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NodaMNHOBbLIX HEMPOHOB

JeHuc 3axapos

NHCTUTYT KOTHUTUBHbIX HEMPOHAYK
HWUY BLUS

Motivation
DA neuron model and VTA curvuit
Dynamical mechanisms substantially increasing the DA neuron frequency:
- NMDA synaptic current
- change of the spike generation class (EtOH)
- Ach and nicotinic inputs
- a strong high-frequency input

Conclusion
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QS world university rating 2023

QS World University Rankings by Subject

TOP100 TOP300 % — eguHCTBEHHbIN BY3 13 Poccun

Mpeamer fon Mup PO
Mathematics 2023 68 2
Economics & Econometrics 2023 71 1
Linguistics 2023 75 3
Sociology 2023 91 1
Education & Training 2023 94 2
< Psychology 2023 100 1
Geography 2023 51-100 1
History 2023 51-100 1-2
Social Policy & Administration 2023 51-100 2-3

Politics 2023 51-100 2-4



WHCTUTYT KOTHUTUBHBbIX HEMPOHAYK
(https://neuro.hse.ru/)

WUHcTutyT
KOTHUTUBHbIX
HenpoHayK

LleHTp
HEMPOIKOHOMUKN

N KOTHUTUBHbIX
nccrnegoBaHum

LleHTtp
OMO3NEKTPUYECKNX
NHTepdencos

JTabopaTtopus
counanbHou
Henpoburonoruu

LleHTp HeMPO3KOHOMMKU U KOTHUTUBHbDIX UCC/IEA0BaHUMN
o lpynna HeMpPO3KOHOMUKHK
o [pynna N3yyeHna KorHutueHoro KoHTpons,
KommyHuKaumm n Bocnpuatmna
o [pynna nayyeHna gMHaMNKN HEMPOHANbHbIX NPOLLECCOB
o [lpynna nayyeHmsa MOTOPHOrO KOHTPONA
o M3l rpynna
o [lpynna matemaTMyeckoro moaennpoBaHuA
LeHTp 6Mo3neKTpuyeckux HeMpouHtTepdpencos
o HenpounHTepdencoi
o JHuedanorpadua peanbHOro BpemeHu
o PeuweHwne obpaTHoO 3aaa4m I3/ MIT

MexgyHapoaHasa nabopatopua coumanbHoMn
Heupobuonorum



YHUKanbHbI Habop obopyaoBaHus:

TPaHCKpPaHManbHaa marHutHon ctumynagma (TMC, NexStim+Magventure ) g O™

UMK oo Crumynauus
#4 mosra

® TpaHcKpaHunanbHasa anekTpuyeckasa ctumynaumm (T3C, TIC+33r, N3C)

® M3r (Ha 6ase MINY)

3.CTumynauma/ynpasnexve

2. O6paboTka
CUrHanoB

perncTpaumnsa ABuxeHua rnas (okynorpadusn)

anekTpoaHuedanorpadua (33, BrainProducts)

nHTEPPEMNCbl MO3r-KOMMbIOTEP N HEMPOODBpaTHaA CBA3b
MHPpPaKpPaCHaa CNEeKTPOCKONnA

BMPTYa/IbHaA pPeanbHOCTb + PerucTpauma ABUKeHun
MarHMTOMETP C ONTUYECKOM HaKauyKoM

perucTpaums BereTaTMBHbIX oTBeToB (AbixaHus, YCC, KBP)




ACMUPAHTCKASA LLUKOJIA MO KOTHUTUBHBIM HAYKAM

B HUY BLUS Ha 6a3e UHCTUTYTa KOTHUTUBHDbIX HEMPOHAYK CO34aHa
acnupaHTypa no CneumanbHOCTU 5.12 “KorHutmuBHbIe HayKn”:

5.12.1. MexxagmcunnanHapHble nccaeaoBaHMA KOTHUTUBHbBIX NPOLLECCOB.
5.12.2. MexaucunnamHapHble nccnegoBaHMA Mo3ra.

5.12.3. MexxgmucumnanHapHble nccnenoBaHMA A3bIKa.

5.12.4. KOrHUTUBHOE MOoaeNnmnpoBaHue.

Habop — 10 yenosekK B rog, (nepsbit Habop — mapT 2023 roaa)

Buabl acnupaHTypbl:

*  «0b6blYHaA»

* aKagemuyeckan (ctuneHaus 40 Tbic. pyb.)

*  «eAMHbIN» TpeK: maructpatypa (ctuneHgma 50 Toic. pyb.) + acnupaHTypa (ctuneHgua 70 Toic. py6.)
3awura 6yaeT npoxoauTb B CNELMAIN3MPOBAHHOM AUCCOBETE NO KOTHUTUBHbBIM HayKam

(cTeneHn ncnxonornyeckunx, bonormyecknx, pUNonormyeckmx n pU3MKo-maTemMaTMYeCcKmx Hayk)



Neuron models

Mathematical models

&~ ~—

neurons

o

phenomenological

Izhikevich
FitzHugh-Nagumo
Hindmarsh-Rose

networks
biophysical mean field coupled neurons
HOdgkin—HUXIEY Wilson—Cowan hLlf;u}I;rl c s savert
Morris—Lecar model A
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@ -® |

Low L, High C Low L, Low C

ncreasingly random connectivity




Basic types of neuronal activity

* Rest state (excitable state);

squid axon

omV

-50 mV

-

%

5ms

« Generation of action potentials (spiking)

(11—l

—F3Am — —Faamy —

L~ Jaomy

Ems

» Bursting activity

Vi, (V)

000
t (ms)

10000 12000 14000

Oscillations of piramidal
neurons (D.Golomb, Y. Amitai,
1998)

Chaotic oscillations of motor neurons (P.
Varona, et al., Neural Networks 2001)



Motivation

Brain is a extremely complex system:
10** neurons, much larger number of glial cells, etc.
A lot of different types of neurons:

by morphology >

Pyramidal / Dopamlne Purkane Inferior olive
neurons neurons cells cells

Interneurons Basket cells motoneurons

N < bydynamics > >

Fast spiking// \ \

neurons Regular spiking Low-threshold fast rhythmic
neurons spiking neurons Bursting neurons
Late spiking neurons Intrinsically bursting neurons

Each neuron has approx. 10° couplings = 10'® connections between neurons:

* local and nonlocal (including connections between brain areas)

* @Gap junctions and excitatory (AMPA, NMDA,...) and inhibitory (GABA, DA, ...) chemical
synapses

* Synaptic plasticity (Short and long term plasticity)

* etc.



Dopamine system

nigrostriatal

substantia nigra (SNc)
(movement,memory,...)

/

motivation

/

— @pamine pathwaD\

VTA

(motivation, reinforcement learning,
reward

mesocorticolimb

tuberoinfundibular

Arcuate nucleus
(prolactin,somatoliberine,...)

Disorders

(depression, schizophrenia,
Parkinson’s disease,

attention deficit hyperactivity disorder(ADHD))

alcoholism
(ethanol)

i

Y

reinforcement learning

addictions

\ 4

N

smoking
(nicotine)

(heroin, cocaine, opioids, cannabinoids, amphetamine,...)

drug abuse




DA system

Prefrontal cortex nucleus accumbens

ventral pallidum

subthalamic nucleus /
\ Ventral tegmental area (VTA)

Amygdala

(GABA and DA neurons) > | Hippocampus

/1 N

laterodorsal tegmental nucleus Olfactory bulb

|

pedunculopontine tegmental nucleus Cingulate gyrus




DA neurons

Dopaminergic neurons (DA neurons) are the main source of dopamine in the

mammalian central nervous system.

No prediction
Reward occurs

\NPETIF TR T R T

.('.-IO.C.S) : ; ; Ls

Reward predicted

Reward occurs |

CS R

Reward predicted

No reward occurs I

W. Schultz, J. Neurophysiol. 80:1-27(1997)



Experimental facts about DA neuron activity

S. N.,, J. F. Atherton, and M. D. Bevan, J.

Types O.f flr"?g. activity: ) ) ) Neurophysiol. 97, 2837 (2007): A time series of
* Tonic activity, 1-5 Hz (without external stimuli);  pigh-frequency activation in vitro of a DA

e Phasic activity, >20 Hz (NMDA, NMDA+AMPA) neuron (stimulation duration is shown by black

line).

Response differentiation:

e NMDA current = high-frequency activity >20Hz
e AMPA current or applied current

U

low-frequency activity <10Hz or activity suppression;

5mV

Compensation of actions of NMDA and GABA currents:

C. J. Lobb, C. J. Wilson, C. A. Paladini, J. of Neurophysiol. 104, 403-413(2010)

NMDA |
1100 pA GABA, B
- \mﬁq\xt\‘-ﬁ\mwwmm“w—*%ﬁ W ﬂ\W‘w\wﬁTtthTuxthxth%‘ﬁmxT_“— —— —Mw-jkxxwa?\:-;s‘q\:\\x—
10 mVJ
1s

e



Types of neuronal excitability

A.L. Hodgkin, J. Physiol., 107, 165, 1948: Izhikevich E. M. (2007) Dynamical Systems in

Neuroscience: The Geometry of Excitability
and Bursting, Cambridge, Mass: MIT Press.

Class 1 excitability

e Type l. Spikes can be generated with arbitrary
low frequency, depending on the strength of the

stimulus (applied current, synaptic currents, etc.); :':“;40-
>

e Type Il. Spikes can be generated in a certain §ao o
frequency band that is relatively insensitive to £ -V

. . . gm
changes in the strength of the stimulus; £ ~Flcurve
e Type lll. A single spike can be generated in ‘élo '.‘»
response to a pulse current. Repetitive spiking E s
can be generated only for extremely strong s % 100 200 300

injected dc-current, | (pA)
Class 2 excitability

o

.*Mn’
e F-1 curve

injected current or not at all.

N
$

Why is it important for DA neuron dynamics:

e accurate encoding of reward level in firing
frequency

* synchronization properties (leading to changing
in dopamine release)

etc.

:

g

asymptotic firing frequency, Hz
3 3

o

MAA L AL o a ol

0 500 1000 1500
injected dc-current, | (pA)



A biophysical model of a DA neuron

E. Morozova, M. Myroshnychenko, D.Zakharov, M. di Volo , C. Lapish, B. Gutkin, A. Kuznetsov, Journal of
Neurophysiology 116(4):1900-1923, 2016;
E. Morozova, D.Zakharov, C. Lapish, B. Gutkin, A. Kuznetsov, PLOS CB 12(12): €1005233, 2016.

Subthreshold oscillations:
dv I¢a Ikcatik IsNa
Cma = gCa(v)(ECa —v) + (gKCa([Ca2+]) + gK(v))(EK —v)+ gsNa(v)(ENa —v)
+91(E; —v) + Ls,

d[Ca’t] 2 a 0.1
[ dci ] = T',B (gc (U)Z;._ gL) (ECa — U) — PCa([Ca2+])

Spike producing model:
dv INg IDR
Cma =+ gnam>h(Eng — v) + gprn*(Ex — v),

External stimuli (tonic case):

INmMDA
Isti = lapp + Gampa(Eampa — V) + 9apa(Egapa — V) + 1+ 0.1[MgZt]e-mev (Enmpa — V)




Ways to initiate high-frequency activity of a DA neuron

e Tonic activation of NMDA receptors or simultaneously activation of NMDA and
AMPA receptors (experimental fact)

e A strong (excitatory or inhibitory) high-frequency input (Zakharov et al., PRE 97,
062211, 2018)

1.5

1 - f
ol | "i NMDAJAMPA  NMDA|AMPA
-05 }
X |
1 fast GABA slow DA
o C - neurons neurons
0 | -
o1 - GABA
o5 [ ) =
os [ LfJUJUJU.ﬂUJUJUJUJNJNJ"lmIHHm””mmmm
KT VTA
0 500 1000 1500
Time

* Change of excitability type from | to Il

improvement of synchronization properties
U
higher firing rate
U

increased dopamine release
(E. Morozova et al., Journal of Neurophysiology, 116(4), 1900-1923, 2016)



Different responses on AMPA and NMDA current

silent pacing ffast pacingg fastest
0.7 g(quenched)é : ; pacing
0.6 |
I
0.5 : E
| NI\/:IDAON
& 04 § § ; f §
E frequeﬂCy, HZ AMPA ON IAMPAONE
e 20 S0 40 80
N 0.3
Sg * 200 -
fatest pacing
0.2
=
0.1 = \
2N
O,
0
0 ] 10 15 20 pacing
ENMDA
E. Morozova, D.Zakharov, C. Lapish, B. Gutkin, A. Kuznetsovy, . _
PLOS CB 12(12): e1005233, 2016. C 980 Membrane Potential (mv) 0

D. Zakharov, C. Lapish, B. Gutkin, A. Kuznetsov, Front.
Comput. Neurosci. 10: article 48(2016)



A phenomenological model of a DA neuron (subthreshold oscillations)

du

== —(u—1.35)(u — 0.54)(u — 0.0539) + Jc, (U,V) +1g,
dv
prinks (tanh(5u — 3.85) — v).
9INmMDA
Is¢; = Igpp + gampa(Eampa — V) + geapa(Egapa — V) + 1+ 0.1[Mg2+]e—mev (Exmpa — V)

Response differentiation:

NMDA AMPA
MS‘ \it-nullclines v-nullcline 2.4} Ms Lo A=1.0775.
25} g &mpi2? LC 221 v-nullcline
~
- UN -
? e 4 SF 8impa~0-15
s g LC 18 9
V 15} i #I_JN |
-7 [g= 1 6}
; 4 Enitpal0773 Ol u-nullclines
' __ 1.4}
- u
M
0.5} ./ UN 7C 1.2}
gNMDA =0 A A A A
1 -0.8 06 Y 02 0 -1 0.8 -0.6 0.4 -0.2 0
u
1000] 0.1
_I 200 | 0.1




Role of a subthreshold Na* current

250
200
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[Ca]

100
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0.5
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< 0.3t
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Compensation of the GABA and NMDA current

(A)
S50 mV
ls
& =10.9 nS/cm?
o™ nS/cm?
(B) (C) 21 nS/em?® 8y, =16 nS/cm’
14 Fi requeggy 8eupa™> nS/cm?
| . . 50 mVv
12f 20 Compen.satton m
- region i
10
I (D) Sy =18 nS/em?
E T 6 nS/em?  8gups=d nS/cm?
T .
O
6k
oY)

|50 mV
ls

(E) 8nun =30 nS/cm?

25 nS/cmz 8.1~ nS/cm’

0 Yy S
0 10 20 30 40 50 |50 mV
ENMDA —

E. Morozova, D.Zakharov, C. Lapish, B. Gutkin, A. Kuznetsov, PLOS CB 12(12): e1005233, 2016.




Compensation of the GABA and NMDA current

Experiment, dynamical patch clamp (C. J. Lobb, C. J. Wilson, C. A. Paladini, J. of Neurophysiol. 104: 403-413, 2010):

NMDA |

pPA GABA

Py ‘:W\%\E‘*:Tﬁ*w&\‘(“\**\\&“\(‘( \ i M\wTw\wa-‘,-ﬁng-«— 0 pA

/T L

Biophysical model (E. Morozova, D. Zakharov, C. Lapish, B. Gutkin, A. Kuznetsov, PLOS CB 12(12): e1005233, 2016):

50my

A = A B

=16.9 nS/cm?

gNMDA

=5 nS/cm’

8 GABA



Role the GABA and AMPA current

The AMPA and GABA currents are ohmic (they linearly depend on the membrane

=20 ¢

V,mV

-80 F

-100

Frequency, Hz

0.5 |

IAMPA + IgGABA = Oes (Eeff _V)’

TYPE I

40 }

-60

bifurcation

- — ] —
O"

Eyy=-90 mV

S."\"IC_—-V'f\-'

L5 |

Ei=-90mV

0 0.05

0.1
gqﬁ,ms’/cm’

0.15

Octt = Yampa T Jonea Eeff

— 9caBa
E ampa=0 Ucasat Oampa  CABA
0.8
. Bogdanov-Takens
0.6 F bifurcation
(co-dimention 2) _ Andronov-Hopf
[ = bifurcation
0.4 f

-100

-80 ng -60 40 =20 0

Eeff’ mV

=20

= 40

=

-60

-80

-100

Frequency, HZ,
~ )
[ SR Y

~

0.5

potential) and, thus, it is possible to introduce “effective ohmic current”:

TYPE 11
' ) " Eyy=-60mV]

Andronov-Hopf

bifurcati
ifurca iong

0 0.1 0.2 0.3 0.4 0.5 0.6
geﬁr,mS/cm2

E. Morozova, D.Zakharov, C. Lapish, B. Gutkin, A. Kuznetsov, PLOS CB 12(12): e1005233, 2016.



Coding of the reward value by type | and type Il DA neurons

Experiment (N. Eshel et al. Nature Neurosci., 2016,1-11):

a b AT o

— 0.1
- —3 =
Odor  — . 'w —iDE o 12 4
; | , o 30 —_—5 a
- e Xt ' ° 10 <
Reward ] 2 &
Odor tials i : 2 15 g
§ []
Odor  — l L o g
i | Loyul £ 2
Reward — = O ’ ' r O J J
: : 3 -1 0 1 0 10 20
ITI (random) 15s Time from reward onset (s) Reward size (ul)

Biophysical model (E. Morozova, D.Zakharov, C. Lapish, B. Gutkin, A. Kuznetsov, PLOS CB, 2016):

(A) 16 e (B) 2 : (E) 12 . :
= *  gampa=0.34,ggaba=2.5 (type It}
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§° 14
; 14
s 3 I 10
5 T
%- 12 ;E 10
o
= 1 &8
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z 4 o
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= 9 2 b
g
s L i 0 s
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18
Is 102
= 104
?Q 14 16 106
: i 108 0
S —
w13 ) 1.2
= T 2 114
2, o 18
=12 210 —_—118
3 5
3 3
= = 8
g I §- 2k
= = 6
g 10
£ 4
= 9 H
2 H
.
8 o . o | " .
e 1 2 3 4 5 € 7 & @ 1 2 3 4 5 [ 7 8 9 10 7 8 9 10 11

Time (sec) Time (s) LNMDA (mS/em?



Role the GABA and AMPA current (change of excitabllity type)

Noisy NMDA input
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E. Morozova, D.Zakharov, C. Lapish, B. Gutkin, A. Kuznetsov, PLOS CB 12(12): e1005233, 2016.



Responses of VTA Neurons to Endogenous ACh and Nicotine

[ ]

WT Il 32-/- Il 32 DA (yxel] | 32 Vec I
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Quantification of firing rate and pattern of the VTA DA neurons in WT mice (black) after
systemic deletion of b 2-containing nAChRs (red) and their subsequent re-expression on VTA

DA (green), on VTA GABA (blue), and on both neurons (purple). A
Morozova et al. 7(4) ENEURO.0418-19.2020, 2020, 1-13



Responses of VTA Neurons to Endogenous ACh and Nicotine

A s

b2 nAChR

NMDAR

'e) OOO OOOO u DA

Morozova et al. 7(4) ENEURO.0418-19.2020, 2020, 1-13



Responses of VTA Neurons to Endogenous ACh and Nicotine

A C
5

Firing rate, Hz
N w £
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o y)
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_____ N
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@ ? ! ! ? Y - 110mV

“TeTeY B

Quantification of the spontaneous firing of simulated DA neurons: WT case (black), KO
(red), b 2-containing nAChRs on DA neurons (green), the nAChRs on GABA neurons
(blue), and the nAChRs on DA and GABA neurons (purple).

Morozova et al. 7(4) ENEURO.0418-19.2020, 2020, 1-13



Responses of VTA Neurons to Endogenous ACh and Nicotine
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Inhibitory high-frequency input

AMPA PFC projections

A TN NS

GABA network:
- asynchronous dynamics without the AMPA PFC projections
- synchronous dynamics with the AMPA PFC projections
DA neuron:
- compensation of asynchronous GABA and tonic NMDA inputs
- high-frequency oscillations under strong synchronous GABA input



Inhibitory high-frequency input

Wang-Buszaki equations for the GABA network (Wang and Buzsdaki,J Neurosci 16: 6402— 6413, 1996):
dvi

N
Cm% = g_Nam3(vi)h(ENa — Ul') + gl(El — U) + z gga’p(vj _ vi) +
j=1

N
Z gGABABijTj(EGABA —v;) + Ippc—ampas

Jj=1
dh;
d_tl = ap(vy))(1 — hy) — Br(v)h;,
dn; .
I a,(v)) (1 —n;) — Br(wn;, i = 1,30
Biophysical model of DA neuron:
dv
CmE = gca(W)(Ecqg —v) + (gKCa([Ca2+]) + gk W) (Ex —v) + gsna () (Eng — V)
N
INmMDA
+g,(E; —v) + z 9Ipa-GapaTi(Egapa — V) + 1+ 0.1[MgZ+|e-mev (Enmpa — V),

=1

d[Ca**] _ 26 (gea() +0.1g,
dt  r zF

) (Ecqg —v) — PCa([Ca2+])



Inhibitory high-frequency input

GABA and NMDA inputs

no GABA asynchronous GABA

PFC AMPA inputs
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Inhibitory high-frequency input

PFC AMPA inputs
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Inhibitory high-frequency input

PFC AMPA inputs
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High-frequency forced oscillations

Periodically forced McKean equations:
du/dt = fu) — v+ (1),
dv/dt = e(u — k),

@(1) = {

1.5

1}
05 |
u ° F
05 }
1 B

0.2
0.1
\Y 0
-0.1
-0.2
-0.3

0
-0.3

-1.5

[ —u.u <0.25,
fw)={u—05,025<u<0.75,
kl —u,u > 0.75.

J,t € [nT,nT + 1],
0,t € [nT +1,(n+ 1T,

(Zakharov et al., PRE 97, 062211, 2018)
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A T-map for the forced oscillations

Unt+1 = U + €P(vy).

If J >0, then

v . 2
P(vy,) = ~Tv — JeT_T% +

Je_f(ooamﬂnﬂ?égg:gixﬁnw2v—05D + (1 + J) -

KT + Ingoi— + 2(v + 0.25)InE028 4 49(—J + v —

0.25)In(—J +v—0.25) —2(—J +v—0.75)In(0.25+ J +v).

If J <0, then
T (v=0.25)2
P) = TOQ - v) — Je TROBL 4
—+ (0. J?+(v+0.5)v—2J (v—0.
Jeom QAT HLAON P00+ (1 - J) -
KT +1n(—=0.25 — v) + 2(v — 0.25)Int=532 + 2(—J + v +

0.25)In(—J+v+0.25)—2(—J4+v+0.75)In(—0.25+ J +v).



A T-map for the forced oscillations

0.30
Unt+1 = U + €P(vy).
0.29¢}
If J >0, then
0.28}
2
P(Un) = —Tv — J@T_T% + 0.27]
_+(0.06254+J%+(v,, —0.5)v—J(20—0.5
Je=m! (O(.25—J—|—?v)2 ( Lop 1 + ) - ol
KT + Ingoe— + 2(v + 0.25)In2E028 4 49(—J + v — —
J=0.545
vn 024 025 026 027 028 029 030
If J < 0, then 0.25 v; %
T (0-0.25)? -0.26
P(v) = 1 — wv) — Je™~ wromE T
7 (0.0625+J2+(v+0.5)v—2J (v—0.25 -0.27}
Je ! - ?6(.2;)——J-)|—U)2 : (S
KT +In(—0.25 —v) + 2(v — O.25)lngl8:§g +2(=J + v+ -0.28}
0.25)In(—J4+v+0.25) —=2(—J4+v+0.75)In(—0.25+ J 4v). J=-0.533
Ll J=-0.535
J=-0.545
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A T-map for the forced oscillations

Two parametric bifurcation diagram One parametric bifurcation diagram
for the T-map for the McKean system
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Discussion

In this lecture we consider the dynamical mechanisms “overclocking” DA neuron:

e The first based on the NMDA current. Note that in case of simultaneous action of
AMPA and NMDA currents the highest frequency may substantially increase.

* The second mechanism is provided by the strong high-frequency input (for example,
from a synchronized GABA network). Necessary conditions: the N-shaped manifold
of slow motion, high enough amplitude of periodical forcing and “slow enough” slow
variable (almost constant value of the slow variable in such high-frequency regime).

Such raising activity of DA neuron results in greater release of dopamine that is
important neuromodulator and responsible for instance for reinforcement learning.

Another point is possibility of changing excitability type (from | to Il and vice versa) by
variation of the neuronal and synaptic parameters. Depending on the excitability type,
the DA neurons may provide different coding features, different response mechanisms
on external stimulations providing various amount of releasing dopamine and, thus,
dissimilar reward.

ACh and nicotine also cam act to the Dynamic of the VTA circuit leading to additional
dopamine release



Thank you for attention!
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