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Evoluéni vyvoj NS
Rozptylena (diftizni)

- Nediferencovani (polypovci) - bipolarni a multipolarni protoneurony
polypovcl, axon a dendrit rovnocenné b., vzruch se $iri strejné rychle vSemi
smery

-Diferencovana (medtizy, koralnatci) - polarizované drahy neuronii, smysl.
organy (mechano-, chemoreceptory), primitivni ganglia

Centralizace a cefalizace

Gangliova — od zebric¢kové (plosténci, krouzkovci) k nervové pasce
(¢lenovci), shlukovani neuront do ganglii — centralizace, uz patrna cefalizace,
gliové b.

Hmyz — rozliSeni mozkového centra na protocerebrum, deutocerebrum,
tritocerebrum; instinkty a podminéné reflexy; houbova téliska — pamét?
Vegetatinvi nerv.soust. — travici trubice; neurohormonalni sekrece

Human Elephant __

Hlavonozci — schopnost uceni, nejvyspe€lejsi nerv. systém bezobratlych; obri
axony — zrychlené vedeni n.vzruchu

Trubicovita — strunatci - vyvoj z neuralni ploténky nad chordou, obratlovéi
mozek a micha, pravé hormony, myelinizace axoni, derivaty neuralni listy
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Neural plate  Notochord

Morfogeneze NS

Tvarovani a anatomicka specifika

(D) (E)

FIGURE 12.2 Neurulation in a chick embryo (dorsal view). (A)
Flat neural plate. (B) Flat neural plate with underlying notochord
(head process). (C) Neural groove. (D) Neural folds begin closing
at the dorsalmost region, forming the incipient neural tube. (E)
Neural tube, showing the three brain regions and the spinal
cord. The neural tube remains open at the anterior end, and the
optic bulges (which become the retinas) have extended to the
lateral margins of the head. (F) 24-hour chick embryo, as in (D).
The cephalic (head) region has undergone neurulation, while
the caudal (tail) regions are still undergoing gastrulation. (A-E,
photographs courtesy of G. C. Schoenwolf; F after Patten 1971.)



Neurulace — rany vyvoj

Primarni neurulace

Vznik primarni NT, uzavreni NT

1) Formovani neuralni ploténky
2) Tvarovani neuralni ploténky
3) Zvedani valti a ohybani

4) Uzavirani nervové trubice
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1) Formovani neuralni ploténky

- iniciace z dorzalniho mesodermu (inhibice BMP4) — prodluzovani bunék ektodermu —
cylindrické b. neuroektodermu

Neural

Neural plate Neural plate

Notochordal Prechordal Prechordal
process plate plate

20 days

19 days

2) Tvarovani neuralni ploténky

- diferenciace podél anterio-posteriorni osy po Hensentiv uzel, dale se rozbiha —
prodluZzovani a zuZovani pri konvergentni extenzi, anteriorné rozsireni (zaklad mozku) -

rycovity tvar



3) Zvedani vali - ohybani

- signal z notochordu (organizér) - dno neuralni
trubice

- prodlouzeni bunék (mikrotubuly) a zGZeni v
apikalni ¢. bunek (aktin)

-,panty® MHP (medial hinge point) a DLHP
(dorsolateral hinge point) — pevné ukotvené k
notochordu a ektodermu

A
\

- vné&jsi tlak z epidermis f i jl
\L » (heart
4) Uzavirani nervové trubice
- fize valii — z E-cadherinu na N-cadherin — preruseni

adheze ekt. a neuroekt. adasation

- Iniciace na vice mistech (u ¢lovéka 3, 23.den)

- oddéleni a migrace bun€k neuralni listy (neural
crest)

Defekty neuralni trubice

- Netuplné uzavieni trubice, geneticko (SHH, Pax3) — environmentalni (kyselina -
listova/B12) faktory — anencefalie, spina bifida, kraniorachischiza anencefalie ®



Sekundarni neurulace

vznik definitivni nerv.trubice

Condensing
(A) Surface ectoderm mesenchymal cells (C)

Transitional (D)
region

FIGURE 12.8 Secondary neurulation in the caudal region of a
25-somite chick embryo. (A) Mesenchymal cells condense to
form the medullary cord at the most caudal end of the chick tail-
bud. (B) The medullary cord at a slightly more anterior position
in the tailbud. (C) The neural tube is cavitating and the noto-

Neural tube

chord forming; note the presence of separate lumens. (D) The
lumens coalesce to form the central canal of the neural tube.
(From Catala et al. 1995; photographs courtesy of N. M. Le
Douarin.)

- Segregace bunék budouci neuralni trubice od b. b. epidermis
- Kondenzace mezenchymu pod ektodermem

- tvorba dutin — kavitace (mezidruhové rozdily)

- splyvani dutin v definitivni nervovou trubici



Cefalizace a pozdni vyvoj

FIGURE 12.9 Early human brain development. The three pri-
mary brain vesicles are subdivided as development continues.

Adult derivati
At the right is a list of the adult derivatives formed by the walls podcy { e

and cavities of the brain. (After Moore and Persaud 1993.) Olfactory lobes  — Smell
3 Primary vesicles 5 Secondary vesicles Hippocampus  — Memory storage
Cerebrum - Association (“intelligence”)
Wall “avity
ey | Optic vesicle - Vision (retina)
Telencephalon Epithalamus - Pineal gland
a1 Thalamus ~ Relay center for optic and
. st Diencephalon :
Forebrain auditory neurons
(Prosencephalon) Hypothalamus - Temperature, sleep, and
breathing regulation
Midbrain — Mesencephalon
(Mesencephalon) — Midbrain — Fiber tracts between anterior
and posterior brain,
Metencephalon optic lobes, and tectum
Hindbrain < Cerebellum - Coordination of complex
(Rhombencephalon) ™\ Myelencephalon -[ muscular movements
Pons — Fiber tracts between cerebrum
and cerebellum (mammals only)

|

Spinal cord

- ZvétSovani mozku — ne b. riistem, ale vyplnovani tekutinou (gradient Na/K ATPaz,
prepazeni trubice na hranici micha/mozek, pozd€ji zanika)

- Tvarovani mozku — sekrece tekutiny, lokalni proliferace, adheze a ohybani

- Rhombomery — diferencované segmenty budouci michy (difer. hlavovych nervii)



Ohnuti (flexury):

- temenni - mezi rhombencefalem a mezencefalem — smér dorzalni — trvalé
- tylni — mezi prodlouzenou a hrbetni michou — smeér dorzalni — po 2.mésici se vyrovnava
- mostu — oblast rhombencefala (metencefala) — smér ventralni — prohlubuje se

rhombencefalon flexura

_ diencefalon mezencefalon metencefalon
cephalica

mezencefalon

ocni. - telencefalon flexura pontina
\\ poharek :
'|
prozencefalon | srdecni
’ ’ | hrbol flexura myelencefalon
zaklad michy / l cervicalis
¥> nervy zabernich | _
obloukti n. opticus

A B C



Rhombencefalon — myelencefalon (prodlouzena micha)
- metencefalon (most a mozecek)
Prozencefalon — zvétSeni dorzalni stény — telencefalon
- predni a postranni ¢ast — diencefalon
Mezencefalon zustava nerozdélen

Linearni usporadani (za sebou) — rtizné riistové rychlosti — kladeni pres sebe

mezencefalon mezencefalon

- dno V. mozkové aguaeductus
epifyza komory cerebri

ventriculus
medulla lateralis ventriculus
oblongata tertius

aguaeductus

hemisfé
td = cerebr

t i ;
Egﬁ,.gigm L ; ve ’I[Frt::ulus
- bulbus Ry rius
aolfactorius :

canalis
! centralis

. komora



Metencefalon (mozecek, most) — zbytnéni dorzalni ploténky v mozeckovou (2. mésic) a
ryhovani (3. mésic) az hemisféry (5. mésic)

Mezencefalon (stredni mozek) — dorzalné temenni ohnuti (nejvyssi bod mozku), tvorba
hrbolkt (4. mésic)

Diencefalon (mezimozek) — dorzalné se tvori vybézek pro epifyzu, sulcus limitans oddéluje
dorzalni thalamus a ventralni hypothalamus (pod nim hypofyza)

Telencefalon (konc.mozek) — lateralni rozsireni v hemisféry — spojeni mezi nimi zaostava v
rustu (stopka)

Zaklad mozkové kiiry (pallium) se v 2. mésici ¢leni na paleopallium a neopallium.
Neopallium — diferenciace smérem k povrchu — 6 vrstev rtiznych typti neuront

Rychly nestejnomérny rust — ryhy (sulci) a zavity (gyri) (od 6. tydne)
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Vyvoj mozkovych komor

Se vznikem sekundarnich mozkovych vacki se rozcleni i mozkova dutina
- dvé postranni mozkové komory uvnitr hemisfér (I. a II.)

- ITII. Mozkova komora — dutina diencefala

- Sylvitiv kanalek - mohutna komora ve sttedu mezencefala pozdéji zzena v kanalek
- IV. mozkova komora — preména dutiny ptivodniho rhombencefala

CSF System Cerebral

Lateral
Ventricles

Third
Ventricle

Ventricle



Mozkova kiira se déli na laloky (lobus), které se skladaji ze zaviti (gyrus) a ty jsou od
sebe oddéleny zarezy (sulcus).

Clenita stavba mozkové kiiry, vyrazné zvétsuje jeji funkéni plochu, kterd u ¢lovéka éini
pramérneé 2000 cm2.

éelni lalok temenni lalok

tylni

lalok
mozecek
spankovy lalok

prodlouzena micha

Obr. 76 Clenéni mozkové kiiry z hlediska anatomického



Micha

- Vznik z kaudalniho Gseku neuralni trubice

- Lateralni mohutnéni proliferaci bun€k a prikladanim nervovych vlaken — inervace

ze spin.ganglii

- Spojeni vybézkt neuroblastt a
spinalnich ganglii — spinalni nervy

- dorzalné zbytnéni ependym.vrstvy

- ventralné zarez — fissura mediana

- Sensorické neurony/spinalni ganglia
maji pavod v bunikach neuralni listy!

Obr. 8.146 Schema vyvoje michy. Pricny

rez michou embrva 15 mm dlouhého, asi

6 tydnii starého.

a — dorzalni ploténka, b — alarni ploténka,
sulcus limitans, d — bazélni ploténka,
ventralni ploténka, f — plastova vrstva,

- ependymova vrstva.

o o

ag

Obr. 8.147 Schéma wvoje michy. Pricny

rez michou embrva 40 mm dlouhého, asi
9 tvdnui stareho.

a — septum medianum posterius, b — senzi-

tivni jadro v zadnim sloupci Sedé hmoty

¢ — motoricka jadra v prednim sloupci Sedé

hmoty, d - fissura mediana anterior, ¢ — sul
cus limitans v centralnim kanalu mi$nim.

(E)
Dorsal root
P ‘s
Association ganglion
neuron i
Spinal
nerve
Dorsal
root :
Sensory
neuron
Somatic
motor
neuron

Marginal
; y Mantle Ependymal
ayer )
layer (ventricular) layer
Sulcus limitans

- Hranice mezi alarnimi a bazalnimi
ploténkami — sulcus limitans



Morfogeneze N'T — identita, gradienty morfogenti

Iniciace neuroektodermu (¢lovék cca 2.tyden)

- gradient BMP4 urcéuje vyvoj ventralniho mezodermu a
epidermis

-Inhibici BMP4 se urcuje dorzalné osud notochordu a
nerv.soustavy

- Aktivni FGF podporuje tvorbu mezodermu, zaroven blokuje
BMP a aktivuje proneuralni geny (Sox3)

2 signalni centra pro neuralni diferenciaci:

AVE (anterior visceral endoderm) blokovana Wnt (Dickkopf)
a Nodal (Lefty, Cerberus), podporuje ,,organizer”

Hensentiv uzel (tér uzel nebo ,,organizer”) blokovana Wnt
(Dickkopf) a BMP (Chordin, Noggin), inicijuje vznik
notochordu

- obé centra urcuji anteriorne vyvoj nervové trubice a hlavové
casti (prozencef., mezencef.), inhibice BMP, Wnt a RA (Cyp26)

- posteriorni ¢ast ma stale aktivni Wnt, BMP, FGFs, RA (retinova
kyselina) a dava vziknout rhombencefalu a mise

5 &\ //’?'/ D+
Anterior \\i;:—';:%’ — )

Obr. 5.3 Pohled na dorzdlni plochu zdro
decného terciku lidskeho embrya v preso-
mitovém stadiu.

Proliferace mezodermu naznacena Sipkami.
| — mezoderm §ifici se od primitivitho uzlu
kranidlné a laterdlné, 2 — mezoderm Sifici
se od primitivniho prouzku kranidlné

a ventrélné, 3 — §ifici se hlavovy mezoderm,
a — sténa amniového vacku, e — extraembry-
ondlni mezoderm, f — prechordova plotén-
ka, h — primitivni uzel Hensentiv, k — kloa-
kovda membrana, p — primitivni prouzek,

v —sténa Zloutkového vacku.

e . | Posterior



Rizeni morfogeneze (anterior-posteriorni)

Drosophila embryo - Gradient riistovych faktorti a morfogenti (FGF, RA,
(10 hours) Wnt, BMP, SHH) urcuje zakladni geografické rozliSeni

NT a ovliviiuje expresi homeotickych gent (primo
nebo zprostredkované pres jiné TF)

- Homeotické regulaéni geny (Otx, Emx, Hox..) urcuji
Yy \ osud/morfogenezi jednotlivych t€lnich segmenti
Drosophila _1ab_ pb Dfd Scr Antp = Ubx AbdA AbdB (napr. misto tykadla nevyroste zadni noha)

Hom-C ( iy

Mouse
Hoxa

FIGURE 11.42 Evolutionary conser-
vation of homeotic gene organization
and transcriptional expression in fruit
flies and mice is seen in the similarity
between the Hom-C cluster on
Drosophila chromosome 3 and the four
Hox gene clusters in the mouse
dl d3 d4 d8 d9 dio dil di2 di3 genome. The mouse genes of the

, s T —— higher numbered paralogous groups
are those that are expressed later and
more posteriorly. Genes having similar
structures occupy the same relative
positions on each of the four chromo-
somes, and paralogous gene groups
display similar expression patterns. The
comparison of the transcription pat-
terns of the Hom-C and Hoxb genes of
Drosophila and mice are shown above
and below the chromosomes, respec-
tively. (After Carroll 1995.)

Hoxb

Hoxc |

Mouse embryo
(12 days)




Prozencefalon a mezencefalon

BMP rhombencefalon

iy |
=T rét_i{;mic
aci
Wnt @
en

mezencefalon —— m

prozencefalon

emx it

I' SHH
L) @ le-

nervova trubice

- Hlavova cast: Inhibice BMP a Wnt — Otx/Emx geny, urcuji identitu hlavové casti

- Isthmus (pred€él mezenc. a rhombenc.): FGF/Wnt — En/Wnt1i, dilezité pro vyvoj mozecku
- Posteriorni ¢ast: Aktivni FGF/RA/Wnt gardient — Cdx — Hox geny, urcuji identitu od
rhombomert dal dorzalné

- Indukce dorso-ventralni — BMP a SHH gradient (napr. oddéleni hypotalamu od thalamu)

SHH - Sonic hedgehog RA - retinoic acid FGF - fibroblast growht factor BMP - bone morphogenic protein



Rhombencefalon - rhombomery — prodlouzena micha

- Z jednotlivych segmentt se vyviji hlavové nervy - interakce s bunikami neuralni liSty!

- Hox geny a interakce Ephrint s jejich receptory urcuje hranic segmentti

(A) (B)

FIGURE 12.10 Rhombomeres of the chick hindbrain. (A)
Hindbrain of a 3-day chick embryo. The roof plate has been
removed so that the segmented morphology of the neural
epithelium can be seen. The r1/r2 boundary is at the upper
arrow, and the r6/r7 boundary is at the lower arrow. (B) A chick

hindbrain at a similar stage stained with antibody to a neurofila-

ment subunit. The rhombomere boundaries are emphasized
because they serve as channels for neurons crossing from one
side of the brain to the other. (After Lumsden 2004, photo-
graphs courtesy of A. Lumsden.)

Mesencephalon

Isthmus —

Eye

Spinal cord

¥

5 Position of the isthmic organizer in relation to main parSs

the brain of the chick embryo.



Hlavové nervy
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Rizeni morfogeneze (dorzo-ventralni)

.. TGF-B family:
e (B) , (C) ———= (D)
BMP4, 7 in BMP4 in BMP4, BMP7
ectoderm roof plate BMPS5, Dorsalin,

Activin

BMP7, Dorsalin, Activin

Dorsalin, Activin

Roof plate

Neural ‘ s & - ('t.rf:f]"["“ D1 interneurons
tube —L__ g > " of TGF-B D2 interneurons
b - e - .
. # ’ [;]n"]'\' Vo !murncumns
L V1 interneurons
Gradient V2 interneurons
Shh in 4 Shh of Shh Motor neurons
- ; . '3 ne
Shh in floor V3 neurons

Floor plate

notochord plate

- primarni indukéni centrum ventralni — notochord (morfogen SHH)
sekundarni signalni centrum — ventralni ploténka (floor plate)

— motoricka draha
- primarni indukéni centrum dorzalni — epidermis (morfogeny BMPs)
sekundarni signalni centrum — dorzalni ploténka (roof plate)

— sensoricka draha

-Dorso-ventralni gradient BMP a SHH urcuje identitu motoneuront
(Pax6/Nkx6.1), ventralnich (Pax6) a dorzalnich (Pax7) interneuront

- gradient morfogent také urcuje rany nastup neurogeneze
(SHH—Ngn+O0lig) oproti pozdéjsi gliogenezi (BMP—Nkx+O0lig)

- Kombinaci gradientti morfogenii z ant-post (HoxC) a dorz-vent osy
specifikace neuronii (napr. motoneurony pro predni a zadni koncetiny)




Central canal

Presumptive
ependymal
layer

Architektura tkani CNS

Mantle layer
(presumptive
matter)

Marginal layer
(presumptive
matter)

Ventral root

Po splynuti vali je neuralni trubice
tvorena jednovrstevhym cylindrickym
epitelem (neuroepitel) ohranicenym zevné
bazalni membranou

-Neuroepitel je polarizovan apikalné-
bazalné



Vertikalni ¢lenéni CNS

0 2 s ,7.. 7 1. 27 72 LY Stage of cell cycle
-Ventrikularni vrstva (ependymaélni/apikalni/germinalni) i . o o .

- diferenciace neuroepitelu (NE) v ependym (vystelka komor a
misniho kanalu) a radialni glie (RG)

- Plastova vrstva (intermedialni/mantle zone)

- diferenciace progenitort (neuroblastii a glioblasti1)

- viditelna jako seda hmota (t€la neuront)

Lumen of neural tube

- Zevni vrstva (marginalni/bazalni/pialni) Interkinetickd migrace jader
- tvorena vybézky RG, pozdé€ji axony neuront

- Viditelna jako bila hmota

p Vs - Nejran€jsi neurony cestuji na nejkratsi
vzdalenost v kiire, pozd€jsi neurony cestuji

do vrchnich vrstev neokortexu

e ——————— Pia
" P # - \K ;Ma,gina. - ,Narozeni“ neuronu = diferenciacni déleni
cells |ay¢r o Vs .
“ NE/RG/progenitoru vedouci ke vzniku
(' [~ ente (postmitotického) neuronu
( layer

Ventricular

ayer - pozdéji migrujici neurony jiz nedokazou
osidlit spodné€jsi vrstvy



Diferenciace stény neuralni trubice (NT)

Micha — b. z VZ migruji
do IZ a diferencuji

Mozecek — vznik druhé mitotické
vrstvy — EG zbna, z ni migrace
neuroblastti do IZ — formace
vnitini granularni zény. SHH — z
P.bunék udrzuje d€leni
gran.prekurzori. BMP —
diferenciace v gran.neurony

Mozkova kiira — migraci neuroblastii
a glioblastli vznika 6 vrstev rtiznych
typt nervovych buné€k (neocortex),
vyvoj ukoncen az v puberté!

Spinal cord or medulla Micha

v Y.
Ventricular Intermediate Marginal
zone zone zone
(mantle)
SHH
Cerebellum Mozecek Neur(:\blasts BMP
Ventriclc 2 4mu|—
=— 0:‘!
=i
L ' - \ v > < v~ J W_J‘WJ
Ventricular Intermediate Granule  Purkinje Marginal
zone zone cell layer  cell layer zone External
(internal) granule
cell layer
Cerebral cortex  Mozkova kiira
Ventricle
L_Y_) . - v J .
Ventricular ~ Sub- Intermediate Cortical Marginal
zone  ventricular  zone plate zone  nolecular
i layer
\ v — \ N v J
White matter Neocortex



Struktura mozecku

Granule
neurons

Bergmann

glial cells

neurons

4

| %
Purkinje

Dendritic arbor
of |'1||‘1\'injr neurons

Struktura mozkové kury (neokortex)

R e

Molecular layer

External Granular layer

External pyramidal layer

Internal granular layer

Internal pyramidal layer

Mutiform layer

Vrstvy neokortexu

I. vrstva - molekularni (plexiformni)

I1I. vrstva - vn€jsi granularni Komunikace mezi
III. vrstva - vnéjsi pyramidova korovymi oblastmi
IV. vrstva - vnitrni granularni p#ijem signalu (z thalamu)
V. vrstva - vnitrni pyramidova

. , /1 V4 v . /l k o
VI. vrstva - multiformni VBLE Sl £ e

ven (thalamus, kmen,
micha)



Horizontalni ¢élenéni mozku

Initiation of Voluntary Cytoarchltektonlcka Brocovo
Muvemanf Primary Motor Corfex mapa centrum

Tactile Information

Primary Comatosensory

Motoricka
oblast

V predni casti
obecné centra pro
motoriku, v zadni

Prostorové
schéma
téla a okoli

Planovani
ginnosti a
tvorba

vzorcu

£ somatosenzoricka chovani
Ernotis — Bbjec centra | Poj vani
i@ < ” | POJg;j?glgﬁam Zrak
— | —
Kranialné Wernickeovo Kaudalné
centrum
Anticipation
anq e
Affluent Practice Systems
- Buniky stejné vrstvy kiiry vysilaji axony
do rtznych oblasti prevodnych Somatotopické
(vykonnych) center mozku usporadani
Pt: Neurony VI. vrstvy zrakové casti Konkrétni ¢ast
kiiry vedou axony do lateralni ¢asti mozku odpovida
thalamu, neurony VI. vrstvy sluchové konkrétni casti téla

kterou ridi
(motoricka a
sensoricka centra)

casti kliry vedou axony do medialni
casti thalamu

Osud ,mapy*“ kiiry je urcité ¢asteéné
predurcen geneticky, zfejmé i interakei
bunék po migraci do urcité oblasti

Medial Lateral



Neuralni kmenové buriky (NSC) — neurogenni potencial v dospélém mozku

- populace NSC nalezené v oblastech o R s
. », , , 5 acto ; 2—.
subventrikularni zony postrannich %/ i 7 ) $
komor a subgranularni zény DG v [ \ Ny~ — G 28
| N\ ‘

“Dentate \

o’

\
| 8] é Z (  Cerebellum
hipokampu dospé€lého mozku J N\ S
Embryonalni mysi mozek ‘ Lateral Subventricular ‘
Rostral ventricle zone \
(a) Neuroepithelium (b) Embryonic Brain (c) Neonatal Brain (d) Adult Brain migratory \,
- M >

~._stream | \ 5
"‘\._J_\\_\\ \_// h\w’_ﬁw//

Dospély potkani mozek
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ymmetric Neuron \ Stri ’ ’ z
division | transformované embryonalni
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Vyvoj od NT po neokortex

b
Symmeltric, profiferative division
™
‘/_, \;ﬁ.syrmmatric. differentiative division
Symmeiric, @ tric. differentiative divisi
neurogenic division " ™ e ..\‘Asymme e, cisrEaiE Evisen
M M 2=
@ Symmairic, differentiative division
Symmetric, = “a e N

neurogenic division BNE B

Symimiatric, neuroganic
Symmetric, #” “a  division

nieurogenic division [BR) 2

N
e

E7,5 neurogenesis stages
E10 Ei14

gliogenesis stages



a Neuroepithelial cells b Radial glial cells C Basal progenitors

Basal
Neuroepitel — VZ, potencidl pro lamina
vSechny b.typy (astro-, oligodendro-,
neurony), zachovana u retiny a michy Neuronal
layer
Radialni glie — VZ, vice determinované gassjamina
pro urcity b.typ (dle polohy v komorové 6 M ) )
vystelce), typické pro mozek l
) ) ) 1 Ventricular
Bazalni (intermedialni) progenitory — 0 0 zone
VZ/SVZ, zodpovédné =za narlst 5~ |
korovych neuroni mozku Gt s G2 Gt s G2 M Gt s G2 M Apcal
Nucleus === Basolateral plasma membrane

0 P

O Adherens junction === Apical plasma membrane

VZ - ventrikularni zéna SVZ — subventrikularni zéna
Rizeni symetrie déleni neuralnich progenitort
-Exprese Tis21 nutna R _ N . o

. , o , @ Symmetric, proliferative division b Asymmeatric, neurogenic division C Asymmetric, neurogenic division
pro asymetrické déleni ____
NE —prvni krok k mn T B o D o IV U o Y o B
neurogenezi v
—r &=
-Exprese Pax6 ridi
asymetrické (
(neurogenni) délni e
Vartical cleavage Horizontal cleavage Vertical clesvage

-Exprese Emx2 ridi
symetrické,
proliferativni déleni

() Nucleus  wesm Basolateral plasma membrane Bl Adherens junction = Apical plasma membrane




Vyvoj neokortexu primata

B
\ My ‘d = ]
\ a‘ fi :"L: a 1 oy "‘i ; r: 7
I : f -
Cortical '}""’“ “.t ity ‘gﬁ Integrin
plate B LA T~ Mature
= neuron:
NeuM*®
A Rodent Intermediate Migrating
zone/subplate neuron:
MeuN*
Cortical ' TBRZ
plate Mature Outer fiber layer <=, Notch
e neuron
\ oRG
SOx2+
Outer subventricular PAXEG*
Intermediate zone HES1*
zone fl OsSvVZ IP TBR2"
y - SOX2
Migrating Ly £ HES1-
. : neuron Inner fiber layer “<- D \ = L
Subventricular e i ] .
zone Inner subventricular @ u K\‘ ISVZ IP
zone S0X2
SMNP(? 1"
. SNP(?) . [ ' ] 4 ;I;: 2*
Ventricular .. RG Ventricular § | & if ‘I vRG
e zone L AQLELL SOX2*
PAXG*
HES1*
TBRZ

- pro spravny vyvoj neokortexu nutna expanze bazalnich progenitorti v SVZ, naslednym
délenim a migraci rapidni narist neuronii

- tento fenomén typicky pro vyssi savce a primaty, napr. u mysi chybi



Signalni draha Notch — rovnovaha NSC a neuronti
- prima interakce bunka-burika

- Vyssi hladina ligandu (napr.Delta) u bazalnich progenitori aktivuje receptory (Notch)
délicich se sousednich bunék (r. glii)

-Aktivovany Notch zptisobi pokles proneuronalnich genti Neurog/Ascl (pres expresi
represord Hes)

-Pokles Neurog/Ascl znemoznuje expresi Delta ligandu = princip lateralni inhibice

-Bunka s aktivni Notch drahou si tak udrzuje nediferencovany stav, naopak bunka
exprimujici Delta ligandy podstupuje neuronalni diferenciaci (zapojeni Tis21 —
antiproliferacni koregulator)

S i
Secreted factors — :‘_:::::::::/-/
% Notch ligand
Notch Hlypﬂ)(ia
receptor /
B R e WY
L ; v - N
| Mind-bomb1 Pro udrzeni ] ) /
Neurc}lm_l populace NSC Notch ICD @ — VL
ASCL‘l V lvem a tlvnl O No'lch-med;atad
Notch signalingu R e
- NOtCh /g Vv g V4 em Cmaﬂﬁe@anonical
Slgﬁalfng . nutna Snlzena l hypoxic
o » | response
s HES1/5 hladina kysliku & veor
, . ; Hes
: ve tkani (esD) [ Hey OO &=
S t G t e . elc
| (hypoxie)

(Gustafsson et al, 2005)



Vyvojové unikum lidského mozku — ¢im se lisime od opic?
1. Rlist mozku i po narozeni
- rychlost ristu mozku po narozeni se nesnizuje (cca 30.000 synapsi/sekundu/cm2 kortexu)

- geny zodpovédné za zveétSovani (rist, proliferace) jsou pozitivné selektovany u lidi vs. primati (ASPM, SHH, N-
CAM, aj.)

2. Posileni paméti (kiira-thalamus)

- migrace neuront z frontalniho laloku do thalamu béhem vyvoje (chemotaxe), specifické posileni informacni
drahy vedouci z thalamu do frontalniho laloku

- thalamus diilezity jako koordinator korovych funkei a centrum paméti a rozhodovani
3. Vysoka transkrip¢éni aktivita mozku

- V ramci primati extrémni podobnost v exprimovanych proteinech (99%), presto enormni morfologické a
behavioralni rozdily

- Na rozdil od jinych organi béhem vyvoje transkripéni aktivita mozku je asi 5x vyssi, u cilovych proteinti az 18x
vysSi transkripce mRNA

4. ,Investice“ do reci

- Unikatni forma lidského genu (mutace ve 2 AK) FOXP2 — kli¢ovy pro koordinaci rec¢i — artikulace i tvorba vét
5. Postpubertalni ,shift“ do dospélce — od emoci k rozumu

- Konec puberty koreluje s masivni myelinizaci kiiry a rizenym odstranovanim (pruning) neuronii — ,tridéni®

- Pred timto hrani¢nim obdobim aktivni jiné zony - na stejny podnét reaguji jind mozkova centra (emoce vs.
rozumné uvazovani)



Migrace, specifikace a integrace nervovych bunék

Dospély lidsky mozek — 10'2 bunék gliovych na 10" neuronti

NSC - prekurzory neuronu Input via axons from

other neurons

v

, Dendrites
\ \ /

- prekurzory gliovych b.

- neurony X
, ’ . , % — : Soma (cell bod
granularni, motorické, Purkynovy b.,.. e gk
- nejmasivnéjsi tvorba dendritti korovych . * e —
neuroni (az 100tis. synapsi) prvni rok po p ' Z mon  Growh cone
narozeni Z y
-V dospélosti kazdy neuron kortexu cca / ‘
10.000 synapsi RECEPTOR
- gliové bunky S o
astrocyty, oligodenrocyty v CNS Emd\m /\
Schwannovy b. v PNS g
\Nolochurd :?;fg:ﬁs"‘!"'a'
= bunky neuralnl llSty (neural CreSt Cells) (a) T.he neural crest consists of (b}N_eural mlesl cells migrate to
bilateral bands of cells near distant sites in the embryo.
c X At - OV Gt st st k.
-vznik béhem uzavirani nerv.trubice,
hranice mezi epidermis a neuroektodermem (9 e et g it some of e

anatomical structures unique to |
vertebrates, including some of the | A /';
benes and cartilage of the skull. P /
_—
- 213
Compeight © 2008 Pewsson Escalion, . Pubiiing a3 Pearson Beryamn Cummngs. Arghts sessresd



Neuralni (gangliova) lista

- Nékdy nazyvana ,,ctvrtou zarodecni linii“, evolu¢né nejmladsi
J

- spinalni (dorzalni) ganglia — z kazdého svazek nervovych vlaken do nervové trubice (zadni
koren) a do periferie (senzitivni vlikna spinalniho nervu)

- ganglia sympatiku a parasympatiku

- Vznik také hlavového mezenchymu, drené nadledvinek, stitné zlazy, melanocytd,..

Multipotential
neural crest cell /
= | __— Facial bones (from
‘ Malleus T, 24 arch 1 neural crest)
: i \\ Incus \\\ &
: Stapes — &
\_myloid/\ j)
/I)I‘mcess ,7‘:—7 Meckels cartilage
[’ \‘ﬁiz\\::‘ﬁ Hyoid bone
br § . | L = Thyroid cartilage
Wnt BMP2 GGF Endothelin+™ Glucocorticoid ':'—;TH——\.,,_,,C:(:;I ulrr";lf .
Wnt hormones T Tracheal rings

\ 4
Sensory Autonomic Schwann cells; Melanocytes ~ Chromaffin
neurons neurons glia (adrenomedullary)

cells



Autonomni nervovy systém

Autonomni (vegetativni) nervy
- puvod v bunkach neuralni listy

- nepodléhaji vili, prubéh prerusuji ganglia

Sympatické vegetativni nervy vystupuji z michy kréni, hrudni a bederni.
Ganglium je v blizkosti michy. Sympatickd ganglia se tvori agregaci bun€k
neuralni liSty podél télni osy

Parasympatické vegetativni nervy vystupuji z prodlouzené a krizové michy.
Ganglium je blizko inervovaného organu.

- r.2014 — nové paradigma ve vyvoji parasympatiku zalozené na
existenci multipotentnich prekurzora (tzv. ,Schwann cell
precursors®), které cestuji (davmno po vzniku sympatiku) po
neuronalnich vybézcich k cilovym organam a zakladaji zde ganglia
nutna pro inervaci.
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Navadéci signaly — nespecificka migrace

CAM (cell adhesive molecules)

- exprimovany bunkami, spojeni burika-burika, také Extracellular
fascikulace (tvorba nerv.vlakna)

Ph:')sphnry\atimﬂ sites

Adhesive recognition
site
\

/ Cell

Calcium- membrane
binding site

:?
i Cadherin—cadherin
" binding

Cadherin

FIGURE 3.28 Cadherin-mediated cell adhesion. Cadherins are
associated with three types of catenins. The catenins can
become associated with the actin microfilament system within
the cell. (After Takeichi 1991.)

— N-CAM (neural), Ng- . e
CAM (glial), N-cadheriny (Ca dependentni, vysoka | I é‘ +Calcium-
specifita), TAG1 (transiently expressed axonal glycoprotein)

RGD

Fibronectin

£ -

=

| binding

(T)hmdmg [ \

1\ "

o [5 subunit of — \& % j _ o subunit
,f( integrin ( ; of
W é( integ Im
Cytoplasm
Talin

o-Actinin &/ Actin
{ microfilament

FIGURE 6.32 Speculative diagram of the fibronectin receptor

complex. The integrins of the complex are membrane-spanning
receptor proteins that bind fibronectin on the outside of the cell
while binding cytoskeletal proteins on the inside of the cell.
(After Luna and Hitt 1992.)

SAM (substrate adhesive molecules) — integriny (Ca dep.,
zprostredk. vazbu bunka-extracel.matrix, v rist. vrcholu
axonil) vazou komponenty extracelularni matrix (ExM) -
fibronectin, kolagen, laminin, tenascin, trombospondin

- signaly z ExM (hlavné laminin) primarné urcuji
nespecifickou cestu pro axony



1.Migrace neuronu na kratsi vzdalenost

m. klira a mozecek - gliové ,lesSeni“ (cadheriny, astrotactin) — radialni glie

- endocyt6za adhez.molekul — odlepeni od substratu, zadni ¢ast neuronu

- exocytdza adhez.molekul — prilepeni k substratu predni ¢asti neuronu

Glial cell
. process

(A) : (B)

Leading process
of neuron

—
Direction of
mvement

Migrating

neuron

{a) Adhesion
Removal

Process of

glial cell

ASTN1 Integri n

Stable Adhesion
Adhesions Formation

BENIGRATION —p. 1

JAM-C N-Cadherin

Endocytic Retrieval

Exocytosis?
Current Opinion in Neurcbiology




2.Migrace na dlouhé vzdalenosti — axony neuront
- tubulin urcuje riist axonu (inhibitor kolchicin)

- aktinova vlakna urcuji rast synaptickych vybézki v rustovém vybeézku/vrcholu (growth
cone) (inhibitor cytochalasin B), nutnost adheze k substratu ECM

- 3 etapy axon. ristu: nalezeni spravné cesty — nalezeni cile (,mésta“)— vybér konkrétnich
bunék (,adresy”)

Diverzita neuront — kam povede axon motorického nervu?

Skupina Hox (micha) a Lim (hlava) TF — exprese konkrétnimi neurony konkrétniho segmentu
(jeste pred migraci axonu do periferie) — vliv na typ exprimovaného Eph

1 i
¥
Colchicine {1
added

|

Embryonic

|

;-
COINCIINC

neuron & .

l Cytochalasin B ,_E}u"iti‘

% oy removed "M \ 7
; o Y &
(e ! 0 7 r
8 | | f; )-:z
| -1
Cytochalasin B | g b I :
added 4 | } ] 4

4 A, P /N

© (@ ° @)

1 min 4 min—18 hr 1hr 3 hr

FIGURE 23

Effects of cytochalasin B and colchi-
cine on axon clongation in cultured
embryonic neurons. Celchicine
causes the collapse of the axon, an
event that correlates with the disrup-
tion of the microtubules. Cytocha-

lasin B causes the reversible depoly-
merization of microfilaments, thercby
leading to the disappearance of the
microspikes. When cytochalasin B is
removed from the medium, the
growth cone reappears.



2.Migrace na dlouhé vzdalenosti — bunky neuralni liSty
Vy¢élenéni populace b. neuralni listy:
- souhra morfogenti BMP, Wnt, FGFs — Pax3, Distalles5 (ohraniceni neuralni ploténky) — Slug

(migrace bun€k), FoxD3 (diferenciace). Dochazi k epitel-mezenchymalni transformaci

Vycestovani: RhoB spousti polymerizaci aktinu (adheze k
substratu), Slug ,,rusi“ mezibunééné spoje (E-cadheriny)

- Po migraci dochazi k shlukovani b. (ganglia) a re-expresi E-
cadherini

Cranial —— Craniofacial cartilage
and bones
Cranial ganglia

Cardiac — Outflow tract of
the heart (septum)

Ventralni migrace: usnadnéni migrace extracel.matrix —
fibronektin, laminin, tenascin — interakce s integriny na
migrujicich bunkach. Anteriorni sklerotomy — atrakce
(thrombospondin), posteriorné repulzivni molekuly ephriny
(receprory Eph) a semaforiny (receptor neuropilin).

1 - Vagal — Pigment cells
- Enteric ganglia

- Trunk = Pigment cells
Dorsal root ganglia
Sympathetic ganglia
Adrenal medulla

_Sox10

Dorzalni migrace — pozdn€jsi, migrace po vzniku dermis — silné
chemotaktické faktory pro migrujici b. Tvorba melanocyt,
nutny faktor SCF, diriguje budouci melanocyty do vlasovych |

folikulti — melanocyte stem cells. Ephriny zde atrahovany(!) B e s
svymi receptory

Sacral ——— Enteric ganglia




Navadéci signaly — navadéni k cilové tkani

Navadeéci bunky — skupina nezralych neuronti, tvorba docasnych synapsi s axonem, po
vytvoreni cilové populace (napt. granularnich neuronii) se do¢asna synapse zrusi a axon

vytvori definitivni synapsi

Bunécné interakce — kontaktni atrakce a repulze

Ephriny a semaforiny — membranové proteiny,
specificky exprimované urcitymi tkanémi

- ephriny repulz. i atrakt., semaforiny hlavné repulz.

-pt: burikdm neur. listy (a pozd€ji i axontim misnich
neuront) je béhem ventralni migrace zabranéno v
prichodu post.¢asti sklerotomu (exprese semaforin 3) —
pritahuje pouze specif.receptor

- migrujici axon exprimuje specif.receptory pro
ephriny a semaforiny

- hranici mezi atrakei a repulzi urcuje alternativni
splicing RNA (napr. EphRA7 — tyrosin kinazova aktivita
usti v repulzi) — EphAs a EphA7 interakce dulezita pro
uzavieni NT

Semaphorin 1

— o

/»»»1

Til
- Developing

\ . limb

g

Ventral nerve cord



Navadéci signaly — navadéni k cilové tkani

Difuzibilni molekuly — chemotakticka atrakce a repulze

1. Netriny a DCC receptory — gradient SHH spolu s
netrinem 1 a 2 urcéuje trajektorii komisuralnich
interneuronti v mise — axon exprimuje DCC receptor
— atrakce, miize byt i repulzivni charakter

- netriny jsou produkovany bunka mi jako soucast ECM

FIGURE 13.23 Trajectory of the (A)
commissural axons in the rat spinal
cord. (A) Schematic drawing of a
model wherein commissural neurons
first experience a gradient of Sonic
hedgehog and netrin-2, and then a
steeper gradient of netrin-1. The com-
missural axons are chemotactically
guided ventrally down the lateral mar-
gin of the spinal cord toward the floor
plate. Upon reaching the floor plate,
contact guidance from the floor plate
cells causes the axons to change N \

direction. (B) Autoradiographic local- = Netrin-1 gradient
ization of netrin-1 mRNA by in situ

hybridization of antisense RNA to the hindbrain of a young rat
embryo. Netrin-1 mRNA (dark area) is concentrated in the floor
plate neurons. (B from Kennedy et al. 1994; photograph cour-
tesy of M. Tessier-Lavigne.)
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Dosazeni cilového organu a integrace

Neurotrofiny* — (NGF, BDNF, GDNF,..)

- chemotaktické molekuly produkované v misté
urceni, pusobi na kratkou vzdalenost.

- opét atrakce ¢i repulze

- jeden axon.vybézek odpovida béhem své
pouti mnoha atraktantiim a repelentiim

- pokud se axon octne ,,doma“, vznika synapse

(ukotveni axonu napr. sval.lamininem (nervo-
sval.ploténka) nebo N-cadherinem (neuron-neuron)

Neuralni pruning (cilena apopto6za)

100 [~ : S5
B Neurons plated on laminin ERET

| B Neurons plated on collagen IV
80

60

40

Neuronal survival (%)

20 -

() \__—:l—,
No added Fgf2 Depolarization Fgf2
agents +

Depolarization

FIGURE 13.31 |Interactions between the effects of substrate,
depolarization, and the neurotrophin Fgf2 in the survival of cil-
iary ganglion neurons. Neurons were plated either on laminin (a
survival-enhancing substrate) or collagen IV (a neutral substrate)
and observed after 24 hours of culture in the presence or ab-
sence of depolarization or Fgf2. When cells were depolarized
and grown in the presence of Fgf2, it did not matter on what
substrate they grew. However, when Fgf2 was present without
depolarization, the substrate made a great deal of difference.
(After Schmidt and Kater 1993.)

- béhem vyvoje témér polovina vSech funkénich neuronti zanika (pr. svaly)

- neurotrofiny zasadni pro urceni daného neuronu pro apoptozu

- synergicky efekt neurotrofini, substratu (napr. laminin) a aktivity neuronu

(depolarizace)

— zajistuje preziti daného neuronu béhem pruningu (i patologie — mutace v

neurotrofinech — Huntington, Parkinson)

* neurotropni — neuron pfitahujici, neurotrofni — neuron vyZzivujici



Dodatek: Myelinizace neuronu

= obtoceni axonu myelinem

(lipoprotein) - dvojvrstva membran
bunék

Myelinizace neuronti CNS pomoci
oligodendrocytii — rotuje vybézek

- jeden az pro 40 centralné vedoucich
axonl

U perifernich nervii Schwannova
pochva ( Schw. b.) — rotuje bunka

- prerusovana Ranvierovymi zarezy

Myelinizace neprobiha vSude soucasné
— nejprve predni a zadni koreny misni,
naposledy kortikospinalni drahy (po
narozeni) — viz. postpubertalni shift
(s.31)

(A)

Oligodendrocyte __\/\‘_

MYELINATION IN
CENTRAL NERVOUS
SYSTEM

MYELINATION IN
PERIPHERAL NERVOUS
SYSTEM

Schwann cell

Schwann cell

2 0-0-@




Zdroje:

- Towards a Cellular and Molecular Understanding of Neurulation
JEAN-FRANCOIS COLAS AND GARY C. SCHOENWOLF, 2001
- Human embryology

WILLIAM J. LARSEN, 2001

- Developmental biology

SCOTT F. GILBERT, 2006

- Embryologie

ZDENEK VACEK, 2006
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Videa - odkazy:
http://www.youtube.com/watch?v=x-p_ZkhqZoM&feature=related
http://www.youtube.com/watch?v=7ZRF-gKZHINk&feature=related


http://www.youtube.com/watch?v=n_9YTeEHp1E&NR=1

Priloha

Signalni draha rist.faktort z rodiny transforming growth factors (TGF-[3)
Ligandy: TGFs-f3, Nodal, BMPs, Activin, ..
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Signalni draha rtst.faktort sonic hedgehog (SHH)
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Signalni draha rtst.faktort fibroblast grow factors (FGFs)
Ligandy: FGFs, EGF, PDGF, SCF
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