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Komunikuji neurony pouze
synapsemi?

OLDRICH VINAR

Psychickd éinnost zdvisi na spoluprdel miliard me
frourich nervovgeh bunék (newrond). Diouho se sotn
lo, Ze se neurony mezi sebou dorozumivail elektr
Jegmi impulzy — vysilaji je i prijimaji, podobné jako
lefonni sit. Elektrofyziologicke metody byly a dos
Jsou vyznamnot cestou k pozndn{ biologické pods

predstavu o elektrickuych déjich zajistujicich psych
leé funkee vytvofll pFed pil stoletim fyziolog Vilg
Laufberger.” Pozd&jt se viak ukdzalo, Ze Sifeni eld
trickgich potencidlil nervovtmi drdahami provdzeji ol
micié zmény. Byle zndmo, Ze na dufevnt stan puls
bi fada ldtel, napf. kafein, nikotin, alkohol, psycl)
Sarmakea, a pfi vizkumu téchto G8inkal se gjistilo,
psychiku vlasiné regulije nevelky pofet neurotrar]
mitertt = chemickyjch [afek prend3eficich nervové vz
chy (podrobnégji viz Vesmir 75, 150, 1996/3).
MNejprve se zkoumal mechanizmus Biginku psyct
farmalk, jejichZ prisobeni bylo uZ prokazdano. Jest
Ze napfiklad a¢inek antidepresiv souvisi se zvyj
nim koncentrace jednoho z neurstransmiter (sey
toninu), je deprese nejspis zpisobena jeho nedosty
kem. Blokuji-li 1éky uZitedné v 1é¢he bludd, halu
naci a psychotickéhe neklidu receptory pro ji
neurntransmiter ([dopamin}, jsou tyte piiznaky pre
dépodobné zpasobeny zviienou aktivitou mozkovy
struktur regulovanych dopaminem. Radu dzk

1] Vilém Laufberger: Varuchovh teorie (1947]

2} Trends in Neuworsclences 24, 207-215. 1998

3) Eva Sykovd, The Neurosclentist 3, 2841, 1997

4} Eutorizujicl itinky alkchelu nelze pricitat pouze serotoning,
catani lepires lad nezvytull normalni nla
eokalada ani ve velkém mnossid nevyvaliva opilost™ fako alko]
5} Spanek nend zajisfovdn pouze prostaglandinem D2; pedili se
ném fada modulsed, mimo |iné § serotoninova.
6] Co svidE proti této teorti: PR rychlosti 3 mm//hod (viz vhe) s
cely mozek preplavat” fdov za 2 doy. kde#o féinek antidepd
se projev theba | za 20 dnil Navic pozdni géinel antidepresiv se d
i sndze vysvaLit genomiclimi adinky (Psychiatrie 2, 78-5, 199

dnletvim synaptického pfenosu

wnlnomiulni:‘

nych poruch muZeme l6Cit Mtkami usnadfiujicimi
pasobeni y-amineméselné kyseliny. Léky zvy3ujici
koncentraci acetylcholinu v mozku zase mohou do-
Gasné zaslavil rozvoj demence pii Alzheimerové ne-
moci, y-aminomaselna kyselina tedy reguluje tzkost
a acetyleholin kognitivni funkee.

Vazebny .klié v zamku*

Neurotransmitery plisobi na své receplory v nervovych
synapsich (zdpejich), kde se vlikna jedncho neurenu
setledvaji s vidkny jiného neuronu - po uvolnéni z konce
vidkna vysilajiciho neuronu obsazuji vazebna mista
receptorti zakon&eni pfijimajiciho neuronu. Do vazeb-
ného mista zapadaji jako kli¢ do zdmku. Pal stoleti
byla existence receptori pouhou hypotézou, kterou
tenrvey padesatveh Jetech tohoto stoletf potvrdila elele

Pomaly
synapticky
prenos

Nadéje na prevenci
poruch pameti

FRANTISEK VYSKOCIL

Kde se v mozku
tvofi pamét?
Synapticka plasticita

v hipokampu a jefi tloha

pri tvorbé paméti

SABINA HRABETOVA

ANATOMIE HIPOKAMPU

Hipokampova formace se skldda z gyrus dentatus, ob-
lasti CA3, oblasti CA1 a subiouia (obr. 1). Klasicky tFisy-
napticky okruh tvofi dopfednd draha, ktera zadina
v &ichové oblasti mozkové kiry a propojuje hlavni éasti
hipokampové formace. Frvni spoj tisynaptického okru-
hu zagind v morkové kife a konéi synapsemi na granu-
larnich bunkach gyrus dentatus. Druhy spo) je tvofen
axony granuldrnich bunék (tzv. Splhavymi viakny), kte-
ré maji zakonéeni na pyramidovych neuronech v chlasti
CA3. Axony CA3J pyramidovych neurond (Schallerovy
odbotky) pak pfedstavuji Ifeti spoj v okruhu a konéi
F i [ idovy oblasti CA1.
Tenlo klasicky model hipekampového ckruhu byl dopl-

risson byl ocenén za sérii pokusi z konce
eré vedly k oljevu. Ze velmt dileZitym pre-
sigrdlu pri vedjiemné komunifeact nietrontt fe
Tehdy pancval ndzor, Ze dopamin je pous
urzorem pro noradrenalin, tedy jakygmsi ,po-
. z négj# noradrenalin vznikd, Noracdrenalin
| s moetylcholinem) jednim z mdla proldze-
sickyjch neuropfenased, uvoliiovangeli pre-
postgangliovgch nervevgeh vldken periferni-
tiynihe nervového sysiému. Intenziond se stu
=l hormanding pisebent pii stresu a uvolio-

Eefni talok bazéini

gangia

dopamineve
drify

RICHARD ROKYTA

nén nalezem viaken vedoucich z oblasti CA1 do subi-
kula {od subicere - podkladat) a kary, kierd de facto
wzaviraji smycku okruhu. Synapticka plasticita je vak

ry nadledvin. Carlsson zjistil, Ze se doparmnin
sje v jingch chlastech mozku i vznilo v jingch
h nez noradrenalin, coz ho privedlo k zdvér,

Hipokampova {ormace je mozkova struktura; kterd
hraje diilezitou tilohu v paméfovych procesech. Dil-
kazem jsou dala ziskana pfi sledovani neurologic-
kych pacicnhbi s trazem v této oblasti. PosSkezent hi-
pokampu nebe jeho létebné odnéti vede u lidi
k anterogradni amnézil ~ postizeny si pak neni scho-
pen zapamatovat nova fakia a rozpoznavat nove Lvi-
re. Diive vytvofené pamétové stopy vialk zdstavaji
neperusené, protoZe jsou pravdépodobné uloZeny
v jiné mozkové strulktufe, v kife. Navie si postiZeny
uchoviva lypy pameéli s hipokampem nesouvisejici,

SLOVNICEK

axony - [, axon = osa) vbeiky nervove buiiky obsa-
huaj xoplazmu, de axony granuldrnich bunek ve
spojl synaptického okruhu, zvané Splhava vlakna

agonista - [f. agonistes — zipasnik] zde ve vyznamu
slejni piiscbict &initel

antagomista - (i, antagonistes — odpir
sobici Cinilel

depolarizace nervového vldkna - zména membrino.
vého potencidlu vidkna po podragdéni

indukee nervového viakna - {lat, insucere - uvidat)
ade #ast procesu vedouciho k diferenciac

inhibitor - [lat. inhibere - zadrkovat, zastavovat) thu-
mid, latka zpomalujici reakcl

) opadné pi-

fizhost nxlolytika {usnadfufi Géineld
Icyseilna(EIABA}I (v, | lyseliny ndsaing
dopamin B4 pozitivai priznaky | antipsychotlka (blokuli
| | el
i P I
_ S -

1. Schematicky dlagram pfi¢ného fozu hipokampem zobrazujici do-
pfednou drihu (1), kterd konéi synapsemi na granularnich bufkdch
gyrus dentatus; Splhava vidkna (2) tvoficl spoj na pyramidové buiky
(P} v oblasli CA%; a Schatferowy odbotky (3], Které spojull cblast
CA3 s oblast] CA1. Spoj i wlakna pf ji daldi
vstup do oblasti CA1, (M. Shepherd: The synaptic organizaticn of
the brain, Oxfard University Press 1390)

pyramidove bufiky

Schatferavy
cdbodky

drdhi

n musi byt prenasecem sdam o sobé,

ku se Carlsson zajimal o plisobeni reserpi-
loidu 2 indické légive rostliny Rauwolfic
nejen snizuje krevni Ualk, ale pisabi silng

w riznyeh formach pfitomna na viech synapsich zi-
kladniho tfisynaptického okruhu,

Jakeo proceduralni pamét, klerd je polfebna pro zis- SO fom U]
: ; IARL! *25.1.1923 v Uppsale
F&Véﬂl dovednosti. Klaslc_k}'m piikladem jc. dn:‘]ne.s),’llmt skal na Univerzlta v Lundu (19511, r. 1956
Zjict pacient, kterému v roce 195? byla pil nelédi-jooontem ar, 1959 profesorem farmakologie na
telné epilepsil zaroven s vaitinimi Castmi spankovych ng v Géteborgu, kde dosud pisobi jaks emerit-
laloktl operatné odiata i velks &4st hipokampu. Po-sor, Ziskai napf. (spolu s B, W. Sperrym a 0. Hor-
operatni psychologicka vySclfeni ukdzala, Ze zatim-s2em) Wollovu ceny za medicinu (1 97:), zlz':nluy
co rysy osobnosti a inleligence zastaly nenarugeny, Psyshiatrického tstavu Maxe Plancka v ini
i ¢ : & 1997) a dal3f vyznamendni. Ma pét déti.
pacient si nebyl schopen vybavit jedinou udalost po-
inaje dnem operace, ¢ poznat lidi. se kterymi se po REENGARD (*11. 12,1925 v HNew Yorku) 5
operaci seznamil a byl s nimi v kentaktu. :"fléll‘ U:I;’:;;E:lg;gf::::ﬂc;p‘:ﬂr:xci\fpﬂozdr;ﬁ
1 = ; — 1 elec!

U hlodaved: Je hipokampus zapojen do mechani- g oo gia biochemie na univerzitich v Londjné
mu prostorového uéeni. Zatimeo laboratorni potkan brid#l, v Narodnfm Gstavu pro lékafsky vyzkum
s oboustranné edilatym hipekampem neni schopen| a v Nérodnim Ostavu zdravi v Bethesdé (USA).
najit ve vodni nadrzi podlazku pod hiadinou vody, 183 vede laborataf molekuldrni a nu?é;\énze‘:::-.
kontrelni zvife se rychle naudi plavat pfimo k ni. Dal- 3‘,“x:ﬂ:::g;"[“f]::;"?;;‘;?u" :é‘”ﬂ néak:\'dellemj
&imn <11'11§az‘im byl objev hi;lwkﬂmpm}"c_:h Nbluuu‘.i‘( urti-, Alt Dana Awasd for Ploneering Achlevements in
teho mista®, U laboratornich potkand je kazdé nové (1eg7),

R R % Ty
{)J.Oh‘}l(’:'di ZINAPOVAILD slupioanerini n‘rpn%w:m KANDEL (7. 11,1928 ve Vidni) o
pu. V ramei elo skupiny se Pak aktivita _]r.(?t.nt:wych i z Rakouska, ale je obganem USA. Lékafsky ti-
neuront vaze k presné definovanému mistu [poli) afr. 1956 na Newyorské univerzit, v lotech 1960
v prostoru. Tak zvife ziskava poznatky o prostfedi. e zabyval psychiatrii na Harvardové univerzité
snu; 1965-74 byl decentem psycholegle a psy-
: na Newyorské univerzité, Odr, 1974 je profeso-

PR = i lumbové univerzité, kde plisobi na katedfe
Otdzicou z0stavd, jaky je bunéény mechanizmus tvor- :i:;ea psychaitrie a od ‘,‘_199;@2 na katedfe bio-

by & uchovavini pamdcfovd stopy - jakym eplsoben, a molekulirni bislyziky, Z jeho vyznamenani
se informace o podlazee ve vodni nadrzi uklada & jak e napt. Cenu Alberta Laskera (1983), Narodni
se vylvofi kognitivni mapa vnéjsiho prostfedi. V po- | za védu (1988}, Harveyovu cenu (1993} &i Cenu

Hipokampus souvisi s utenim

slednich desetiletich vzbudila pozornost neurovédes '54é Jékafske akademie (1996).

synaptickd plasticita. To je sehopnost dlouho udret
aménu déinnoestt synaptického pfenosu mezi dugma
neurony a je vyvolana sy ym podrazdénim neua-
ronu lezicitho pied synapsi (zdpojem). Casto uvacde-
nym piikiadem role synaptické plasticity pfi tvorbé
paméti je dlouhotrvajici draZdéni popsané u mofslké-

MUDr, Sabina Hrabétova, PhD, {*1964) vystudovala 3. Lekar-

skou fakultu UK v Praze. Do roku 1992 phsobila v Ostavy

fyziologie a klinicke fyziologie 3. LF UK a od té doby pracuje =
v Department of Pharmacology SUNY v Brooklynu (M. Y.), e s
kde dokengila PhD. Je neurofyziolog, studuje zejména ulo-

hu proteinki v & plasticité

Prof. MUDr, Richard Rokyta, DrSc., (*1938) vystudowval Lé-

kafskou fakultu UK v Pizni, v sougasné dobé je pfednostou

Ustavu normaini, patologické a klinické fyziologie 3. Lékaf-

ské fakulty UK v Praze. 1990-1997 prodékan 3. LF UK. Clen

a funkcionaf mnoha mezinarodnich spoleénosti (Societe de

Physiolegie, The Physiclogical Society IUPS, FEPS, IBRO).

Zabyvd se neurofyziclegii, v astl zejména studiem

belesti v centralnim nervovém systému a jefimi elektrofyzio-

logickymi a biochemickymi projevy.

(e-mail: Richard . Rokyta @13 .cuni.cz)

1. Dopaminevi nervové drahy v mazku. A. Carissan ukazal, & pro
kontrolu svalové akthity maji viznam bazainf ganglia (shiuky neurc-
A, Ktord , fungui* pouze pH dostatku dopaminu. Pl Perkinsonové
chorobi jseu bazdlni ganglia postizana - podkorova ehlasti piedni-
ho mozku degeneruji & pESIUENE Z nich mizi velké neurany, v niche
dopamin vznika. Rozvijeli se kiinfcks piiznaky jako ties, svalova ztuh-
Jst &l neschopnost pohybu. K 12 s¢ pouiva prekurzor dopami-
nu L-dopa {viz obr. 2).

antipsychoticky (zmingnou rostlinu vyuzivalo indie-
ke lidove lécitelsti). Pritom ale dels{ létha reserpi-
riem navozovala deprese. Carlsson piemyslel, zda
reserpin vyprazdiinje mozkove zAsoby serotoninu
(jednoho z Fady potencidlnich neuropfenadeti), nebo
zda brani vilevu néjakych jinych pienaseed, napri-
klad dopaminu.

Jak zabranit zpétnému vychytavani serotoninu

Po fadu dni Cartsson podéval reserpin laberatornin
potkanim. Zvifata postupné stricela Cilost a schop-
nast spontanni ponybove alktivity. Vypadalo 1o pa-
dobné jako u Parkinsonovy choraby. pii kleré jsou
poruchy motoriky jednim z privodnich jevi. f{d}';’:
byl potkantim podin prekurzor seroloninu, nic se
nezménilo, kdyz ale dostall prekurzer dopaminu,
poruchy motoriky zmizely. Dnes w2 vime, Z¢ Parkin-
sonova choraba (viz Vesmir 78, 330, 1999/6) je zpi-
sobena nedostaticem dopaminu v uréitych eblastech
mozku (obr. 1), Samotny dopamin, klery md silngé
polarni molelly, je lé¢ebné neddinny, protoie ne-
projde hematoencefalickou bariérou mezi krvi a moz-
em. Tyto projevy lze viak alespori édstecné upravit
i potlacil podavanim prekurzoru depaminu, ktery
se nazyva L-DOPA (viz obr. 2).

A. Carlsson ovliviioval synapticky prenos také tim,
#e zablokoval dopaminové receplory. Prakticky vy-
gnam to ma pro lé¢bu schizofrenie a deprese (viz
Vesmir 78, 607, 1999/11). Rozhodujici alohu pri
regulaci afektivily md zfejmeé serotonine. Ten musi
byl po svém pasobeni na receptory odstranén, j
nak se prenos na synapsich zahlti a zablokuje, Se-
rotonin se nehydrolyzuje vné bunék (jako treba ace-
tylchioling, ale je zpétne vychytavan dao nervovych
zakondeni, a tim jeho hlading klesa. Nékdy je vy-

Prof. RNDr. Frantisek Vyskeéil, DrSc., ("1947) vysmdlovat
Piirodovédeckou fakultu UK v Praze. Ve Fyzialogickem tista-
vu AV R se zabjvd neurofyziologi a biofyzikou hunéérjych
membran. Objevil nekvantevé uvolfovant neuropfenaseéd
u savcl. Je autsrem klasické cilagni prace”, viz Current
Content 15 (1998). Je Elenem Ugené spolegnosti CA.

nicziesmis # VESMIR 8D, leden 2001 13
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potencial

Obr: 4.6. Sifeni akéniho potencialu (AP). Jestlize je jedno misto
excitabilni membrany depolarizovano, podélné iontove toky (Sipky)
wywolajl rozdifeni depolarizace | do bezprostfedniho okoli. Nove
AP mohou vznikat vEude, kde byl pFfekroten prahovy potencial.
D& se opakuje a vlna vznikajicich depolarizaci se &if podél
membrany.
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Videa/Axon Charges Slowly.avi
Videa/Axon Charges Quickly w Myelination.avi

Synapse

\ br. 4.7. Sekvence dé&jl pFi pfedani ak&niho potencialu (AP) pro-
“stfednictvim mediatoru na chemicke synapsi. a) pfichazejici AP

depolarizuje synapticky knoflik, b) otevira)i se vapnikove kanaly
a Ca® proudi do nitra knofliku, ¢) to wvola exocytdzu granul s me-
diatorem, d) mediator se vaZe na receptory postsynapticke mem-
brany, e) nasleduje otevieni kanallu pro kationty a |jejich viok zpo-
sobi mistni depolarizaci, f) na napétove citlivem okoli synapse
mahou vzniknout nove AP,
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Figure 19-2¢ Molecular Biology of the Cell 5/e (© Garland Science 2008)
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Figure 19-2d Molecular Biology of the Cell 5/e (© Garland Science 2008)




"for their discoveries concerning the humoral transmittors in the nerve terminals and the mechanism for
their storage, release and inactivation”
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() Overview of vesicle recycling

(b) Retrieval of the vesicular membrane

© Endocytosis

Classical

/A

In the classical pathway, the vesicular
membrane completely fuses with the
presynaptic membrane, then is
retrieved by endocytosis.

Kiss-and-run

A

In the kiss-and-run pathway,
synaptic vesicles fuse to the
membrane only at a narrow
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Figure 13-73 Molecular Biology of the Cell 5/e (© Garland Science 2008)

DELIVERY OF SYNAPTIC
VESICLE COMPONENTS
TO PLASMA MEMBRANE

ENDOCYTOSIS OF SYNAPTIC
VESICLE COMPONENTS TO
FORM NEW SYNAPTIC
VESICLES DIRECTLY

ENDOCYTOSIS OF SYNAPTIC
VESICLE COMPONENTS AND
DELIVERY TO ENDOSOME

BUDDING OF SYNAPTIC
VESICLE FROM ENDOSOME

LOADING OF NEURO-
TRANSMITTER INTO
SYNAPTIC VESICLE

SECRETION OF NEURO-
TRANSMITTER BY
EXOCYTOSIS IN RESPONSE
TO AN ACTION POTENTIAL
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Figure 13-74 Molecular Biology of the Cell 5/e (© Garland Science 2008)
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Figure 19-22a Molecular Biology of the Cell 5/e (© Garland Science 2008)
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Figure 19-22b Molecular Biology of the Cell 5/e (© Garland Science 2008)
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Figure 19-22c Molecular Biology of the Cell 5/e (© Garland Science 2008)
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Figure 11-38 Molecular Biology of the Cell 5/e (© Garland Science 2008)



l




Pamnsympaihetic
rerve ferminal

Potassaum channel

Plasme
A

NEUROBIOLOGY
Gary G. Matthews

Hlackael
Science



Svmpathetic
nerve lerminial

o L]
[ -]
Voliage-dependent
f-Adrenerge \% d caledum chane|

Crtsile

Flasma
rernbrane

oM P-dependent
cAMP prabein kinases
(proein kinose A

|

b NEUROBIOLOGY
Gary G. Matthaws

Abacicael
Science



Rovnovazny
lont .
potencial
Na” +67 mV
K" -98 mV
Cl -90 mV
volny Ca’| +129 mV
fixni anion{

— D.

Vliv IPSP na postsynaptickou excitaci

e g w 1

< AFE
excitaini -
transmiter mV
_?D =
EPSP
~ =50 ;
,,;;’f;;l e Al /"'*PI
inhibujici =
transmiter s
depolarizace IPSP
-\"l--l-""——_—_h
elektrotonické sifeni R L
= ++ I ————— _
Jzkrat” pies K'-kanaly = |
nebo CI -kanaly ’/ mv sumace
-70{~ .. EPSP+IPSP

hyperpolarizace
|

i

Tl

postsynapticky
neuron

elektrotonické proudy

hyperpolarizuji
axonovy hrbolek

k axonovému
hrbaolku




Meurotransmitter binds to a
ligand-gated Na* channel.

MNeurotransmitter TN q)

@ Na™ enters cell through the

open channel.

®

Current spreads through
the cell.

The strength of the signal
decreases with distance.

Membrane potential (m\v)

0

1.0 2.0

Distance from opened channel
(mm)



_ B. Prostorova sumace podrazdeéni

dendrit =

—i

reuron (somea)

" akéni potencial

(AP2)

EPSP,

ms

EPSP,

{
/]

AP -90
i,
“?.,_ _m - .
!
elektrotonické
proudy
{depolarizujici)




— C. Casova sumace podrazdéni

m;-i; R\}\-}J
N

EPSP,

Ty

Casovy
odstup

P,
B s
\ -

I'-1 I'|I
. dendrit

: :a} | "
| & = ;

neuron {soma)

M
‘akéni potencial
(APg)

souéet EPSP




Action Potentials

efractory period
e summed
a depolarization or hyperpolarization

d by a stimulus, by combination of neurotransmitter with
or by spontaneous shifts in leak-pump cycle

in specialized regions of membrane designed to respond to the

All-or-none membrane response; magnitude of triggering event code
in frequency rather than amplitude of action potentials

Propagated throughout membrane in undiminishing fashion

Self-regenerating in neighboring inactive areas of membrane
Refractory period

Summation impossible

Always depolarization and reversal of charges

Triggered by depolarization to threshold, usually through the spread
of a graded potential

Oceurs in regions of membrane with an abundance of voltage-gatec
Na™ channels
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Trvaly podnét tedy vyvola trvalé , paleni®.

vétsi depolarizace se inaktivuji drive,
polet otevienych K kanalu je tedy nizsi (tim méné se uplatfiuji) a frekvenci
AP netlumi.

Ca a Ca dependentni K kanaly se uplatnuji pri adaptaci
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Table 4-4 1 Comparison of Classical Neurotransmitters and Neuropeptides

Characteristic

Classical Neurotransmitters

Neuropeptides

Size

Site of synthesis

Site of storage

Site of release
Speed and duration of action

Site of action

Effect

Small; one amino acid or similar chemical

Cytosol of synaptic knob

In small synaptic vesicles in axon terminal
Axon terminal
Rapid, brief response

Subsynaptic membrane of postsynaptic cell

Usually alter potential of postsynaptic cell by
opening specific ion channels

Large: 2 to 40 amino acids in length

Endoplasmic reticulum and Golgi complex in cell body:
travel to synaptic knob by axonal transport b

In large dense-core vesicles in axon terminal
Axon terminal; may be cosecreted with neurotransmitter

Slow, prolonged response

Nonsynaptic sites on either presynaptic or postsynap 'f_
cells at much lower concentrations than classical

neurotransmitters

Usually enhance or suppress synaptic effectiveness by
long-term changes in neurotransmitter synthesis or
postsynaptic receptor sites
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a Chemical synapse b Electrical synapse

Action
potential

CHI+

Action

Presynaptic
ynap potential

terminal _l="

o Synaptic
vesicle
{ Gap junction

Metabotropic
receptor

lonotropic ®
receptor

potential expression
cascades
Figure 1 | The two main modalities of synaptic transmission. a| Chemical transmission requires sophisticated
presynaptic molecular machinery that regulates neurotransmitter release in a probabilistic manner upon
depolarization of the presynaptic terminal —in this case, by the arrival of an action potential —which leads to the
activation of voltage-gated calcium channels (VGCCs). Similarly complex postsynaptic molecular machinery is also
required. This includes the presence of ionotropic and metabotropic receptors that are capable of detecting and
translating the presynaptic message (neurotransmitters) into various postsynaptic events, ranging from changes in
resting membrane potential to gene expression, thus amplifying the presynaptic signal. b | Electrical transmission is
mediated by clusters of intercellular channels called gap junctions that connect the interior of two adjacent cells, and
thereby directly enable the bidirectional passage of electrical currents carried by ions (arrows) as well as intracellular
messengers and small metabolites (not illustrated here). Electrical synapses are bidirectional in nature: when a

presynaptic action potential propagates to the postsynaptic cell, the membrane resting potential of the postsynaptic
cell simultaneously propagates to the presynaptic cell.

Postsynaptic
terminal




a Chemical synapse b Electrical synapse

Semi-dense

cytoplasmic

matrix
Hemichannel @

Iinsertion

Gap junction

AMPA

receptor

Figure 2 | Trafficking of channels at chemical and electrical synapses. a|lonotropic glutamate receptors are trafficked
in and out of synapses. Postsynaptic densities (PSDs) provide a scaffold that helps to regulate this trafficking. PSD95 and
calcium/calmodulin-dependent protein kinase Il (CaMKII) are both abundant components of PSDs. Requlated trafficking
of AMPA receptors is thought to underlie the modification of synaptic strength at glutamatergic synapses. b| There is
turnover of gap junction channels at electrical synapses. New connexons are trafficked as unpaired hemichannels to the
membrane in vesicles, where they are inserted at the periphery of the gap junction plaque and dock with hemichannels in
the apposing membrane. They are internalized as small clusters of entire channels (light grey) into either of the coupled
cells from regions near the centre of the plaque. Various proteins make up the ‘semi-dense cytoplasmic matrix’, which acts
as a scaffold for these channels. Zonula occludens protein 1 (Z01) is a structural component of this scaffold. By contrast,
CaMKIl (not shown) seems to be a non-obligatory component of the macromolecular complex, with functions that might
be similar to those at PSDs of chemical synapses.



a Chemical synapse Electrical synapse b Mixed synapse

Neuromodulator ’l Glutamate |L
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Metabotropic
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c Heterosynaptic interaction d Goldfish mixed synapse

S g

Dopaminergic
varicosity

mGluR-mediated
signalling
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Figure 4 | Types of interactions between electrical and chemical synapses in the adult nervous system.

a | Neurotransmitter modulators released by nearby synaptic terminals (purple) regulate the synaptic strength of chemical
and electrical synapses through activation of G protein-coupled metabotropic receptors. Regulation at chemical synapses
could occur pre- or postsynaptically. b | Electrical and chemical synapses coexist at mixed synapses. Glutamatergic
synapses regulate the strength of electrical synapses by a postsynaptic mechanizsm that includes the activation of NMDA
receptors (NMDARs) and calcium/calmodulin-dependent protein kinase Il ({CaMKll). ¢ | Regulation of electrical synapses
by glutamatergic transmission could also be heterosynaptic. Nearby glutamatergic synapses can regulate electrical
transmission through NMDAR or metabotropic glutamate receptor (mGluR) activation. d | Another mechanism of
interaction at goldfish mixed synapses results when synaptic activity leads to mGIuR activation, which in turn triggers
endocannabinecid (eCB) release from the postsynaptic cell, and activates cannabinoid type 1 receptors (CB1Rs) on nearby
dopaminergic fibres. CB1R activation leads to dopamine release that. by activating postsynaptic dopamine D1 receptors



some learning history

Descartes (1596-1650): "When the mind wills to recall something, this volition causes
the little gland (the pineal), by inclining successively to different sides, to impel the
animal spirits towards different parts of the brain, until they come upon that part where
the traces are left of the thing it wishes to remember."

Ramoén y Cajal (1894) "... mental exercise facilitates a greater development of the
protoplasmic apparatus and of the nervous collaterals in the part of the brain in use. In
this way, pre-existing connections between groups of cells could be reinforced by
multiplication of the terminal branches of protoplasmic appendices and nervous
collaterals.”

D.O. Hebb (1949) "coincident activity" initiates the growth of new synaptic
connections as part of long-term memory storage. “reverbatory circuit” for short-term
memory.

Lashley (1963) Lesioning rat brains, trained to negotiate a maze. No evidence of
localization of memory, memory deficits were related to the extent of the lesions.
Lead to his theory of mass action



1dea: molecules contain memory (transfer of molecule transfers
memory)

Holger Hyden: new specific RNA i1s created for each memory. Hyden's
hypothesis implied that the patterns of stimulation activated by learning could
introduce changes in RNA.

(current interpretation: long term learning requires protein synthesis)

G Unger: memory specific peptide scotophobin. Could inject/transfer fear of the
dark from rat to mouse. (Turned out to inhibit melatonin synthesis in pineal gland,
and somchow that creates scotophobic behavior)

McConnell (1966). Classical conditioning of flatworms. Feed trained worms to
untrained ones. Untrained ones show conditioned response (or learned faster).
Same for T-maze experiments. But: random shocks had same effect than
conditioning.
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(a) Plasticity in a neural chain

-)-. @ Coupen

(D) Plasticity in a superordinate circuit
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(c) Plasticity in a cell assembly

Qutput

18.1 Sites of Synaptic Plasticity in Neural Networks
Changes at sites of synaptic plasticity—such as the sites shown
here (highlighted in orange) in a neural chain (a), a superordinate
circuit (), and a cell assembly (c)—may underlie memory storage.
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Figure 2 | Multiple levels of analysis of an engram. Although engrams are thought to
involve strengthening of connections between neurons (neuronal ensembles) widely
distributed throughout the brain, the engram can be probed at different scales and levels
of analysis. This schematic depicts the components of a hypothetical fear engram (shown
in red) at different levels of analysis, from a brain network to a neuronal nucleus. a | At the
brain network level, a subset of brain regions may be involved in this engram. Red lines
depict functional connections between these engram brain regions. Cyan lines depict
underlying anatomical connections between brain regions. b | At the neuronal
population level, subsets of neurons within a brain region may be involved in this engram.
c | With the formation of each engram, changes occur at the level of individual neurons
(for example, changes in the pattern of connectivity). d | Changes can also occur at
subsets of synapses (for example, synaptic strengthening). e | At the nuclear level, the
engram can be reflected in transcriptional and epigenetic changes. ACC, anterior
cingulate cortex; LA, lateral amygdala; PrL, prelimbic cortex.
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Before training After training
(a) Changes involving synaptic transmitters

Axon
o terminal
.~ Dendritic

] | Postsynaptic mem- Synapse enlarges The end result is
1 brane becomes larger both pre- and increased PSP,
and/or more sensitive | | postsynaptically.
to transmitter.

18.2 Synaptic Changes That May
Store Memories  After training, each
action potential in the relevant neural circuit
causes increased release of transmitter mol-
ecules (red dots). The postsynaptic potential
(PSP) therefore increases in size (as indicated
by the graphs). () An increase in size of the

Interneuron modulation postsynaptic receptor membrane causes a
} causes increased larger response to the same amount of
transmitter release, transmitter release. (b) An interneuron mod-
" Formation of new synapses _ ulates the polarization of the axon terminal

and causes the release of more transmitter

New molecules per nerve impulse. (c) A neural
synapses circuit that is used more often increases the
formed number of synaptic contacts. (d) A more

frequently used neural pathway takes over
synaptic sites formerly occupied by a less
active competitor.
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Figure 3 | Presynaptic determinants of synaptic strength. Several hypothetical mechanisms ame ilustrated. a | Indvidual
synapses have different numbers of release sites (active zones). An extreme example is the calyx of Held in the mammalian
auditory pathway. b | Voltage-dependent Ca?* channels at individual active zones differ in number and/or type, allowing more Ca?*

to enter at some active zones after a nerve impulse, eliciting the fusion of more synaptic vesicles. ¢ | Synaptic vesicles differ in size,

generating corespondingly different quantal units that depend on their transmitter content. d | The effectiveness of individual Ca®*
channels to cause vesicle fusion depends on channel-vesicle spacing. Intracellular buffers have a more significant influence on
transmission when channels and vesicles are more separated, e | Synaptic vesicles that are available for release (close to or
docked at the synaptic membrane, and appropriately primed) are more numerous at some synapses. f | Qualitative and
quantitative differences in presynaptic proteins impart different properties to the Ca? receptors, affecting the probability of
vesicular fusion after Ca®* entry.
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(@) Normal synaptic transmission (b)
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554 CHAPTER 18

(@) Normal synaptic transmission (b) Induction of LTP
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(c) Enhanced synapse, after induction of LTP
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18.10 Steps in the Neurochemical
Cascade during the Induction of LTP
This illustration is based on LTP induction in
the CA1 region of the hippocampus.







Molecular Biology of Memory Storage:

The Persistence of Memory



The Study of Memory Has Two Parts:

(1) The Systems Problem of Memory:

Where in the brain 1s memory stored?

(2) The Molecular Problem of Memory:

How is memory stored at each site?

aes E T = e e S



There are Two Major Forms of Long-Term Memory

Explicit (Declarative)

People,

Facts
and Objects and
Events Places

Medial Temporal Lobe
Hippocampus

Requires Consclous Attention

Implicit (Procedural)
___.-'".f
r
Ve
Skills and Nonassociative
Habits and Associative
Learning

Amygdala, Cerebellum,
Reflex Pathways

Does Not Require Consclous Attention



There are Two Major Forms of Long-Term Memory

Explicit (Declarative)

FPlace: Nonassociative Learning:
Spatial Memory Learned Fear (Sensitization)

Medial Temporal Lobe
Hippocampus

Requires Conscious Attention

Reflex Pathways




Implicit and Explicit Memory Share 3 Features in Common

1 There are Stages to
Memory Storage

2 Repetition Converts Short-
to Long-Term Memory

3 Long-Term Memory P
Requires New ~
Protein Synthesis ¥

—_— b=

N

Short-Term Memory
(minutes)

Y

Long-Term Memory
(days, weeks)




The Human Brain
is complex:
102 Neurons

The Aplysia Brain
is simple:
2 x 10 Neurons

Major Ganglia

Buccal —

Cerebral —
Pleural —

“Pedal

Abdominal



The Gill Withdrawal Reflex has a Simple Stereotypical Neural Circuit.
Repetition of Sensitization Training Leads to Altered Gene Expression
and the Growth of New Synaptic Connections.
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The Gill Withdrawal Reflex has a Simple Stereotypical Neural Circuit.
Repetition of Sensitization Training Leads to Altered Gene Expression
and the Growth of New Synaptic Connections.
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The Gill Withdrawal Reflex has a Simple Stereotypical Neural Circuit.
Repetition of Sensitization Training Leads to Altered Gene Expression
and the Growth of New Synaptic Connections.
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habituation - measuring the effectiveness of synaptic transmission
decrease of number of transmitter vesicles from the presynaptic

SCNSOTY nNcuron

Habituated
(1 week)

Control Habituated

15 mvy
Motor
neuron

Sensory
neuron

Interneurons
Exci / - -
mm;f: short-term habituation (1x10
) Motor stimuli): synaptic depression

neuron

long-term habituation (4x10
sttmuli1 over hours or days):
reduction of synaptic contacts

from: Kandel, Schwartz, Jessell: Principles of Neural Science




Reconstruction of the Gill Withdrawal Reflex in Tissue Culture
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A. THE REFLEX BEHAVIOR
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1. Normal, Unstimulated 2. Initial Withdrawal 3. Withdrawal after
Habituation

B. ELECTROPHYSIOLOGICAL ANALYSIS
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A. EXPERIMENTAL SET-UP DEMONSTRATING SENSITIZATION
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Sensitization Produces Both Pre- and Postsynaptic
Structural Changes in the Intact Animal (HRP)
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http://www.sumanasinc.com/webcontent/animations/content/sensitization.html
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Olfactory aversive conditioning and testing
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Conditzring Caonditioning
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1.Po aktivaci PP zvySena

hladina Ca+

2.Aktivace kalmodulinu
3.Kalmodulin stimuluje
adenylcyklasu

4.\yssi hladina cAMP

5. Serotonin z modulacni s. také
stimuluje ACyklazu

6. CAMP aktivuje PK7

7.Blokace K+ kanalu

8.Delsi depolarizace

9. Delsi-influx -t
10.Veétsi vylev mediatoru

(B) Classical conditioning
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A Unpaired pathway (C5)

Mantle shelf

B Pajgg#pathway (CS*)

Facilitating
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Sensory
neurons
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coincidence detection

Siphon touch Tail shock Olfaclor)‘r cues FOOtSh'OCk
(sensory input) (modulating input) (sensory input) (sensory input)

! ! ’ v

. 24 Gs-coupled receptors
Ca? SHT receptor Ca (DA or 5HT)

l (sensT neuron) 4 (modulatory neuron)

v

Ca** /CaM o, GTP Ca?* /CaM a, GTP
(sensory neuron) (mushroom body neuron)

NS ~

Ca?* /CaM stimulable AC Ca?* /CaM stimulable AC

! !

fchMP ff cAMP

Depolarization of the sensory neurons prior to exposure to SHT increases levels of cAMP over those
seen when CS and US are unpaired. It has been suggested that Ca2+ influx resulting from CS could
converge upon Ca2+calmodulin sensitive-AC and increase the cAMP level produced by SHT. In this
case, the Aplysia adenylyl cyclase is activated by both Ca2+calmodulin and GTPgs (a GTP analog
that acts by binding to as), and therefore acts as a coincidence detector that is sensitive to the timing
and order of stimuli.




A. Context Conditioning us
Tone CS

B. Delay Conditioning us|
Tone CS

C. Trace Conditioning us
Tone CS

D. Backward Trace us

Conditioning

FIGURE 2.1

Four basic conditioning paradigms illustrating the timing of US (aversive stimulus) presentation.
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Modulatory Transmitters Activate Transcription by Means of
a Signal to the Nucleus and Intiate and Perpetuate the
Growth of New Synapses with 2 Local Marking Signals

Two Marking Signals

1. PKA for Growth
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Modulatory Transmitters Activate Transcription by Means of
a Signal to the Nucleus and Intiate and Perpetuate the
Growth of New Synapses with 2 Local Marking Signals

Two Marking Signals

1. PKA for Growth

2. Local Protein Synthesis
for Stabilization
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Modulatory Transmitters Serve as Salience Signals to Stabilize
Synaptic Plasticity and Behavior for Both Implicit and Explicit Memory

Is the mechanism for maintenance also general?

Implicit Memony: Explicit Memory:
Sensitization in Aplysia Spatial Memory in the Mouse

Facilitation
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€ Retrieval

b Storage

a Encoding and tagging

Freezing
Freezing

Context 1

Context 1 Home cage

@ Opsin-induced excitation

d Opzin-induced inhibition

Light
stimulation

Untagged,
inactive neuron

Tagged, active
engram neuron

Tagged, inactive
engram neuron

Tagged, inhibited
engram neuron

Thi ful

Freezing

. showing
retrieval lated with above chance g
neurons. d | I tagged neurons in the dentate gyrus are optogenetically

®@ ©O0eO

Figure 3| The tag-and-manipulate appraach to finding the

Freezing

engram. In this approach, transgenic mice
thi ive duri y di are captured

and tagged. Through the use of immediate-sarly gene promoters, silenced when the mouse is returned to context 1, then successful

h d neurons gensti of mamory retriaval iz blocked, and mica show reduced conditioned faar.

neuronal activity ffor example, inhibitory or excitatory opsins), Inhibiting engram neurons In the dentate gyrus Is sufficient to

allowing them to be silenced or activated at later times. decrease reactivation of tagged neurons in the cortex and amygdal

| During training for cantextual fear conditioning, a mouse is placed o | Conversely, artificially activati d hy

incontext 1 and tshock. This activates lone s sufficient to act as  memory retrieval cue such Context 1 Context 2
neuronal ensembles in the dentate gyrus, cortex and lateral amygdala  that mice now freeze in a third, unigue context [context 2). Activating

ILA) and the are tagged. b | a i i d neurons is ind aof tagged

are returned to their home cage fwhere they do not freezel. The neurons in the cortex and smygdala. CaL. central nucleus of the

engram d inactive. CeM central nucleus of the amygdala,

medial division; ITC cells, intercalated cells.

| When returned to cantext 1, the mause shaws conditioned fear
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Switching between remembering and forgetting

In this model, different SYT isoforms with different Ca®* affinities (8) determine
whether GIuAZ2 receptors should be added to synapses, which strengthens them
(LTP), or removed, which weakens them (LTD). This contributes at the synaptic level
to the decision in the brain of whether amemory should be encoded or forgotten.

Synaptic
weakening

LTP == Synaptic __ Memory
strengthening formation

! LTD = —= Forgetting

Clathrin
AP-2
SYT3

GIuA2 receptor
exocytosis

GIuA2 receptor
endocytosis

Stimulation strength

SYT1




