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Llenb n npegMeT Kypca

 Llenb: y3HaTb OCHOBbI U COBPEMEHHOE COCTOSIHIE €N B TEOPETUYECKON
HEenpooMonorMm N CMeXxHblx 06nacTax (C akueHToM Ha 6uodusnky); (+)
OCBOMUTb COOTBETCTBYOLME METOAbI

e Focus/scope:

PaccmoTpum 6uoursnyeckn nogpobHbIe N yNpoLLeHHbIe MOAE N HENPOHOB

C nomoLLbo NPOCTbIX, (MYHKLMOHASTLHBIX, MOAENel paccMOTpUM, OTKyAa bepeTcs
N Kak hopMmpyeTcs MHOroobpasne OTBETOB pPeasibHbIX HEMPOHOB

Pasbepem cnocobbl onvcaHusl, BUON3NYECKME acnekTbl U orpaHNYeHmnst paboTbl
CYHaNTUYECKOW CBA3N MeXAy HeillpoHamu

Hayunmcs moaenmpoBaTb akTUBHOCTb HEMPOHOB U UX CETEN

Nccnepyem Caz+-anHaMnKy HelApOHOB 1 aCTPOLMTOB 1 PaCCMOTPUM MEXaHU3MbI
Perynsilym 10KasibHOro KPOBOTOKA B MO3re



Yem otnnyaetcs “Herpobrognsmnka” ot

“BbIYNCMINTENBbHOA/TEOPETUYECKOIN HENPOOMONOTNIN?

 buoghusuka — Hayka 0 MexaHu3Max, O MpoLeccax 1 ux
B3aMMO/EWCTBUAX, UX PO/SIN B POPMUPOBAHMM HABMIOAAEMBIX

BU1OMOrMYECKUX ABNEHNI
e [.0. KypCc —

He Tonbko computational neuroscience (XoTs, B OCHOBE MMEHHO OHa)

He nccnenoBaHne AnHaMUYECKNUX CUCTEM Kak TakoBoe (HO OHO Ham
Heo6XoAnMmOo)

He donanonorna Bo3doyamMmMocTu (XOTd, oT4acTu, NOUCK ee
0OBbACHEHNS)

... Hnyem :)



PaccmarpruBaemble macLlTadbl

OfMHOYHbIE MONEKY/bI (KaHasTbl, PELEeNTOPbl) — NX KUHETUKA U
MOJIEKYNSIPHOE CTPOEHUE; — ANHAMMKA aHcambner Mmonekyn —

OYHKUNOHMpPOBAHNE CyOKNETOUYHbIX CTPYKTYP: CUHAMNCOB,
NEHAPUTHbIX LUMMUKOB U T.4. —

/IOHHbIe [NO]TOKN Ha ypOBHE OTAE/NbHbIX KOMNAPTMEHTOB — Ha
YPOBHE LIefION KNEeTKN — 3NeKTpuyeckasd akTUBHOCTb LIefbIX
K/TIEeTOK

AKTUBHOCTb aHcamMbnen kneTtok/ceten

Ha ka)xoom mMacwimabe BoO3MOXXHa pas/iudHas cmerieHb
demasiulayuu/yrnpoweHus



Pazfesnbl, KOTOPbIE Mbl MOCTAPAEMCS PACCMOTPETD

UT0 nccneayetca B computational/theoretical neuroscience: mogenu, Teopusa KogupoBaHus/aekogmpoBaHus nHopmaummn,
aHann3 AaHHbIX

[MaccuBHbIE aNneKTpuyeckue CBOWCTBA MeMﬁpaH N INEKTPOXNMUA

Pa3bop mogenn XomkKnHa-Xakcam n ee agantauunin K Apyrum Tunam HerMpoHOB, 300MapK Pas/IMYHbIX MEMOPAHHbIX TOKOB.
Conductance-based mogenu

AnbTepHaTUBHbIE MOAENU KUHETUKN KaHa10B B conductance-based mogensix
YNpOLLEHHbIE MOAENN HEMPOHOB, NX dha3oBble NOPTPETLI, BypKaunmn n Bo36yaUMOCTb

MexaHu3mMbl 1 MoAenn CUHaNTUYeCKOoM nepegayun. 9HepreT|/|quK|/|e orpaHnyeHnd Ha KUHETUKyY CUHaNTUYeCKOoM nepegayn 1
aKTBHOCTb HENPOHOB. MnacTM4yHOCTbL CMHaNcoB

AnHamuka [Caz+], B HelpoHax 1 KneTkax rnumn (actpoymnTax). BsanmogenicTeme cuHanc <-> actpouut
Perynsaums nokasibHOro KpoBOTOKa
[AnHamuka NpocTbIX aHcamb/1ein HelMpoHOB

KogupoBaHue n gekognpoBaHne nHdopmMauum HepoHasibHOM akTUBHOCTbLIO. Teopust nHhopmaummn n baiecoBCKuii
noaxop,.

MpoBefeHne HepBHbIX NMMY/ILCOB MO akCoHaM
Mopgenu mopdporeHesa HEMPOHOB 1 UX CETE



dopmart Kypca

« JK3aMeH: HY)XXHO cienatb 1 3alMUTUTb KYPCOBOW NPOEKT

o [1poekKT:

- BapuaHTbl npoekTa:
« Bblbpartb 1 npopaboTaTb Mogenb+crarbto ¢ ModelDB [senselab.med.yale.edu/ModelDB]
« BocnpounssecTtu pesynbraTbl KaKOW-1M60 ApYyron ctatbh C MOAEbH UK C OTKPbITbIMU AaHHbIMU

« Pewwntb 3agaHue n3 kHurun Izhikevich, 2007, nomeyeHHoe kak [M.S.] (1M60 CyLWweCTBEHHO NPOABUHYTLCSA
B €ro peLlueHun)

« Pedhepartbl He NpUHMMAIOTCS.
- I'Iocne,u,Hee 3aHATNE — 3aliTa NPOEKTOB
— MOXHO BbINOJTHATL B rpynne n3 2-x 4esoBek

« Jlekunn n Kopg

- Fork me on github hitps://github.com/abrazhe/nbpc
- http://cell.biophys.msu.ru/ru/slides


https://github.com/abrazhe/nbpc
http://cell.biophys.msu.ru/ru/slides

HekoTopble npumepsbl XypHasios, rae nyonvkyoTcs
ctatbk no Computatinonal Neuroscience

Frontiers in Computational Neuroscience
Journal of Computational Neuroscience
PLoS Computational Biology

Journal of Theoretical Biology

Nature Neuroscience



... 1 Apyrne NCTOYHUKN

https://www.nature.com/subjects/computational-neuroscience
ModelDB: https://senselab.med.yale.edu/modeldb/

BRIAN: http://briansimulator.org/

NEURON: https://www.neuron.yale.edu/neuron/

NEST: http://www.nest-simulator.org/



PekomMmeHayemasi nmtepatypa

PRINCIPLES O.f THEORETICAL NEUROSCIENCE
COMPUTATIONAL

MODELLING in
_ NEUROSCIENCE
N\ V-

PRINCIPLES
OF NEURAL
SCIENCE

Fifth.Edition

he Geometry of Excitability and Bursting

Peter Dayan and L. E Abbott

o 10
(+ ccbINKK Ha cnanaax)


https://senselab.med.yale.edu/modeldb/
http://briansimulator.org/
https://www.neuron.yale.edu/neuron/
http://www.nest-simulator.org/

O630p 1 aHOHC HEKOTOPbLIX pa3aenos




[lacCcUBHbIE 3MIEKTPUYECKNE CBOMCTBA MEMOpPAaH
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3mepeHne anekTpruyecknx CBOMCTB MEMOpPaHbI

Voltage amplifier
and oscilloscope Cu”en; Volta‘%e Action
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Figure 6-2A The recording setup. Time — PP ~N [
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Figure 6-2C Depolarization.
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Figure 6-2B Oscilloscope display. 50 ms
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Figure 6-2D Hyperpolarization.
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ONeKTPOXMMUYECKMIA NoTEHLUMaN 1 anekTpoanddy3uns

SNEeKTPOXMMMUYECKNiA noTeHunan:  =u,+RT Ina+zF ¢ o' akTusHoCTs

z . 3apaf noHa
F': uncno dapages
R : ra3oBasl NOCTOAHHAsA
¢ : noteHyunan

aKTUBHOCTb | [BUX. Cua|MoABMKHOCTb

[NoToK ¢

»
e r=0(— 98y qu(rT L 99, p 40

dx H a dx dx

da do
J=—uRTa—UGZFE YpaBHeHue HepHcTa-MnaHka

MO/1b

M C

1-i1 3aKkoH Puka
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ONeKTPOXMMUYECKMIA NoTEHLUMaN 1 anekTpoanddy3uns

ONEKTPOXUMMUYECKUIA NoTeHUman:  =u,+RT Ina+zF ¢ o' awtvsmocrs

aKTUBHOCTb | [IBUX. Cua|NOABMKHOCTb
[MoTok ¢
oY _duy ¥
J=g(=9k, =
Rest dx
8 g, (‘{%gNa 2.
100 EK EC" Somy (I)mv 50mv ENa 100 mV ECa

Action Potential

T T
-50 mV 0mV

z . 3apaf noHa
F': uncno dapages
R : ra3oBasl NOCTOAHHAsA
¢ : noteHyunan

1 da dd
ulRT ——+2zF —
a dx dx )
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Mib uRT I uazF — I

YpaBHeHue HepHcTa-MnaHka 15



(a) (b)

YpaBHeHusa noctosaHHoro nong (I XK)
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BonbT-aMmnepHbie XxapakTepucTtuku B npubnmxkeHun XK

noTok gna K*

notok ansa Ca*

Vicnone3yetca B Mogenu

(@) CDI/I3I/!O/10W|LJECKI/II7I JvanasoH b) 405+ [:g(V—VN) XOPKKNHA-XaKCm
157 -
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- “BbINPAM/IEHMNE” TOKA — NPOBOAMMOCTb B OfIHY CTOPOHY BblllE, YEM B APYIYIO 17

- yeM 00/bLUe Pa3HOCTb KOHUEHTpauUu NoHa, TEM CU/IbHEE HETMHENHOCTb



KabenbHble cBOCTBA HEPBHOIO BOSTOKHA

A Current generator ; '.' .
s 10 )

Extracellular R, : : R,
electrode WA/ VAN

t 4 !
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KOHC

0OpPpMauynOHHbIE N3MEHEHINA

TOKW

A
! 2
a 50 pA/cm
/
Na 200 pAlcm?
V., +20
(mV) fBOJ
B 1 Resting (closed) 2 Open
Extracellular
side
+4++ +4+ 4 - -—— -—- I
3 / N |y
. ( |1+
-
-—— -—— + + + + + + + + +
Cytoplasmic
side
Activation Inactivation
gate gate

KaHaJ10B U BOPOTHbIE

ToK, HaBeAEHHbI NepeMeLLeHNEM
3apshkeHbIX oMeHoB Na-kaHanoB

Tok, nepeHocuMbIi noHamn Na*

3 Inactivated (closed)

++ +
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ViccnenoBaHUA MOHHbIX TOKOB B aKCOHE Kanbmapa .

Voltage electrode
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cDOpMaI'II/IZ?.M ornnmcaHnsAa MOHHbIX TOKOB B MOAEJIN

XOKKN

Na™
Extracellular

dv _
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mdt
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1) I,:gi(V—EiNemst) MrHOBEHHbIE BO/ILT-aMnepHble XapakTePUCTUKM NIHEHBI

Intracellular

Na=aw' v MrHOBEHHas! IPOBOANMOCTbL — MaKC. MPOBOAUMOCT,

)Gg;=g;w' Vv YMHOXeHHas Ha BeCOBble K0a(hh. B ONpeses. CTeneHu

3) (Z—W = TL( »—Ww)=a,(1—w)—B,w KIHETUKA BECOBbIX KOIDULMEHTOB
t w

MapameTpbl KNHETUKN — C/IOXKHbIE
hyHKUMM OT NoTeHumana

o, =f(V).B,=f,(V)

—_— (Xn
e = o 4P,
T = 1
" a,+B,

Ha-XaKCnun

YpaBHeHue ans MeM6paHHOro noTeHuuana;

— — 3 _ 4
Ielectrode_gL<V_EL)_gNam h(V_ENa>_gKn (V_EK)
I,=0x n4(V—EK) K-Tok (4epes K-kaHasibl)
Ivi=0na m3h(V—ENa) Na-Tok (4epe3 Na-kaHasbl)
IngL(V—EL) HenoTeHUMan3aBucumas yteuka
dn _ oy
Z—T—am(l—m)—ﬁmm ANHaMUMKa “BOPOTHbLIX YyacTumu”
B, (1)~
d
V+55 V +40 V +65
= 001 +v+55 = 01 +V+40 a, = 0.07exp[— ;'0 ]
1—exp[— 10 ] 1—exp[— 10 ] 5 1
= 0125exp[- V2] g = gexp[- V) ' eXP[_Vl;35]+1 22

80



a’n

: o+,
1

T e, dopmanm3m (Moaenb) XooKKuHa-Xakcnu
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A Normal axon

[lpoBeaeHne B MUENTMHN3NPOBaHbIX BO/TOKHAX EEN EENE=N
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A Mpyelination in the central nervous system B Myelination in the peripheral nervous system

Ranvier

K* channels Na* channels

Oligodendrocyte

JILIGIL --JIUJUIHLL '_.Jlllllllllllw LIS

R S ™ 1pm

1 2

Time between stimulus and
arrival of action potential

Distance along axon ——=

B Demyelinated axon

mesaxon

Paranode
Caspr 2
Contactin

Caspr 2
K* channels

Demyelinated region

| Internode

Schwann cell Oligodendrocyte Nodal
region

'IIHYHI!"‘lYﬁlIﬁ\!l-\Yl { - — T it

Kandel et al. Principles of Neural Science, 5™ ed. McGraw Hill 2013



CTpyKTypa MNUESIMHOBOrO HEPBHOIO BOJIOKHA
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Pa3Hble TUMNbl HEAPOHOB NO-PasHOMY OTBEYatoT Ha
nenonapusaumio
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Kandel et al. Principles of Neural Science, 5" ed. McGraw Hill 2013



Layer 5 pyramidal cell
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Mogaenu ¢ peKoHCTpYKLUMe Mopddonormm
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CunHantnyeckasa nepegaya

A Current pathways at electrical synapses B Current pathways at chemical synapses

1
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Kandel et al. Principles of Neural Science, 5™ ed. McGraw Hill 2013
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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 glutamatergic
synapses; type Il 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 dendrites.
Type Il synapses often contact the
cell body and dendritic shaft.
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MepnneHHass Moaynauvsi CUHanNTUYecKon nepegayn

A Fast and slow synaptic transmission
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B The effect of muscarine on the M-type K* current C The anti-accommodation effect of M-type K* current inhibition
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[Jons nepepefaHHoli UHGOPMaLMK | HEPro3aTparbl NPU HECKOMBKUX CUHAMNcax

function model Hnoise mult(s,p,N,spont;verbose=false, Ntrials=1e6)

end

[epegayva nHopmaymn yepes cuHanc
N MmeTaboninyeckmne orpaHnYeHus

# Calculate empirical probabilities
responses = zeros(2,N+1)
for 1 = 1:Ntrials
if rand() < s # spike arrived
row,col = 2,1
for j = 1:N # for each release site
col += if rand() < p 1 else @ end
end
else
row,col=1,1
for j = 1:N # spontaneous release
col += if rand() < spont 1 else 0@ end
end
end
responses|[row,col] +=1
end

probs responses/Ntrials
probs hcat(probs[:,1], sum{probs[:,2:end],2})
if verbose println(round(probs,3)) end

# Calculate information
out = @
for col in 1l:size(probs,2)
Pr = sum{probs[:,col])
for row in [1,2]
P s r = probs[row,col]/Pr
ifPsr=o0
out += Pr*P_s_r*log2(P_s_r)
end
end
end

Ps = sum(probs,2)
Iinp = -sum{Ps.*log2(Ps))
return 1 + out/Iinp

100 1000 Harris, Jolivet,Attwell ,2012;

doi:dx.doi.org/10.1016/j.neuron.2012.08.019
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OnTnmmnsayma 3arpat AT® Ha ypoBHe
NoCTCUHaNTUYECKON MeMobpaHb!

e Pa3mep cuHanTu4yeckoro oytoHa (~1p) npoanKToBaH
BpeMeHHOoW LwKanon (~1mc)

« KonnyecTBO peuenTopoB Ha NOCTCUHAMNTUYECKYD MeMbpaHy
OrpaHnYeHo MN0THOCTLIO U 3aTpaTtaMm SHepPrmu

e Huskasa ajpuHHOCTb AMPA-peLenTopoB K rinytamary
onpeaenaeTca HeobxoAMMOCTbIO ObICTPO ANUCCOLUMNPOBATL MPU
BpeMeHHOU LKasie 1 Mc
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MacLitabHble 6uocusnyeckne Moaesin HEPBHbIX KETOK

A Morphological diversity of neurons:

(a) m-types, (b) cloning (b) m-type distribution, and morphology selection
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B Microcircuit anatomy: (a) Microcircuit dimensions, € Reconstructing
microcircuit connectivity
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E Synaptic diversity:
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F Reconstructing virtual tissue volumes for
in silico experimentation

D Electrical diversity of neurons:
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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 area, 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

UTto namepsercsa B fIMRI?

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 cell; dark blue, inhibitory
basket cells; light blue, chandelier inhibitory neurons; and grey, stellate cells)
and their processes.
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Figure 1. Calcium imaging of astrocytic and neuronal network excitation in vivo

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-lcaded with fluo-5F/AM (rat) or expressing GFP
under the glial cell-specific GFAP promoter (mouse). (Top) Optical sections acquired inthe molecular layer [ML, locations indicated by the upper dotted lines (Middle)]
show a distinct striate pattern matching lateral protrusions from stem processes of Bergmann glia (BG). (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 celk. (B)
Spontaneous radial wave measured inthe 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 ation site. (Right) Linear rate of increase of wave area, with an average apparent diffusion constant Dapp =
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.
Hoogland et al, PNAS (2009), 106(9) 3496-3501
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Fig. 4. ATP-triggered transglial calcium waves in vivo. (A) A transglial calcium wave evoked by ejection of ATP (pipette concentration: 1 mM, 10 ms, 0.07 bar) into
the molecular layer. Green, Fluo-5F calcium signal; red, Alexa 594 and SR101. (B) Elliptical domain oriented along the PF axis in an ATP-triggered wave. (C) Waves
triggered inrat cerebellar cortex at different imaging depths after ATP ejection at the same depth. (D) Activation of velate astrocytes in the granule cell layer after ATP
ejection in lower third of the molecular layer, imaged by using G-CaMP2. (E) Reduction of ATP-triggered transglial signals by the P2 antagonist PPADS. (F) Decrease in
successive calcium responses after repeated application of ATP. (G) Dependence of response amplitude after 5 pulses of ATP injected at different time intervals.
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