FP) —
nejspodnéjsi €ast
nervové trubice




a

Dorsalni a ventralni specifikace je zachovana ve
vsech castech NS

Telencephalon  Midbrain
Cerebellum

=
—

| Spinal cord

et - bk, JE— .
LL ,"““ < xe; - - a | Schematic of the embryonic
o g .
F: N e <l vertebrate CNS showing dorsoventral
. T e d Darsal Dorsal root ganglion tterning alona the entire neural axi
| :‘;} _1Eye interneurons EENS0FY NEURONS patie g alo g_ € entire neural axis.
\ . l“-c;,- = P ] — b—d | Cross-sections of telencephalon
h [y e . * L el .
,‘51 = | & "\ \ .| R £ (b), eye (c) and spinal cord (d). Yellow
—— [f J_,f'-" \H — indicates the most ventral territory, pink
i A
e v ] the next most ventral, and blue
\\ \ /} ( Ventral indicates dorsal. b | The cerebral cortex
Ny \ nterneurons primordium forms dorsally, the lateral
4 \} i neand gqngllor_nc eminence or s_trlatal _
- primordium forms in the intermediate
LT I o . . .
™ = zone, and the medial ganglionic
: eminence or pallidal primordium forms
b o — Lerebral c T D““’T_' ’E“”ﬁl ventrally. ¢ | In the eye, a dorsal retinal
o ~— - - e 3 . . .

Vi e loabas Yo latersl 200 = dandion ce ganglion cell projecting out of the eye
-' = ) Ry / N towards the lateral tectum is shown in
-~ s i £l I\"\. ﬁ.;-\. . .

\ [‘ 1 J / =N blue, and a ventral retinal ganglion cell

I h . . . .
L f;—,f-Lamral TS Y projecting to the medial tectum is
L 4 | ganglionic | Lens | | shown in red. The optic stalk is in
A \‘. Ly ol :;’::'I:':“L:‘;:; : Vs / yellow and the choroid fissure is not
\\H o A =\ A/ & Venral shown. d | In the spinal cord, motor
= Medial ganglionic To medial }I\w . ,f,:':?* ritlllﬁTilnn neurons form ventrally, interneurons
eminence (pallidum) |+ | tectum — EE“EI form throughout, and the axons of

sensory dorsal root ganglion neurons

Copyright & 2005 Mature Publishing Group enter dorsally.
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Summary —
neurulation, neural
crest formation and

dorso-ventral

patterning

Neural plate Slug

Bﬂ:;? _ BMP-4, A
Future neural BMP?
crest
MNotochord BMPs Slug Neural crest

"
%,

Roof plate
BMPs

MNeural crest o

Alar plate

Basal plate

Motoneurans

Figure 10-8 Darsal and ventral signaling in the early central mervous system. A, Signals from sonic
hedgehog (Shk] (arange armous ] in the notochord induce the Hoor plate. B, In the dorsal part of the future
neural tube, BMP-4 and BMP-7 (green arrvas ) from the ectoderm adjacent ta the neural whe induces sheg
in the future neural crest and maintains Pax-3 and Pax-7 expression dorsally. Ventrally, sonic hedgehog
now produced by the floor plate, induces motoneurons. C, Sonic hedgehog, produced by the floor plate
suppresses the expression of dorsal Pax genes (Pax-1 and Pax-7) in the ventral half of the neural whe




Antero-posterior (A-P; predozadni)

Pochopeni
mechanismu
definujici AP nam
umozni pochopit, jak
vznika z jednoduché
trubice slozita a
diverzifikovana
struktura CNS

)
N

patterning
Budy of Formix 2SS %2/ ‘:ﬁ:::m il os o
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Jednotlivé segmenty nervove
trubice inervuji odlisSné organy
a maji odliSnou funkci
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Poloha v predo-zadnim smeéru je primarné uréena kombinaci exprese
jednotlivych homeotickych (Hox) gend.




« a morfogenetickymi faktory definujicimi predni a zadni Cast tela +
,organizery“ na rozhranich jednotlivych segmentu (napf.
midbrain/hindbrain boundary)

retinoic acid, FGF

—

B Egs

%b; organizer €S !-f'f i

@ region — Oted

— Wnti

Otx2 = E,-,-f

27 W ertiéjz‘x.? - Pax?

Y

X T

L En2.Pax5 Nz, Paxd

At E9.5 Whnt1 expression is restricted to a narrow ring anterior to the mid/hindbrain junction. Pax2,
Fgf8 and Gbx2 are expressed in narrow rings caudal to the mid/hindbrain junction. En1, En2 and
Pax5 are expressed in regions of the midbrain and anterior hindbrain. The thick lines indicate that
expression is along the entire D-V axis and the thin lines indicate that expression is only in the dorsal
or ventral midline of the neural tube.




Neural lineage
(zjednoduseno) “"E“‘“‘“@:_
‘ i
* neurony — pfenos signalu pmgmm@ 3 h@)

glialni bunky — vyzivuiji,
mechanicky podporuji a chrani

neurony = !
« Hlavni typy glii:
a) oligodendrocyty — produkce lineage restricted progenitor cells

myelinu v CNS Qj Oj @3
b) Schwanovy bunky — o_f'
myelinizace v perifernim

nervstvu 4 ¥ I

c) astrocyty — nemyelinizujici
glialni bunky v CNS

d) mikroglia —bunky imunitniho S
systemu specializovane pro
funkci v CNS | "I\

Oligodendrocyte Astrocyte Neuron




Neural lineage
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Radial glia —
scaffold for cells
In the developing

CNS




a Symmetric progenitor divisions b Asymmetric neuragenesis
(radial unit hypothesis)

4 [A

i Y T
Ventricle - i V7 "&3&1 IH‘.D R}Déja
o] JEtE T

Re—, -

Ventricle

C Symmetric neurogenic expansion {intermediate progenitor hypothesis)

Pia
CP
l'- o
a a
AU J \I"}:

VL

Ventricle

Copyright @ 2006 Nature Publishing Group
Mature Reviews | Meuroscience

Schematic drawings illustrating
division patterns observed in the
embryonic cortex during
development. a | Symmetric
progenitor divisions in the ventricular
zone (VZ) increase the founder cell
(radial glia (R), green) population. b |
Asymmetric neurogenic divisions in
the VZ will yield self-renewal of radial
glial cells and produce neurons (blue)
destined for different layers in the
cortical plate (CP), thereby resulting in
a radial array or column of neurons. c
| The left panel shows symmetric
neurogenic divisions of 'intermediate
progenitor cells’ (yellow) in the
subventricular zone (SVZ) resulting in
the amplification of cells of the same
type that have the same birth dates
(illustrated by numbers in the cells)
and occupy the same cortical layer.
The right panel shows that additional
symmetric progenitor divisions in the
SVZ before terminal neurogenic
divisions would further amplify the
number of cortical neurons generated
for a given cortical layer, without
requiring the presence of more radial
glial cells in the VZ. Numbered cells
1-4 represent the neuronal progeny
produced by four sequential radial
glial cell divisions.




Dynamika vyvoje mozkové kury
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Embryonic day

Copyright © 2006 Nature Publishing Group
Mature Reviews | Neuroscience

This schematic drawing provides an approximate representation of the appearance and relative size of cortical
structures between embryonic day (E)12 and E22 in the rat. At the onset of cortical histogenesis, the ventricular
zone (VZ, blue), or neuroepithelium, is the only structure present in the cerebral cortex. Elements of the preplate
(PP, yellow) appear above the VZ between E13 and E14. The subventricular zone (SVZ, dark blue) appears above the
VZ, and beneath the PP after E14. After E16, cortical plate neurons migrate into the PP, splitting this structure into
the superficial marginal zone (MZ) and deeper subplate (SP), and in doing so form the cortical plate (CP, green).
Elements of the intermediate zone (IZ, light blue) invade the cerebral cortex at E16. The asterisk indicates the stage
at which SVZ and I1Z elements are intermingled in the same layer. The cortical layers | — VI and the white matter (WM)
are depicted on the right margin of the scheme. P0, postnatal day 0. The cortical structures were drawn to scale

based on unpublished observations (S.N., V.M.-C. and A.K.) and measurements taken from sagittal sections shown
in Ref. 94 © (1991) Raven.




Aktivace [3-cateninu ve vyvijejici se mozkové trubici:

midbrain (Brn4-promotor) cortex (nestin enhancer)

L)
i
.'

Zechner et al., 2003: Dev. Biol.;258:406-418. Chenn & Walsh, 2002: Science;297:365-369.




Navadéni axonu (axon guidance) — proces(y), kterym je
vznikajici axon navadén k cilovym neuronum, se kterymi
pak navazuje synapticka spojeni

AXON GUIDANCE

' Altractive :

> R (P fﬁhm

The axon navigates by sensing attractive and repulsive —y COone ﬂ ‘,-I.l
signals that influence the leading edge of the axon, cakad Hepulsive
the growth cone. The growth cone consists of a sanes of \\“3 signal
finger-lke propctons caled filopodia. Projections that Repulshve _
primarily recaive repulsive signals shrink and collapse. sgral Filopodia

Thosa that racane attractive signaks continue 1o expand,
ultimatedy adopting the roba of an axon and forming thair
o growth cones,

Within a growth cona, tha signals ingger responsas that At
can include: i

» destruction of existing proteins
+ franslation of messanger RMAS Into new protains

» mambrane cycling, which changes the ssat of proteins
prasant on the growth cona's surface.
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Molekuly regulujici axon guidance
(viz takeé prednaska C. 8):

° netn ns Eph/ephrin systém
. pfi ,axon guidance” tj. navadéeni
o eph rnns jednotlivych axonl v nervovém
systéemu
¢ Semaphorl nsS - axon repulsion tj. vazba ephrinu na
Eph indukuje odklon axonu z mista,
° kIaSleé morfogeny kde k této interakci dochazi
(Wnt, BMPS, Retina Tectum
FG FS ) Masal  Temporal Anterior Posterior

Expression ot [ EphA3 [ Ephrin A2,
Ephrin A5




Molekuly regulujici axon guidance
(viz takeé prednaska C. 8):

 netrins Semaphorin/plexin systém

« ephrins - semaphorin (Sema4D) je
membranoveé vazany ligand,

« semaphorins ktery se vaZe na svUj receptor

 klasické (plexin nebo neuropilin)
morfogeny - aktivace vede k aktivaci
(Wnt, BMPs malych GTPaz (napf. RhoA), Plexin-B1
FGF , ’ prestavbé cytoskeletu a
S...) zméne ve sméru navadeni 2 __;
RhoR)  (Rhok)
— ‘epp \GIp/
GEF

PDZ-RhaoGEF




Neurogeneze

| i Wild type | ii Sema3A-'- I iii Sema3F--
or Npn-1-/- or Npn-2-~

Limb

0 Sema3dA I SemadF B Npn-1 (LMCI) B Npn-2 (LMCm) — — — Midline

SC-sympathetic ganglion
LMC-Lateral Motor Column

(m-medial;l-lateral)

Tran et al., 2007




Moznosti studia migrace — attractant/repelent assays

A-Tubulin

Attractant/repelent ———

Vector
(1:20)

&f ‘:t ly
i ?‘ \'1\_
{ |'_f'- 3
"\.
" Wnmi-AP L Wmti-AP
e +Ryk + Fzd3
Winll hindng assay
1.0 - &
0.8 ———
Fapi L
' i Winll bl HYK n'! 7850 nh
0.4 A Wit binds Frad, K, = 5381 aM
0.2

D 25 500 750 1,000
Conc. of Watl-AP

B—Tubulin




Neurotrofni latky — podporuji pfezivani neuronu — a tak reguluji
vzajemné propojeni nervovych bunék. neuron, ktery neni synapticky
spojen s jinym (a to tim spravnym zahyne)

Mature Reviews | Neuroscience
a | Neurotrophin signalling events initiated in developing axons signal retrogradely to neuronal cell bodies to inhibit intrinsic cell death pathways.
These signalling events also influence transcriptional programs that are involved in cell survival, axon growth, synaptogenesis, metabolism and the
establishment of neurotransmitter and neuropeptide phenotypes. b | The establishment of pre- and postganglionic synaptic contacts in sympathetic
neurons is influenced by retrograde nerve growth factor (NGF)-TrkA signalling. A potential synaptogenic signal downstream of retrograde NGF-TrkA
signalling is the neurotrophin brain-derived neurotrophic factor (BDNF). BDNF regulates the formation and maintenance of presynaptic contacts by
signalling trans-synaptically to TrkB receptors on preganglionic sympathetic neurons. ¢ | Neurotrophin-dependent axon growth is supported by both
local and retrograde signalling through the activation of mitogen-activated protein kinase (MAPK) and phosphatidylinositol 3-kinase (PI3K) signalling
pathways. Retrograde neurotrophin signalling also regulates axon growth and target innervation through the activation of transcriptional programs.




Priklad: Jak neurotrofni latky — napr. NGF=nervous growth
factor nebo NT3=neurotrofin 3 reguluji synapticka spojeni v
perifernim nervstvu

a Wild type

Small diameter neurons o
Peptidergic '
- | -

i_] Non-pepticengic

Proprioceptive neurons

TekC /Rt 1a afferent

\ Tk Runx 3 b afferant
' }
] NTS  puscle
#;,-f"; - _}ﬁfj)__-'fi:fu.:ule
. . 2y & - 3 ERB].
olgl tendon organ ST =~ B
nociceptory (receptory bolesti) — proprioceptory (receptory
jsou determinovany expresi TrkA polohy/napéti svalu) — jsou
a prezivaji diky NGF v kuzi determinovany expresi TrkC

a prezivaji diky NT3 ve svalu




Posledni faze vyvoje nervoveho
systemu....

Alzheimerova choroba

Brain Cross-Sections

Normal Alzheimer's




Amyloidni prekursorovy protein
(APP) a amyloidni 3-peptidy

Soucasti povrchové membrany neuronud vSech zZivocCichl, neznama fyz.
fce.

Chybnym stépenim APP amy@ni B-peptidy = senilni plaky
Umély iontovy kanal perfize Ca?*

—
Aktivace kinaz vedoucich k fosforylaci tau proteinu

* Beta -Amyloid

? 4 4 ‘Plaque




Parkinsonova choroba

Multifaktorialni degenerativnhi onemocneni nervového
systému (6 milionu)

klidovy tfes, ztuhlosti svalu, poruchy stoje a chuze,
zpomaleni a postupna ztrata kontroly pohybu

poskozeni a zanik dopaminergnich bunek substantia nigra
v bazalnich gangliich

—

Agregace a-synucleinu, ROS neurotoxicita




Substantia nigra




