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Signaly v nervovém systému

1) Elektrické

2) Chemicke



Thomas C. Sudhof — Nobel Prize, 2013
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Synapses: the basic
computational units
of the brain
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Although synapses differ in properties,

all synapses operate by the same principle
Bernard Katz - Nobel Prize, 1970




Principy prenosu na synapsich

- bunky uvolnuji latky zvané neuroprenasecCe (neboli mediatory),
ktereé jsou ulozeny v synaptickych vaccich v pre-
synaptickém zakonceni

- uvolnéni mediatoru z vacku je spousténo presynaptickou
depolarizaci, aktivaci napétové-zavislych Ca2+-kanalu
a zvysenim [Ca2+] v presynaptickém zakoncCeni

- neuroprenasece jsou prenaseny od presynaptické bunky
k postsynapticke difuzi (okolni prostfedi muze byt malo
vodivé a proto nemuze byt snadno prekonano elektrickymi
signaly; toto prostredi byva vetsinou nazyvano
synaptickou sterbinou)

- neuroprenasece se na postsynaptické bunce vazi

k postsynaptickym receptorum, aktivuji je a vyvolavaji tak
postsynaptickou odpoved
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An action potential invades
. the presynaptic terminal

Depolarization of presynaptic
terminal causes opening of
voltage-gated Ca?* channels

Transmitter is
synthesized and then
stored in vesicles

P} Influx of Ca?*
through channels

Ca?* causes vesicles to
fuse with presynaptic
membrane

Retrieval of vesicular
membrane from
plasma membrane

[ Transmitter is released
into synaptic cleft
via exocytosis

Across

Postsynaptic
current flow

Glial cell b

Ions~" .
Transmitter

i Transmitter binds to

receptor

Removal of neuro- receptor molecules in

transmitter by glial Postsynaptic current causes . - postsynaptic membrane
uptake or enzymatic || excitatory or inhibitory Opening or closing
degradation postsynaptic potential that of postsynaptic

changes the excitability of channels

the postsynaptic cell

Purves et al., Neuroscience, 5" ed., 2012



Neuroprenasece

kritéria, ktera definuji latky jako neuroprenasece:

- latka musi byt pritomna v presynaptickém neuronu
(biochemicky nebo imunocytochemicky prukaz latky
nebo enzymu),
- latka musi byt uvolnovana pri presynaptické depolarizaci
Ca2+-zavislym zpusobem (elektrofyziologické metody),
-specifické receptory pro latku musi byt pfitomny
na postsynaptické bunce (elektrofyziologické
biochemické a imunocytochemické metody,
aplikace exogennich agonistu a antagonistu)



Vesikularni glutamatovy transporter
(vGluT)-v presynaptickych terminalech

>

Venus-VGLUT1
Venus-VGLUT2

Guillaud et al., eLIFE 2017



Lokalizace glycinovych receptoru (GlyR)
Vv nervove tkani (imunohistochemie)

Hruskova et al., J. Neurosci. 2012
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Imunoelektronov

vGIuT — peroxidaza
GlyR — zlaté Castice

3D rekonstrukce
distribuce receptoru
Vv nervove tkani

Hruskova et al., J. Neurosci. 2012



1
o
| -
-
(D)
c
-
(D)

>N

Syntéza a ulo

prenasecu

A) LIFE CYCLE OF NEUROTRANSMITTER

Neurotransmitter is
synthesized in cell
body or in terminal

Neurotransmitter
is packaged into
vesicles

Neurotransmitter
is released when
vesicles fuse

=3 Neurotransmitter
binds to and activates

] A . a
Neurotransmitter diffuses away

and is metabolized and /or = 0 B (
transported back into terminal postsynaptic receptors

Purves et al., Neuroscience, 4t5 ed., 2008



2 zakladni kategorie neuroprenasecu:

1. Mediatory s malou molekulovou vahou (napr. ACh, GABA,
glutamat, serotonin, histamin)

2. Neuropeptidy (tvorené nékolika az desitkami aminokyselin,
napr. substance P, neuropeptid Y, enkefaliny)

Co-transmitters — oba typy pfenasecu spolecné uvolfiované
ze stejneho zakonceni nebo i stejneho synaptickeho vacku



2 zpusoby biosyntézy neuroprenasecu

3) L_L-MOLECULE TRANSMITTERS

oy

Syntheéis of enzymes : | 2 K] Synthesis and packaging
in cell body e i R | of neurotransmitter

Release and b
diffusion

of neuro-
transmitter

Synthesis of neurotransmitter [’ ; Transport of enzymes and | _ 3 Enzymes modify pre-peptides
precursors and pre-peptide precursors to produce peptide neurotransmitter
8 : down microtubule tracks .

Neurotransmitter diffuses away and
is degraded by proteolytic enzymes




Spoluprenasece (co-transmitters)

Small-molecule
neurotransmitter
in small clear-

priklady: il ca
GABA/somatostatin e
ACh/substance P o

[/ Neuropeptide
'f| inlarge dense-
Il core vesicles

increase in Ca2* /\ ¢
concentration ‘
N,

Low-frequency A0 A C >
Sth
Preferential release of small-

molecule neurotransmitter

i

More diffuse
increase in Ca2*

concentra thn LA

High-frequency
stimulation

Release of both
types of transmitter

malé pruhledne SV (glutamat)
velké denzni SV (neuropeptid) Purves et al., Neuroscience, 4thed., 2008



Lokalni cyklus synaptickych vacku (SV)

Synaptotagmin

Hsc 70 i
Auxilin
Synaptojanin

Dynamin

"¢

— SNAP-25

7

Syntaxin
AN Presynaptic plasma membrane
M \ .
: Clath - e
Fusion Clathrin athrin y - :

triskelion
1

|'I Ca’ Synaptotagmin g P -
NSFSNAPs  SNAREs -. T HEK &

Clathrinovy obal zvySuje zakfiveni membrany, coz vede
k vytvoreni vacku. Dynamin umoznuje odskrceni vacku.

Purves et al., Neuroscience, 4t ed., 2008
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Presynapticky uvolnovaci aparat

orovadifiiziXCa2+-zavislé spusténpa
mmm

synaptic
vesicle

active
zone

1.

o~ az*channel 0°0° 4 00

Thomas C. Sudhof, 2013



Mechanismy odstranovani
presynaptickych Ca?*

Presynaptic
bouton

Endoplasmic
reticulum
3 oca?t
Caz'r
Docked O
synaptic
vesicle _— @--Q_-
1 Ga=t buﬁerk
2: PMCA pump (Ca-ATPase) ggg;agceﬁgﬁp;ndent N or P/Q
2': SERCA pump (Ca-ATPase) L
3: Na-Ca transporter

Hammond, Cell. Mol. Neurophys, 4% ed., 2015



Zpétna absorpce mediatoru
nervovym zakoncenim

- specifické transportni proteiny
vyzadujici Na* gradient ADP +P,
vesikularni -

prenasece -
vyuzivaji

VAChT H*

elektrochemicky s> av
gradient: ATP e

VGLUTs

ApH a A¥
(rozdil
potenciall) |+

ApH < A¥

Na“

NT

VanLiefferinge, Front. Cell. Neur. 2013



Spoluprenasece uvolnovane stejnym SV

Acetylcholine vesicle Acetylcholine-VGLUT3 vesicle

g VAChT €D V-ATPase @ Acetylcholine
= voLuns \__/pH O Glutamate

El Mestikawy, Nat. Rev. Neur., 2011




Optogenetika: monitorovani
recyklace SV

pHIluorin tag

Kavalali, Nat. Neurosci., 2013



Poruchy exocytdzy synaptickych
vacku — neurologicka nemocnéni

* myastenicke syndromy, vyzn. se abnormalnim syn.
prenosem na nervosval. spojenich — svalova
slabost. Pf.: Lambert-Eaton myastenicky syndrom
(komplikace pfi rakoviné plic) — autoimunitni reakce
na presyn. VDCC, snizeni uvoln. ACh,
Imunosupresiva

e Vvrozeny myastenicky syndrom — poruchy recyklace
syn. vacku - snizeni uvolfi. ACh, inhibitory AChE

(pozn. myasthenia gravis — imunitni systém vytv.
protilatky k nAChR — svalova slabost, inhibitory AChE)



Bakterialni toxiny a neurotoxiny:

r. Clostridium - botulin (jeden z nejprudSich jedu) a
tetanus toxin, proteazy, stepi SNARE

* botulismus - kontaminovana potrava nebo infekce
poraneni, paralyza nervosval. synapsi, snizeni uvoln.
ACh, svalova slabost (diafragma), esteticka medicina

e tetanus - infekce rany, blokada uvoln. inhibiCnich
mediatoru v miSe — hyperexcitace kosterni
svaloviny, tetanické kontrakce

e konotoxiny - morsky plz r. Conus, Sipky, blok
presynaptickych Ca2+ kanalu



Postsynaptické receptory

Synapticky prenos: - rychly: ligandem fizené kanaly
- pomaly: metabotropni receptory
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Ligandem rizené iontoveé kanaly

3 rodiny:

-cys-loop (GABA-A, GlyR, 5-HT, nAChR)
-Glutamatovée (AMPA, KR, NMDA)

-ATP (P2X)



Studium rychlého synaptického prenosu
vyuzitim zivych rfezu
Z mozkovych tkani
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Excitacni postsynapticky proud (EPSC)

a potenciél (EPSP)

Vm = -60 mV
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Inhibicni postsynapticky proud (IPSC)
a potencial (IPSP)

Stimulace
presynaptickeého

/>\ axonu
Postsynapticky proud

Vm =0mV

membranovy proud

my cas

e R -

-70

IPSP alone



Sumace postsynaptickych

potentiall
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Excitatory (E1)

. Postsynaptic
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A |
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Purves et al., Neuroscience, 4thed., 2008



Kvantoveé uvolnéni neuroprenasece

Miniaturni EPSP
vznikaji uvolnénim
jednoho synaptického
vacku

Evokované EPSP:
nasobky mEPSP

Number of observations
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Amplitude of spontaneous
potentials (mV)
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Amplitude of end-plate potentials (mV)

Purves et al., Neuroscience, 4thed., 2008



Optogeneticka technika stimulace
synaptického prenosu

Channelrhodopsin 2

Nerve
terminal

Synaptic
vesicles

Ultrafast
endocytosis

Dynamin

Postsynaptic neuron

Nagel et al., PNAS, 2003



Plasticita synaptického prenosu

Cyklus SV nebo cyklus NT  w=

Reduction in Ca?* influx:

 Action potential conduction failure
¢ Change in action Eotential shape
¢ Inactivation of Ca=* channels

* Depletion of extracellular Ca2+

- krdtkodoba plasticita |
VS ] in vesicles
dlouhodoba plasticita

- presynaptické mechanismy
VS.
postsynaptické
mechanismy

7| Inhibitory autoreceptors: ) Altered Ca?*-secretion coupling:
* Metabotropic Transmitter « Depletion of releasable vesicle
_| *Adenosine receptor Inactivation of release sit
& e Noradrenal Change in sensitivity to C
Modulation of vesicl tment

Reduction of postsynaptic sensitivity:
* Desensitization

* Saturation

* Lowered excitability

von Gersdorff and Borst, Nat. Rev. Neur. 2001



Kratkodoba synapticka plasticita

e
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Presynapticka deprese — opakovana
stimulace presynaptického neuronu

vede k prechodnému vycCerpani sy-
naptickych vacku. Pokles amplitudy
EPSC.

Postsynapticka deprese — desensitizace
receptoru

Facilitace — pri vysokofrekvencni sti-
mulaci dochazi k nahromadeni Ca v pre-
synaptickém neuronu, coz vede ke zvy-
seni pravdépodobnosti uvolnéeni
synaptickych vacku.



Presynapticka facilitace a deprese

A

15ms 50 ms

20 mV

50 ms

postj\/\ M 10 mv
B

2.0+ u e IMAA
:}/ —e— ACBD
154 /B v IM-AA/ACBD
Wb/ &

o 1.0- ?‘; M ;/ =3—8

PR

0.5
L]

1 T T T
0 50 100 150 200
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First AP

Following AP
— Depression

Following AP
— Facilitation

Mochida, Neurosci. Res. 2011



Mechanismy vyuzivajici zbytkové Ca?*

1 2 3

A
“‘8 Residual Ca?*
g Resting Ca?* 7 (~1 M)
g (~100 pM)
w
'
-+ Resting Ca?* 1st Action Potential Residual Ca?* 2nd Action Potential

wm“ mGIluR4  ® Munc18-1 'Caz*channe[ ® Ca* %= CaM -'--. synaptic vesicle

Mochida, Neurosci. Res. 2011



Presynapticka LTP aLTD

MF-SLIN MF-CA3 Inhibitory
LTD LTP eCB-LTD

PO | |
Ca2+ VGCC Glu Ca2+ VGCC Glu

Zména aktivity presynaptickych Ca2+ kanali
Zmeéna sekrecniho aparatu

Castillo, Cold Spring Harb Perspect Biol 2012



Homosynapticka a heterosynapticka
modulace

Presynaptické autoreceptory a heteroreceptory

I GABAR T mGlR x IGbR e GABA o Glutamate

Mature Reviews | Neuroscience



Postsynapticka LTP a LTD

(a) Before tetanus

Silent synapses

. Voltage-dependent
Glutamine Ca?* channel

(b) During and just after tetanus
(induction)

Tetanus

¢l

NMDAR — Ca2+ signal —

-> CaMKIl — inzerce novych
AMPA receptoru. Vysoko-

frekvenéni stimulace — LTP « fasns
Nizkofrekvenéni - LTD ’

\.\ .
~~ Ca?*-dependent process

>
\ > Mg?* block [Ca®*)



Pomaly synapticky prenos — receptory
sprazene s G-proteiny (GPCR)

Basal state I Receptor activation
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Topologie GPCR (heptahelikalni)

7 TM oblasti, 3 extracelularni a 3-4 intracelularni smycky,
vazebné misto pro agonisty s malou MW je v membrané mezi
TM oblastmi, receptory pro peptidy — vazebné misto na
prodlouzeném N-konci, 12 — 14 (C-konec palmitovan) jsou
zapojeny Vv interakcich s

G-proteiny.




Trideni GPCR:

- A (rhodopsin-like) (acetylcholine, amines, peptides)
- B (secretin receptor family) (peptides, hormones)

- C (mGIluR/pheromone) (glutamate, GABA)

- D (pheromone)

- E (CAMP receptors)

- Frizzled



Trafficking, targeting

Anterogradni a retrogradni
éb é transport. Mikrotubuly.
- ~ = " Myosinové motoricke

# ggggd ? T%%& X proteiny, kinesin, dynein.
® X Na aktivité-zavislé cilent.

chmrs g e Ca — CaMKIl — fosforylace
= S motor. proteinu — odpojeni
C _———>"" \¢  vacku. Fosforylace mikro-
tubull — presmérovani.
\NRZB vesicle
Scaffolding &

CaMKIl

protein complex \
fLN—]O »

Heads Carboxyl terminus - |
* ATP hydrolysis
* Microtubule binding Globular tai

Woehlke, Nat. Rev. MCB, 2000
Hirokawa, Nat. Rev. MCB, 2009




Prehled mediatoru

1) Acetylcholin

2) Glutamat a aspartat
3) GABA aglycin

4) Biogenni aminy

5) Purinergni systemy
6) Peptidy

/) Kannabinoidy

8) Plynné mediatory



Acetylcholin

Vyskyt:

Efekt:
Prekurzory:

Inaktivace:

nervosvalové spojeni, ganglia visceralniho
motorického systemu,
CNS

hl. excitacni

Na*/choline
transporter

Cholin + acetyl CoA

Choline

AChesteraza

Vesicular
ACh
transporter

receptors



Acetylcholinové
receptory

1) Nikotinové, nAChR (ionotropni)
agonista: nikotin (listy Nicotinia
tabacum)
antagonista: tubocurarine (kura
Chondrodendron tomentosum)

2) Muskarinove, mAChR
(metabotropni)
Heptahelikalni, GPCR
agonista: muskarin (plodnice
Amanita muscaria)
antagonista: atropin (Atropa
belladona)




Acetylcholinové
receptory

1) Nikotinové, nAChR (ionotropni)
agonista: nikotin (listy Nicotinia
tabacum)
antagonista: tubocurarine (kura
Chondrodendron tomentosum)

2) Muskarinové, mAChR
(metabotropni)
Heptahelikalni, GPCR
agonista: muskarin (plodnice
Amanita muscaria)
antagonista: atropin (Atropa
belladona)




NAChR:

Podjednotky:
-a1-10 (vazba ligandu)
-B1-4

Ligand binding site




NAChR:

Podjednotky:

-a1-10 (vazba ligandu)
-B1-4

Y

-0

-€

Five a7 subunits form an a7 homo-oligomeric nAChR

outside

() ] ) cell
BRI Bl membrane

inside inside

ca”

Two o4 and three B2 subunits form an
o4p2 heteromeric nAChR

e
=

[} I ! ll * [l [} (} r ce"
Bt membrane

inside

outside outside

Na“ Ca™



Neuromuscular junction Autonomic ganglia

NAChR:

Ruzné kombinace podjednotek v nativnich receptorech:

- Homopentamery a7, ag, a9 - CNS

- Heteropentamery, napr. al1e(y)d — nervosvalove sp.
Embryonalni (y) vs dospélé (g)

- 0a2-10, B2-4 neuronalni typy receptoru



Mechanismy pusobeni mAChR

Acetylcholine L

1. inhibice adenylat
cyklazy

(a: M2, M4)

2. stimulace fosfolipazy C

(M1, M3, M5)

3. regulace iontovych
kanalu

(By: M2, M4)

Active adenylyl cyclase

Adenylyl cyclase

Active G(i)-proteindeactivates adenylyl cyclase;

M2 or M4 activation = A decrease in cAMP
Thus, no Protein Kinase A
Thus, no phosphorylated Phosphorylase Kinase.




s i] Mechanismy pusobeni mAChR

I Phospholipase C (Beta) I

T 2. stimulace fosfolipazy C
GTP (Ml, M3, MS)

4

| Phospholipase G (Beta) |
Membrane phospholipid
(phosphatidylinasital-4,
S-bisphosphate, or PIP-2)

" Protein Kinase C
Endoplasmic =
reticulum, family of enzymes

where calcium
is stored
[ Inositol triphosphate (IP:) ]AbIDiacylglycerol (DAG) ‘\

=

IP: receptor,
an IP-gated
calcium channel [ Activated Protein kinase C ]

Ca** release
—

_

Calcium release causes activation of calmodulin-sensitive enzymes
- Myosin lightchain Kinase
- Calmodulin-dependent proteinkinase (l and ll)- camkinases;
- Phosphodiesterase yes, the one that degrades cAMP and cGMF)

All sorts of calcium-release-dependent phenomena are activated:
- Smooth muscles contract
- Secretions are secreted




Nervosvalova ploténka




Cholinergni synapse

Presynaptic



Vyznam cholinergnich systému

- motorika

- uCeni, pamet: nACh receptory se ucCastni LTP
v hippokampu, presynaptické modulatory,
inhibice muskarinovych receptoru (atropin) -
- poruchy uceni, zdroj cholinergnich vl. v nucleus
basalis — |éze v nb - poruchy uceni, bazalni

g an g I Ia major cholinergic projections

- Alzheimerova choroba

Nucleus hasalis projects to the neocortex
PPN projects to the thalamus



Alzheimerova choroba

Neurodegenerativhi onemocnéeni, demence, postizeni kognitivnich
funkci, akumulace B-amyloidnich peptidu v mozku.

Casna ACH (5%), <60 let, d&di¢na, 160 mutaci na chr. 21, 14, 1,
které zpusobuji nadmérnou produkci BA -> neurotoxicita.

Pozdni ACH, >60, nejasna dédicnost, ale genetické faktory hraji
ulohu, mutace genu pro apolipoprotein E (transport cholesterolu
a metabolismus lipidu).

PostiZzeni oblasti mozku dulezitych pro pamét a uceni a vysSsi
poznavaci funkce. Cholinergni hypotéza AD. Cholinergni systémy
pfedniho mozku, hipokampus, kura. Degenerace neuronu. Ztrata
cholinergnich neuronu v nucleus basalis, zmirnéni inhibici ACh
transferazy.



Organofosfaty

pesticidy — inhibuji AChE — hromadéni ACh a nervo-
svalova paralyza, DTT, Sarin

pre-synaptic synaptic cleft post-synaptic
membrane membrane
AChR
b « ACh
4 y )f
ChAT NI,
+ | r
- S —
(Nv - - -
lycolysis 7« " el aER | SO Resmms
glycolysis " « . “1\ )
u"‘ s ,:
Phospholipid 4 AChE. -
Metabolism :‘?. ’;E Ay
TRE. It
oL 0 4
Presie® g
", & 3L »
- e O

acetyltransferase (ChAT ¢ ) Choline (Ch.) AcetylCholine (Ach &) Acetic acid (Aan) Acetylcholinesterase (AChE (}
holine receptors (AChR @] Pesticide (P @)
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