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Figure 6-2A The recording setup.
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ONEKTPOXUMUYECKNI NOTEHUMAN U dNeKTpoanddy3uns
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BusHue TeMnepaTypel. Istim=15 uA/cm2.
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CeMencTBO NoTeHuuan-3saBUCMMbIX KaHanoBs

DuasTp

ITTHKO3M]] [poGka (Tpe-Ban—I"u—Tup-I1n)
(P-noMeHs1)
HapYkKH.
BHYTP.

Bopouka
(S6-10MeHBI

Puc. 18.12. Cxema cTpykrypbl c-cyObeauunipl K-kananos (/) 1 opraiusauuu 1nopbl 0MeHaAMH
S6 u P npu rerpamepusauuu (/)

[ — TlyHKTHpOM BbiZe/ieHbl Hanboslee KOHcepBaTUBHbIC JAoMeHbl S5, S6, P — 0aszoBbie TpaHcMeMOpaHHbIe
aomenbl Beex K-kananos. JlomeH S4 Hecer 3apsukeHHbIE aMHHOKHMCIOTHI, ONpeiesiolide noTeHManyys-
cTBUTENbHOCTD. [/ — Tlokazano, Kak yeTsipe JloMeHa S6 00pa3yloT BOPOHKY ¢ npodkoii n3 jjomeHoB P u ce-
nekTuBHOro GunpTpa. M3rud rpaneii BOpOHKH NPHBOIHUT K OTKPLITHIO €¢ HHIKHEIH (BOPOTHOI) YacTH.
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CemenctBo Kv-kaHanos

Human Molecular Genetics, 2002, Vol. 11, No. 20 2427
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LleHTpanbHas nonocTb

296 M.S.P. Sansom et al. / Biochimica et Biophysica Acta 1565 (2002) 294-307

A B

IC

Fig. 2. KcsA fold and pore. (A) Two of the four subunits of KcsA, viewed down a perpendicular to the pore axis. The helices are shown as ribbons; all
backbone atoms of the selectivity filter are shown in ball-and-stick format. The lipid bilayer is indicated by the horizontal dotted lines. IC = intracellular;
EC= extracellular. (B) The pore-lining surface of KcsA (calculated using HOLE [107,108]) aligned with the fold diagram in (A) and showing the filter (F),
cavity (C) and gate (G) regions. Diagrams generated using VMD [109] and Povray.
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BOpOTHLIN MEXaHN3M

C -“ T T T T
\ — close

pore radius (A)

gate M
filter
0 i i i "
-20 -10 0 +10 +20
z (A)

Fig. 8. Modelling the open state of KesA. The two upper diagrams show a

superimposition of the M2 helices from the closed structure (dark grey) and

an open state model (light grey) of KesA. (A) View looking down the pore

axis from the filter towards the intracellular mouth of the channel. (B) View

Aawn a perpendicular to the pore axis, the extracellular (filter) end of the

slices at the top and the intracellular (gate) end of the helices at the bottom. ¢
?) Pore radius profiles for closed (solid line) and open (broken line) state

odels of the KesA channel. Both profiles are averages derived from

mulations (see Ref. [61] for details).
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Doyle, Trends Neurosci,2004 Jun;27(6):298-302.
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M. Chahine (ed.), Voltage-gated Sodium Channels: Structure, Function
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Co3gaHue KaHanoB ¢ HOBbIMU CBOMCTBaAMMU
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lon channel engineering for modulation and de novo
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Current Opinion in Biotechnology 2019, 58:100-107
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UTo Takoe xopoliasa moaenb?
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YTo Takoe xopolluas Moaernb HenpoHa?
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budypkauum ctauMoHapHOro CoOCToAHNSA

CepnnoysnoBsas
CepnnoysnoBasi Ha MHBApPUaHTHOW OKPY)XXHOCTY integrators
Cynepkputunyeckasi buypkauumsa AHgpoHoBa-Xondga
Cybkputnyeckasa dudypkauns AHgpoHoBa-Xonda

resonators

near saddle-node bifurcation near Andronov-Hopf bifurcation
dn/di=0

+Iapp
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Saddle-node

SNIC

Cepnrnoyanoasi budypkauus

spiking limit cycle

Increasing applied current =

>
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Example of SNIC in Inap Tk model

just before bifurcation just after bifurcation large current
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budypkaunm AHgpoHoBa-Xonda

supercritical ctab

subcritical

Increasing applied current,
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|k activation

|k activation
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lapp [a.u.]

OTBETbI HA KOPOTKNE CTUMYIbI: MHTETPaTOPbl VS PE30HATOPbI
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Implications of subthreshold oscillations: excitation by hyperpolarization

integrator resonator
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KabenbHble CBOMCTBA HEPBHOIO BOJIOKHA
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I'IpOBep,eHme B MUEJTTMHN3NPOBAHbIX BOJIOKHAX

A Myelination in the central nervous system

Oligodendrocyte

B Myslination in the peripheral nervous system

Outer R
mesaxon

-

Farghasl meroas Bysem

A Normal axon

= -

N <
Node of / Internode Myelin;
Ranvier

K* channels Na* channels

JLHEI (I GG

Time between stimulus and
arrival of action potential

Distance along axon ——»

B Demyelinated axon

Demyelinated region

JLAGI cl—& A - i IR



CTpyKTypa MMENNHOBOIO HEPBHOIO BOJIOKHA
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BnuaHne nposeneHus cepun N Ha BO3OyAMMOCTb
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CunHanTtunyeckas nepegava

A Current pathways at electrical synapses B Current pathways at chemical synapses
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Figure 10-3 The two most com-
mon morphological types of
synapses in the central nerv-
ous system are Gray type | and
type Il Type | is usually excitatory,
exemplified by giutamatergic
synapses, type |l is usually inhibi-
tory, exemplified by GABAergic
synapses. Differences include the
shape of vesicles, prominence of
presynaptic densities, total area

of the active zone, width of the
synaptic cleft, and presence of a
dense basement membrane, Type |
synapses typically contact special-
ized projections on the dendrites,
called spines, and less commonly
contact the shafts of dendrntes,
Type |l synapses often contact the
cell body and dendritic shaft,

Axodendritic

Axosomatic

Twunbl cnHancos

Type |

v
Small active
20ne

\ Postsynaptic
dansity

A lonotrope gutamate teceptoe
ANPA o1 Kanats
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PeuenTtopbl K rmyTamary

lonotropic glutamate receptors (iGIuRs)

NMDARs ‘ -

GluA1 GluK1 GluK4  GIuN1* GIuN2A GIuN3A* GluD1

GluA2 GluK2 GluK5 GIluN2B GIuN3B* GluD2*
GIuA3 GIuK3 GIluN2C
GluA4 GIuN2D

- reTepoTeTpamepsbl

- Npe- 1 NOCT-TPaHCNALMOHHbIE MoanduKaLmm
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CtpoeHne AMPA-peLenTopoB

Synaptic Neurotransmitter-Gated Receptors

Tetramer Subunit A Subunit B
(ABCD) (dentical to C) (dentical to D)

«——— 150A —»

Figure 6. The tetrameric structure of the AMPA GluA2 receptor. (Left) X-ray crystal structure of the AMPA
GluA2 homotetrameric receptor (Sobolevsky et al. 2009). Each subunit is in a different color. The tetramer
shows a typical layer organization with at the “top” the amino-terminal domains (ATDs or NTDs), at the “bot-
tom” the transmembrane domain (TMD) where the ion channel sits, and sandwiched between the two the
agonist-binding domains (ABDs or §152 domains) binding glutamate (or glycine /p-serine). (Right) Subunit
non-equivalence. a-Carbon traces of subunit A and subunit B with the ABDs similarly oriented. Note the strik-
ing difference in overall domain orientation between the two subunits.




[TpoBOOUMOCTL N KMHeTMKa AMPA-peLenTopoB

AMPA Receptors
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NMDA-peuenTtopsbl (Glu-aprnyeckme cuHanchol)
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CpaBHeHue knHetuk AMPAR n NMDAR
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© Resting State Active State

CBs3blBaHWe nuraHaa, BOPOTHbLIN MEXaHU3M U
annocTtepuyeckas Moaynsauus G

hitp://dx. doi.org/10.1016/j.5b1.201 ﬂ’m.mw

T.G. Smart and P. Paoletti
GlUN1 + GIUNZA

Glutamate + Glycine
— 50 %020 (M)

200 nA

30s
GluA2 GluA2 + CTZ
Glutamate Glutamate

100pA|_

100 ms

3194 36.9A

Figure 7, Struc hanism of iG ctivati sensitization, Asingle dimer is repres ; a full re- 2
5 Structural mechanism AFHGMR sctivation and destositingion, Avsingle dimer i éppsented, d fullze Figure 8. Allosteric modulation of iGluRs. (A) Negative allosteric modulation of NMDARs by extracellular zinc.

ceptor is a tetramer made of two such dimers. (Below) The crystal structures of the GluA2 ABD dimer in con- The GIuN2A and GluN2B NTDs form subunit-specific inhibitory zinc-binding sites. (Right) Inhibition by
formations that C"'f_‘-'spmﬂ to the resting state (no ligand bound; pdb C(’df’ IFT0), the active state (glutamate- nanomolar zinc concentrations of GluN1/GluN2A responses (adapted from Paoletti et al. 2000). (B) Positive
bound; pdb code 1FT]), and the desensitized state ( pdb code 213V). The distances between the two protomers, allosteric modulation of AMPARS by cyclothiazide (CTZ), CTZ binds and stabilizes the ABD dimer interface.
atthe top of the upper lobes ( green spheres; dimer interface) and at the bottom of the lower lobes (black spheres; (Right) CTZ blocks desensitization of GIuA2 receptors (Sun et al. 2002).

connections to the transmembrane segments), are indicated (Armstrong et al. 2006). 6 1



CtexunomeTpua 3axBaTta Glu actpountamm
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ObpaboTka nHdpopmaummn Ha geHgputax
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B Action potential propagating
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MexaHun3mbl BbIOpoca megmnaTopa

A Electrical events associated with opening of fusion pore
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Short-time plasticity (presynaptic membrane)
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Types of short-time plasticity

Climbing Fibre to Purkinje Cell
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Depletion/facilitation model
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PeuenTtopbl ¢ unctenHosoun netnen (Cys-loop)
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AueTunxonnHoBbIN peuenTtop: NAchR

TMD w-helices

L0

ICD

nAChR GluCl

Figure 1. Architecture of Cys-loop receptors. Structure of (left) Torpedo nAChR solved from electron micro-
scopic images at the 4 Alevel (pdb 2BGY) (Unwin 2005) and (right) the C. elegans glutamate-gated anion chan-
nel at 3.3 A (pdb 3RIA) (Hibbs and Gouaux 2011), The pentameric subunit assembly and secondary structure
are shown for the extracellular domain (ECD) and transmembrane domain (TM D). The ECDsare composed of
inner and outer 3-sheets with an a-helix, and each subunit’s TMD is formed by four «-helices (M 1-M4). Note
that for nAChR, the intracellular (MA) helices preceding M4 are omitted, whereas the M3 -MA stretch is dis-
ordered and is thus not included in the structure. For the GluCl structure, the M3- M4 domain is replaced
by a tripeptide, A-G-T (Hibbs and Gouaux 2011).

- Cite this article as Cold Spring Harl) Perspect Biol 2012;4:a009662
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CBsA3blBaHME NUraHgoB

Synaptic Neurotransmitter-Gated Receptors

Figure 2. Synaptic view of a Cys-loop receptor. Looking across from the presynaptic terminal over to the post-
synaptic membrane, an image of the structure for a typical Cys-loop receptor is shown. This is generated from
the atomic resolution structure for AChBP ( pdb 2BYQ) (Hansen et al. 2005) for the ECD, linked to the trans-
membrane domains taken from images of GLIC (Bocquet et al. 2009). (A) The five subunits form a pseudosym-
metrical ring with interfacial binding sites between principal (P, +) and complementary (C, — ) binding faces.
Note the central aqueous pathway for ion conduction. (B) A cut-away slab from A depicts the loop C structures
on each subunit and the relative stoichiometry for a muscle nAChR and neuronal GABAR. Theidentity of the
subunits and neurotransmitter-binding sites are illustrated. (C) Further cut-away toreveal the tops of the TMDs
showing M2 lining the ion channel and the support formed by M1, M3, and M4,
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KoHdopMmauUnoHHbIE N3MEHEHNA NpU cBA3biBaHUM Ach

Amino tarminus

A

Carboxy! larminus

Inner § sheet: i1, §2, 3, 5, [i6, and 38
Cuter i sheet: fi4, 7, 9, and 10

Figure 3. Structure of the extracellular domain. Side view of two adjacent subunits of the AChBP. The positions of
the binding loops and other loops from the amino terminus to the carboxyl terminus that adjoins the pre-M1
domain in Cys-loop receptors are shown. B-strands that form the inner and outer (3-sheets are also indicated

with labeling according to Brejc et al. (2001).

6 Cite this article as Cold Spring | farh Perspect Biol 2012;4:a0(09662
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[lepepaya curHana o ceda3biBaHUM K TM-4acTu
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- TMogpobHee o cuHarncax |

Dendrites

Dendrites
B

Fig. 8 Examples of spatial geometry of 3-D reconstructions of astrocytic network;
dendritic and axonal segments (A) and only six dendritic segments and 10 axonal

segments. (B) As (A) but with the astrocyte stripped off leaving dendrites and
axons. For hibe...

Fig. 6 Typical representatives of 3-D reconstructed dendritic

segments in CA1 stratum radiatum of ground squirrels in BaxHble pakTbl:

different functional states: normothermia (A); 2.5 h provoked o O[WH aKCOH YacTo AaeT Oo 10 cuHancos ¢ OOHUM OEeHOPUTOM
arousal from hibernation bout (B); and hibernation (C). M << 1
Twelve dendritic seg... e BEPOATHOCTb BblAENEHNA BE3UKYIIbI MeanaTopa npu ,D, p

Reversible reduction in dendritic spines in CAl of rat and ground squirrel subjected to hypothermia—normothermia in vivo : A three-
dimensional electron microscope study

V.. Popov, N.l. Medvedev, I.V. Patrushev, D.A. Ignatev, E.D. Morenkov, M.G. Stewart

Neuroscience, Volume 149, Issue 3, 2007, 549 - 560
http://dx.doi.org/10.1016/j.neuroscience.2007.07.059



Cultured hippocampal Dendritic spines Axon and spine
neurons (from Synapse Web) (from Synapse Web)

Human retinal Mouse neuromuscular junction Calyx of Held in rat auditory brainstem
cone terminal (Salpeter, 1987) (Saetzler et al, 2002)
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Ontummnsauyms 3atpat ATO Ha ypoBHe
NOCTCUHANTU4YECKON MEMOpPaHbI

. Pasmep cuHanTtudeckoro bytoHa (~1d) npoankToBaH
BPEMEHHOW LWKanown (~1mc)

« KonuyectBo peuenTopoB Ha NOCTCUHANTUYECKYIO MEMOpaHy
OrpaHMYeHo MNNOTHOCTLIO N 3aTpaTaMn SHEPrnm

« Huskasa apmHHOCcTE AMPA-peLenTtopoB K rmytamarty
onpegensieTca HeobxoAMMOCTbIO BbICTPO ANCCOLUMNPOBATL MPU
BpeMeHHOM LwKane 1mc
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A Morphological diversity of neurons:
(a) m-types, (b) cloning

D Electrical diversity of neurons:

e-types
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Figure 3 | Neural and vascular contents of a voxel. The left panel
demonstrates the relative density of vessels in the visual cortex of monkeys.
The dense vascular mesh is displayed by perfusing the tissue with barium
sulphate and imaging it with synchrotron-based X-ray microtomography
(courtesy B. Weber, MPI for Biological Cybernetics). The vessel diameter is
colour coded. Cortical surface without pial vessels is displayed at the top;
white matter at the bottom. At the left of the panel is a Nissl slice from the
same arca, showing the neural density for layers II through to the white
matter (wm). Although the density of the vessels appears to be high in this
three-dimensional representation, it is actually less the 3% (see section at the

Logothetis 2008

Uto namepsertcsa B fMRI?

right; white spots are cross-sections of vessels). The average distance between
the small vessels (capillaries) is about 50 pm. This is approximately the
distance that oxygen molecules travel by diffusion within the limited transit
time of the blood. The dense population of neurons, synapses and glia
occupy the intervascular space, as depicted in the drawing at the top right—a
hypothetical distribution of vascular and neural elements in a small section
{red rectangle). The drawing in the background shows some of the typical
neuronal types (for example, red, large pyramidal celk; dark blue, inhibitory
basket cells; light blue, chandelier inhibitory neurons; and grey, stellate cells)
and their processes.

B Vascular [ 64 BOLD fMRI

C —
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Astrocytes Control Synapse Formation,

Function, and Elimination

Won-Suk Chung', Nicola J. Allen?, and Cagla Eroglu’

Copyright 1 2015 Cold Spring Harbor Laboratory Press; all nghts reserved
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Figure 3. Astrocyte-secreted factors control different aspects of excitatory synaptic development. (1) Astrocytes
increase the number of structural synapses. These synapses have normal morphology and contain N-methyl-n-
aspartate (NMDA) receptors (red and black). However, they lack AMPA-type glutamate receptors (orange).
(2) Astrocytes increase postsynaptic activity by inducing AMPA receptor localization to the postsynaptic density.
(3) Astrocytes enhance presynaptic release by increasing release probabilities.
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Astroglial cradle in the life of the synapse

Alexei Verkhratsky'2* and Maiken Nedergaard*
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Astroglial perisynaptic sheath covers the majority of synapses in the central
nervous system. This glial coverage evolved as a part of the synaptic structure
in which elements directly responsible for neurotransmission (exocytotic
machinery and appropriate receptors) concentrate in neuronal membranes,
whereas multiple molecules imperative for homeostatic maintenance of the
synapse (transporters for neurotransmitters, ions, amino acids, etc.) are shifted
to glial membranes that have substantially larger surface area. The astrocytic
perisynaptic processes act as an ‘astroglial cradle” essential for synaptogenesis,
maturation, isolation and maintenance of synapses, representing the funda-
mental mechanism contributing to synaptic connectivity, synaptic plasticity
and information processing in the nervous system.,
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Figure 1. Calcium imaging of astrocytic and neuronal network excitation in vive

A. Nimmerjahn, J. Physiol. (2009), 587(8):1639-1647
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Fig. 1. Transglial calcium waves in the cerebellar cortex in vivo. (A) Staining patterns of the cerebellar cortex bolus-loaded with fluo-5F/AM (rat) or expressing GFP
under the glial cell-specific GFAP promoter (mouse). (Top) Optical sections acquired in the molecular layer [ML, locations indicated by the upper dotted lines (Midd/e)]
show a distinct striate pattern matching lateral protrusions from stem processes of Bergmann glia (8G). (Middle) Maximal side projection showing similarity between
fluo-5F/AM labeling and GFAP-GFP expression, (Bottom) Optical sections taken from the Purkinje cell layer, with BG somata arranged around Purkinje celks. (8)
Spontaneous radial wave measured in the ML. (C) Putative stem processes and side branches from BG show calcium increases with atime course typical of glial signals.
(D) (Left) Wavefront slowing with distance from the initiation site. (Right) Linear rate of increase of wave area, with an average apparent diffusion constant D,

165 um¥s. Data are shown for 4 waves. (€) Distribution of wave orientation relative to the parallel fiber (PF) axis. (F) Radial wave in ML measured in an xz parasagittal

plane orthogonal to the surface of the cerebellum. (G) Wave orientation along the axis of BG stem processes. (H) Distribution of wave orientation relative to the
pia-Purkinje cell axis.
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Figure 1

Optogenetic tool families. Channelrhodopsins conduct cations and depolarize neurons upon illumination (/f7). Halorhodopsins

conduct chloride 1ons into the cytoplasm upon yellow light illumination (center). OptoXRs are rhodopsin-GPCR (G protein—coupled

receptor) chimeras that respond to green (300 nm) light with activation of the biological functions dictated by the intracellular loops

used in the hybnd (right).
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