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MonekynapHblie OCHOBbl PYHKLMNOHNPOBAHUSA
BO3OYXAaOLWMX peLenToposB

Knaccbl HempomeamaTopos
CemencrBa peLentopos ObICTPON CUHANTUYECKOM Nepeaayun

[ lyTamMaHble MOHOTPOMHbIE PeLLenTopb!:
— Knaccnourkaums

— dapmaKonorus ryTamaTHbIX PeLenTopos
— MOJIEKY/IAPHAA OpraHn3aums

— KPUCTAJTUHECKAA CTPYKTYpPA:

HMZIA peuenTtop: YHUKaNbHAA CI0XKHOCTb OpraH13aumnm u
yrpaBaAeHuA:

— 610K noHamm Mg

— BbICOKaA NPOHNUAEMOCTb K MOHaM Ka/ibUUA
— KOdKTnsauuAa rmmumHOM min CepnHOM



HempomegmnaTtopbl

AMNHOKUNCNOTDI:

— [aytamart, acnaptat, ramunH, FAMK

buoreHHble aMUHbI

— [onamwuH (OA)

— HopenunHepduH (HopaapeHanuH) (HA)
— EnnHepduH (appeHannH)

— [[nctamuH

— CepoToHMH (5-HT)

MypuHbl (ATD)
JHAOKaHAabHOUAbI
AUeTUNXONNH

[lenTnAbl

Manble monekynbl (NO)



Knaccoel HeMpomeamaTopos

Glutamate
Aspartate
Glycine
GABA

Amino acids

Dopamine
—— Catecholamines —— Epinephrine

Monoamines — Norepinephrine

—— Indolamines —— Serotonin

Nitric oxide
Carbon monoxide

Soluble gases

Acetylcholine Acetyicholine

—— Endorphins —
Neuropeptide —




HenpomeaunaTtopbl 6bICTPON CUHANTUYECKOM
nepenayn




HenpomeaunaTtopbl 6bICTPON CUHANTUYECKOM
nepenayn

Acetylcholine (CH.),N—CH,—CH,—O—C—CH,




CemencTBa peuentopos bbICTPOU
CMHANTUYECKON Nepenayu

(©)

NEUROSCIENCE, Fourth Edition, Figure 6.4 (Part 3) ©2008 Sinauer Associates, In



buoreHHble aMmunHbI-1




CUHTe3 KaTexo/1aMUHOB:
TnposnH - JODPA - NodamunH -
HopagpeHanuH - AgpeHanuH

O

OH  L-tmposuH
NH,
HO

O,, Tetrahydro-
biopterin

Tyrosine hydroxylase
H,O, Dihydro- /

biopterin
Y
O
HO ) )
OH L-Dihydroxyphenylalanine
NH, (L-DOPA)
HO
DOPA decarboxylase
/ Aromatic L-amino acid decarboxylase
CO,
Y

O,, Ascorbic
acid

Dopamine B-hydroxylase

H,O, Dehydro- /
ascorbic acid

HO HopaapeHanuH
(HopanuHepduH)
NH
HO
S-adenosyl-
methionine

Phenylethanolamine
N-methyltransferase

Homocysteine /

HO AppeHanuH
(3nuHepduH)
HN_
HO CHs




buoreHHble aMUHbI-2
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CepoTOHUH C,,H,,N,O —
HenpomeamnaTop c4HacTba

Q:\JE/IIN H,

o OH
L-tpuntodaH

Bupuo dpcnamep

1909-1999
* 1935 —BelectBo u3 KT — "anTepamuH" l&ﬁ;‘é‘l@ﬁ%’;a
1948 - PannopTt, MpuH u Nenax (Knusnenp) HO

BELWECTBO B CbIBOPOTKE KPOBU: KCEPOTOHUH»

* 1952 — 9HTepamuH = CepOTOHUH

e 1953 — CepOTOHMH OOHApYKEH B MO3re 5-ruapoKcu- /I/iOH

e 1957 —-1C[A - MOWHbIN FANNOUNUHOTEH U arOHUCT B Tp""mpa" nekapGokcunasa
nepmpepruyeckmx TKaHAX l i AL

* 14 BMAOB CEPOTOHMHOBLIX peLenTopoB HO

* CepoTOHMH «PYKOBOAUT» OYE€Hb MHOTMMMU NH,

byHKUMAMU. CHUXKeHMe 5-HT - ycuneHne 6onesblix

J
CUCTEM OPraHM3ma un— CEPOTOHUH



Cemencrsa peLenTopoB meaneHHOU
CMHANTUYECKON Nepenayu

(B)

Class I

NEUROSCIENCE, Fourth Edition, Figure 6.5 (Part 2) ©2008 Sinaver Associates, Inc



[MenTnabl-HEMponepeaaTinKu

PEPTIDE NEUROTRANSMITTERS (more than 100 peptides, usually 3-30 amuno acids long)

Example: Methionine enkephalin (Tyr-Gly-Gly-Phe-Met)

o o) o
e SRR R 1 H 8 H H |
H,N—CI—C—N—T—C—N—?—C—.\‘—T——C—N—?——C——O‘
CH, H H CH, CH,
CH,
I
S
I

Tyr Gly Gly Phe Met



HeKoTopble nenTuabl-HenponepeaaTimKku

Leucine enkephalin
Methionine enkephalin
«-Endorphin

B-Endorphin

Substance P

Somatostatin-14

Thyrotropin releasing
hormone (TRH)

Leutinizing hormone-
releasing hormone (LHRH)

.-‘\ng:«‘-h-nsin-ll
Vasopressin

Oxytocin

Cholecvstokinin
octapeptide (CCK-8)

Vasoactive intestinal
peptide (VIP)

Neuropeptide-Y
Neurotensin

Bombesin (BBS-14)

i

Tyr  Gly, Bly ¥ Thr, Ser, 8hu, Lys, Ser, Gin, Thr ProLes ¥all Thr

Tyr, Gly, Gly PheiMet Thr, Ser, G, Lys, Ser, Gin, Thr JPro Yal, Thr LewPhe Lys Asn Ak lie S Wall Lys Asn Ala; His, Lys, Gly, Gin

S

Arg Pro; Lys Pro; Gin, Gin Phe, Gly  Leu, M

Ala, Gly, Cys, Lys Asn PREPhE Trp; Lys, Thr Ph& Thr, Ser, Cys

Amino ac LLl l.?l'l‘:,'\‘:'tlt"w

I§

Glu, His JTrp) Ser, Tyr, Gly Jleal Arg 1Pro; Gly =] Hydrophobic
@ Polar, uncharged

. Acidic

Cys, Tyr JPhel Gin, Arg, Cys ProjLew Cly ® lasic

Asp, Arg i ¥all Tyr 2 Mg | His ProF

|

Cys, Ty JlIe Gin, Arg, Cys Pral \'™ iy
s AspLAla VallPhe Thr LAsp, ksa Tyr  Thr  Arg Leu Arg, Ly, Gin Mol MaZVal Lys, Lys Tyr iLew Asn: Ser e e Asn

Ty {Pr Ser, Lys IProlksp, Asn Pre Gly  GlusAsp AlayProLAlay G AspJLeuLAla) Arg! Tyr Tyr Ser (Alaibeu Arg. His  Tyr e AsnLew lle) Thr Arg, 6in Arg. Tyr

Gl Lew Tyr, Glu Asn, Lys Pro; Arg, Arg 1Pro; He Jleu

G, Gin Arg Lew Gly Asn, Gin Trp, AkaiVall Gly | His Ly



Bonee netanbHoe paccmoTpeHue
KNaccoB peLenTopos



[nyTamaT — K1toueBou BO3byKaatoLmm
HenponepeaaTinKk B HEPBHOU CUCTEME
NO3BOHOYHbIX

* HemponepepatuunK B 75-80% cnHancos LIHC

* CnHTEe3npyeTca B Mo3re us:

— [noko3bl (LnKn Kpebca)

— [ntotamuHa (U3 rIManbHbIX KNETOK)
 NlenctBme npekpallaeTca nornoweHmem

aMMUHOKNCNOTHbIMW TPAHCMOPTEPAMU B HEMPOHbI U
acTpoumnTbl



[ nyTamaTHble peuenTopbl

Knaccnpumkauma:
— AMIIA
— NMDA

— KanHaTHbIe
MoneKynapHaa opraHusayma
PYHKUUA U 3N1EKTPOPU3NON0TUA

Kpuctannmyeckasa CTpyKTypa



Glutamate fast neurotransmission
Synthesis, packaging, reuptake, degradation

Presynaptic - EATT
terminal \

coo 0
l

+
H,N—CH—CH;—CH;—C—NH,

2 W

-+
NH;—CH—CH;—CH;—COO~

\_VGLUT

Postsynaptic cell

Glutamate receptors
NEUROSCIENCE, Fourth Edition, Figure 6.6

© 2008 Sinauer Associates, Inc.



Short pre-history

1954 Hayashi noKkasan, 4to MHbEKUMA B MO3T L-rnytamara
BbI3bIBaeT Cya0porm y cobak n obesbaH 1 npeanonoxun,
4YTO OH MOXKeT bbITb HempomeanaTopom B LUHC

1959 Curtis, Phillis and Watkins noka3sanu, yto L-glutamate Bo36yxaaet
HenpoHbl HC, KaK 3TO A0/MKEH AenaTb BO3OYXKAatoLmi HeMpoMmeanaTop

1981 Watkins u Evans - Knaccudouvkauma rmytamartHbIX peLenTopoB Ha OCHOBaHUN
YYBCTBUTMESNBHOCTU K dpapMaKoriorM4eckum npenaparam :
NMDA, quisqualate, kainate

1983 Nowak, Bregestovski, Ascher et al. — nepsbie perncrpaumm ogMHOUYHbIX
NMDA KaHanos, otkpbiTe Mg 610Ka.

1989 Hollmann, Heinemann — KNOHMPOBaHME rNyTaMaTHOro peL.enTopa

2009 Gouaux et al. - KpmcTannyecKkas CTPyKTypa ryTaMaTHOro peuenTopa



MoneKynapHble Knaccbl ryTamaTHbIX peuentopos Ha
OCHOBaHUU YYBCTBUTENBHOCTU K papm. areHTam: AMPA,
kainate, N-methyl d-aspartate (NMDA)

Receptor =~ AMPA  NMDA Kainate AMPA peuenTopbl: romo- nnu
Subunits  Clarl | NRI curs  reTeponeHtamepsl u3 Glu R1-4

(combi-
nation of ~ GluR2 NR2A GluRé6 Cy6be,u,m HUL,

4orb5
required Glu R3 NR2B Glu R7

foreach gura nR2e ka1 NMDA peuenTtopbil:

receptor

type) NRoD | ka2 | reteponeHTamepbl n3 NR1 1 NR2
cybbegmHuy,. NrpatoT KAKOYEBYIO POJb B
CMHANTMYECKOM NAACTUYHOCTU, NMAMATU U
CBA3aHbl CO MHOTMMW HEPBHbLIMU

3ab01eBaHNAMMN.

KauHaTHble peuenTopbl:
reteponeHtamepbl U3 KA1,2 u GluR5-7
cybbeanHumL,



Subfamilies of glutamate receptors

NMDA receptor
AMPA receptor
Kainate receptor
. \\\\\\\\\\\\\\llllllllll i ] n
\ O NR1 NR2 | M [
“pPSD-95  © ' CIPP
NOS GRIP

3

SynGAP



AMPA receptor structure
(NMDA, kainate receptors have the same principal structural features)

448

Cell Tissue Res (2006) 326:447-455
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(3) strychnine-insensitive
NH; glycine binding site

binding site

@ Glutamate @ Antagonist
binding site

ca20
® Nat




Glutamate, homocysieine,

NMDA
v
Ca?
/ .
N
— Zn** site
R oor

PCP site

Block site

<

Glycine/
D-Serine site



CMHaNTUYeCcKne OTBeTbl FreHepupyemblie

AMINA n HMIA peuentopamum
© _ I

EPSC (pA

AMPA peuenTtopbl — 04eHb bbicTpoe
HapacTaHWe u cnajg
NMDA peuenTtopbl - megneHHoe 0 25 50 75 100
Time (ms)
HapacTaHuWe U cnag

MHorme cmHancbl umetoT oba Tmna
rNyTaMaTHbIX PeLenTopoB U

NMPOUN3BOAAT ABYX-KOMMNOHEHTPYHO
P A ABY Py 0 25 50 74 100
KUHETUKY Time (ms)

EPSC (pA)

EPSC (pA)

0 25 50 75 100
Time (ms)



NMDA receptors are strongly rectifying because of Mg** block
Coincidence detector in learning and memory

(B)
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Membrane potential (mV)
NEUROSCIENCE, Fourth Edition, Figure 6.7 (Part 2)

© 2008 Sinauer Associates, Inc.



NMDA receptors are calcium permeable

cava
Glutamate

Glycine

Channel
pore

2
Mg2+ Mg "
binding
site

NEUROSCIENCE, Fourth Edition, Figure 6.7 (Part 1) ©2008 Sinaver Associates, Inc.

This property is particularly significant because calcium is a second messenger that
plays many important regulatory roles



dapmaKkonorna rnyramaTHbIX peLenTopos

AMPA
agonists: AMPA, glutamate
antagonists: CNQX, NBQX

Kainate
agonists: kainic acid, glutamate
antagonist: CNQX

NMDA
agonists: glutamate, aspartate, NMDA
antagonists: D-APV, D-AP5, MK-801, Ketamine,
Phencyclidine, (Mg*)




Glutamate receptors are physically tethered at synapses and associated with
signaling molecules

(E) NMDA-R RTK

NEUROSCIENCE, Fourth Edition, Box 7B (2, Part 2) ©2008 Sinaver Assosites, .

AMPA receptors interact with GRIP, SAP-97 and others

Synaptic strength and Ca** permeability of glutamate postsynaptic complexes is a major
determinant of synaptic plasticity, and probably underlies learning and memory - stay tuned



. NMDA peLienTopbi |
O Mg?* 610K

Philippe Ascher Linda Nowak Piotr Bregestovski

Conditions:

-whole-cell and
outside-out patches

-very slow perfusion

TOKWM OAUHOYHbIX KaHa/108B




MoteHuunan-zaBucumbin 6ok NMDA kaHanos Mg?*

Mg-free Mg 10 uM
+40 mV MW mﬂm
AKTUBHOCTb -
OANHOYHbIX KaHAaJ10B Mg-free 20ms Mg 10 uM
-60 mV ’MT r" qu‘ﬁmmﬂ
Mg-free Mg 10uM Mg 100pM
30 pA (current) i ) F

to \ 200
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a olill 0 . 0 . .
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[uctorpammbl BpEMEH OTKPLITOrO
mV (voltage) COCTOH H Mﬂ

Mg’z-free solution

Nowak, Bregestovski, Ascher et al., Nature, 1984
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NMDA receptor is highly permeable for Ca?*

Normal external

31 solution,1mM
Ca?t
2 1 g.
§ | Linda Nowak
113 Na-free solution,
100mM Ca?*
e
it ~ 0.6
- 0 ] ACh receptor
Voltage (mV) ‘.g
° 0.44 _
3 Na-free solution,
g 160mM Ca?*
g 0.2
g
2
[

100 -150

Membrane potential (mV)
Mayer ML, Westbrook GL. Permeation and block of N-methyl-D-aspartic acid receptor channels
by divalent cations in mouse cultured central neurones. J Physiol. 1987 394:501-27.

Ascher P, Nowak L. The role of divalent cations in the N-methyl-D-aspartate responses of mouse
central neurones in culture. J Physiol. 1988 May;399:247-66.

Bregestovski, P. D., R. Miledi, and I. Parker. "Calcium conductance of acetylcholine-
induced endplate channels." (1979): 638-639.



Iglu (pA) 20 })

10

40 60

1 | - |

0.5 Mg?* T~ Ey (mV)

Very slow perfusion ey Vi b

W e

0 Mg?*

Puzzles:
- extremely small whole-cell current amplitude
- spontaneous activity

- complete disappearing of spontaneous and NMDA-induced activity at fast
perfusing

20 _ Fast perfusion  maphes v sgamasdany,



'MnuunH — Kko-aktuBaTop NMDA

peuenTtoposB
L
b NMDA e . #SFAJohnson
U el TN A NN DA Gly + Gly 4
! i T Ap———y P A - o
100pAi |
10s l "“ ’10’0”
s Y

- FanyunH — ko-aroHnct NMDA peuenTtopos
- CepuH TaK*e Bbi3biBaeT noTeHunaunto NMDA peuenTtopos

NMDA peuenTtop — YHUKanbHLIN NpUMep ABOUHOU
perynsaumn: HeraTUBHbIN KOHTPONb Mg4** n no3anTUBHbLIN

KOHTPOJ1b NMnumnMHOM
Johnson & Ascher, Nature, Feb 5, 325:529, 1987



Jon Johnson 2004, Marseille







Era 3: Synaptic and Extrasynaptic NMDA Receptors Use Different Coagonists

NN AV

Solomon Snyder

ASTROCYTE Q _
Glycine}
e transporter
@ Glycine

Q

Extrasynaptic NMDA receptors

Synaptic NMDA

receptors

NEURON

J-P Mothet

Papouin, Mothet et al. Synaptic and extrasynaptic NMDA receptors are gated by
different endogenous coagonists. Cell, 2012 150(3):633-46.




Important difference in functiion of synaptic and extrasynaptic NMDARs
Presynaptic

Glycine




Philippe Ascher -~2003
l
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Beauty of NMDA receptor:
- Mg?* block

- glycine — activator

- high Ca?* permeability



YHuKanbHasa cnoxHoctb HMOA peuenTtopa
AEeTeKTop coBnaaeHuA: AnAa reHepaunum Toka
TpebyeTca AeNCTBME alTOHNCTA, KOAaroHCTa U Ca?* Na*

AenonaHn3auunA Glycme

D-Serine

Glutamate D- Cycloserlne
NMDA

-BbICOKO NpoHuuaembin ana Ca?*

HMAA p-p urpaeT Kalo4eBylo po/b B

* CMHaNTUYeCKOM nepepave;

* CMHAMTUYECKOM NNACTUYHOCTU

* NaMATU 1 0byYyeHnH m reprecenor [kl
* MPOSBIEHUN MHOUX i1 Diocipine
HENPONCUXNATPUYECKUX U
HempoaereHepaTUBHbIX 3aboneBaHUM

M92+

-ABNAETCA MULIEHbIO ANA NeYeHuns:
— 6one3Hn Anb3remmepa (MEMAHTUH)
— wwu3odppeHnn (KetammH, PCP)



HMOA p-p urpaet Knro4eByrO pPosnb B:

Ca%* Na*

CMHANTUYECKOWU nepeaavde;

Glycine
D-Serine

Glutamate [D-Cycloserine
NMDA 1

-CMHaNTUYECKOU NNACTUYHOCTU

- NAMATU U 0byYyeHUuU

- NPOAB/IEHUN MHOTUX
HENPOMNCUXNUATPUYECKUNX U -- m

PCP
Ketamine
Dizocilpine

HempoaereHepaTUBHbIX
3aboneBaHni

MgZ+

ABnaerca mulleHbIO ANnA
NneyeHuA:

e bonesnn Anburemmepa
(MemaHTUH)

* wnsodpeHunn (KetamuH, PCP)



YHukanbHasa cnoxHoctb HMOA peu,enTopa

Ca?*Na*
Glycine
D-Serine
Glutamate D Cycloserlne
NMDA
PCP receptor PCP
Ketamine
Dizocilpine

e [1ns akTMBauum Tpebyetca
aroHWCT (rNyTamat 1 KoaroHucT) it

[NleTeKkTOp coBnageHus (s (f
reHepauum ToKa Tpebyetcs
NEeNCTBNE arOHMCTA, KOAroHCTa U
NenonsaHn3aums

Mg2+

BbicoKo npoHuLiaemblit ana Ca%t



Cemencrsa HMJA n He-HMAOA

B
NH,
NMDA i P TR SN, i1, NIIE ;
"sublype t NR2 -A. -B. C. -D : Domain 2 Domain 1 :
l L
NR3 -A, -B '
Glutamate :82 Glu or Gly S1 :
receptor , '
AMPA _ GUR-A,-B,-C,-D ' ;
- subtype oFf 12 34 ‘\ '
Kainate [~ GUR-5.6.-7 Out
subt
| SUTYPS L ka1, KA2
|
| Delta 1 M M4
subtype o1, 62 N
. In N ’

subtypes



Apxutektypa NMDA peuentopos

a M2
b GIluA2 tetramer ¢
CTD
M3 M4
GluN1 N GluN2
zinc
e }ifenprodil
proton
spermine
NO
LBD Gly lu
external - neurosteroid
TMD | blocker
internal -
CTD

calmodulin
¢ | kinase/phosphatases



Ha NamaTb

non NMDA receptor NMDA receptor
Na* Ca<l Ng’
Cluy caffy Glu Zn**

Gly, PCP

NMDA current

AMPA current

Mg'%frce BT T

NMDA Gly NMDA + Gly

Vhold = -50mV b' _I 100 pA



