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Ioaxoasl K MAaTEMATHYECKOMY
MOEJIUPOBAHMIO
IEKTPOPU3UOTOTHYCCKOU
AKTUBHOCTH HEHPOHOB
TMIIIOKAMIIA

IIpu nunoTupyemsix mojeTax B AaJIbHUH KOCMOC BBICOKYIO OIac-
HOCTh JUIS JKHIAXKEH KOpaOiicli MOTYT MPEICTABIATh TsDKEIBIC 3apsi-
JKCHHBIE YaCTUIIbl, BXOASIINE B COCTaB TaJlaKTHYECKUX KOCMHUYECKHX
nyueit (I'KJI) [1]. IIpu ormeHke pruicka paaualilmOHHOTO BO3JACHCTBUS Ts-
xenbix sinep KJL B xome MexmiaHeTHOW MHCCUU HEOOXOIUMO UMETh
B BHJy BO3MOXKHOE (hopMHUpOBaHNE HAPYIICHUNA CO CTOPOHBI IICHTPAIIb-
HOW HEPBHOM CHCTEMBI KOCMOHABTOB. B aKkcmieprMeHTax 1o 00TydeHHTO
a00paTOPHBIX YKUBOTHBIX BBICOKOAHEPTETHUYHBIMH HMOHAMH JKeie3a B
J103aX, COOTBETCTBYIOLIUX PEAJbHBIM IMOTOKaM TaJaKTHYECKHUX sIep
JKesiesa Mpu nojiete K Mapcy, BBIBISIIOTCSA pa3iUuHble HApYLIEHUs! CO
CTOPOHBI IeHTpadbHON HepBHOU cuctembl (IIHC). OHM mposiBISIOTCS
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In the manned deep space flights, heavy charged particles of the
galactic cosmic rays (GCR) can be very dangerous for the crew mem-
bers [1]. When evaluating the risk associated with exposure to GCR
heavy nuclei during an interplanetary flight, the possible development of
the cosmonauts’ central nervous system (CNS) disorders should be taken
into account. In experiments on the irradiation of experimental animals
with high-energy iron ion beams at doses matching the real fluxes of ga-
lactic iron nuclei during a Mars mission, different CNS disorders are ob-
served. Their symptoms include expressed spatial orientation disorders
and suppression of cognitive functions, which is linked with damage to
the synaptic transmission mechanisms in different brain structures — first
of all, in the hippocampus as the most radiation-sensitive CNS structure.
Along with charged particle accelerator-based experimental research on
the neuroradiobiological effects of high-energy accelerated heavy ions,
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B BBIPAKEHHOW MOTEpe MPOCTPAHCTBEHHOM OpPUEHTALIUH,
YTHETEHUH KOTHUTUBHBIX (DYHKIHH, YTO CBSI3BIBACTCS C
MOBPEXKJCHUEM MEXaHH3MOB CHHANTHYECKOW Tepenadn
B Pa3IIMYHBIX CTPYKTypax MO3Ta H, MPEXkIe BCETO, B T'HII-
MOKaMIle Kak HauOolee ysI3BUMON B 9TOM Cllydae CTpYyK-
type LIHC. Hapsiny ¢ mocTaHOBKOM 3KCHEPUMEHTATbHBIX
HCCIICIOBAHNI Ha YCKOPUTENAX 3apsDKEHHBIX YacTHUI[ 1O
MOJICITMPOBAHUIO HEHPOPATUOOHOIOTHICCKIX d(PPEKTOB
YCKOPEHHBIX TSDKENBIX MOHOB BBICOKMX JHEPrUil BecbMa
BaXHBIMH TIPEACTABIAIOTCA pa3pabOTKU MOIENEH dIIek-
TPOPHU3HOJIOrNIECKOH aKTHBHOCTH HEHPOHOB PA3IMYHBIX
oonacreii [THC.

CoracHO COBPEMEHHBIM JIaHHBIM [1-3] runmnokami
MIPEJICTaBIsIET COOO0W OJIHY U3 HanboJjee UyBCTBUTEIbHBIX
obmacteii [{THC npu neiicTBUY MOHU3UPYIOIICH paTHalHy.
[To ouenkam cnenmanucroB NASA, BHe MarHHTOC(hEpHI
3eMiIM OOMH KBAaIpaTHBIA CAaHTHMETp IUIOIAIH Tepece-
KaeT B CyTKH OKoJO0 160 TSDKENbIX 3apsKEHHBIX YaCTHIL C
3apsiioM atoMHoOro sapa Z = 20. CormacHo pacueram, B
X0Jle MUJIOTUPYEMOTO TPEXJIETHEr0 MEXIUIAHETHOTO MOo-
nera ot 7 1o 13 % neitponos B ITHC moryT noxBeprayTh-
Csl BO3/ICHCTBHIO BBICOKOPHEPIeTUYHBIX MOHOB Keje3a U
0 46% HEHPOHOB — BO3JACHCTBUIO YACTHUIL C 3apsIOM
atomMHoro anapa Z =15 [4]. Okono 20 MUJIIMOHOB HEPB-
HBIX KJIETOK M3 NMPHUMEPHO 46 MHUIMOHOB, BXOAAILINX B
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CTPYKTYpBI THIIIIOKaMIIa, OyyT IepeceKkarsh ofiHa U Ooinee
yactuy ¢ Z = 15.

[Touemy 0coOyt0 OMacHOCTH TPEACTABISET JICUCTBUE
TAaKUX 4YacTHL MMEHHO Ha runmokamn? Ilomasmsromee
OOJIBIIMHCTBO HEIPOHOB B3POCIIOr0 MO3T'a ABJIAIOTCS BBICO-
korrhepeHIMPOBaHHBIME KIIETKAMH, KOTOPBIEC YTPaTHIIH
CIIOCOOHOCTH K JICJICHUIO U MOTOMY JIOCTaTOYHO YCTOWYH-
BBI K JICHCTBHUIO paguanyi. OIHAKO KIETKHW THIIOKAMIIA,
COXPAHHUBILIKE CIHOCOOHOCTH K JIEJICHHIO, WCKIIOUUTEIIb-
HO ys3BUMBI K BO3IEHCTBHIO M3IydeHUH. B runmnokamme
B3pOCJIOr0 MO3ra HEHpOreHe3 OCYIECTBIAETCS HENPePhIB-
HO, W 3TOT TIPOIIECC SBIISETCS HEUPOOHOTOTUIECKON OCHO-
BoOH (popMupoBaHUst HOBOI mamsTu. Kak Tenepp ycTaHOB-
JICHO, MIMEHHO THIIOKAaMII, COXPaHUBILHNA CIIOCOOHOCTh K
HeWporeHe3y, UTpaeT KIIOYEBYIO poib B (hOPMUpPOBAHUH
JIOJITOBPEMEHHOM IIaMSTH, B UHTEIPaLlUU [10JIy4aeMON MO3-
roM nH(OpManny 1 B €€ PaclpeaeIeHNH B BBICIINX OTIIe-
nax mosra. C yueroMm 3Toro paspaboTka MaTeMaTH4eCKHX
MoJieNiell HEUPOHHBIX CETEH U CTPYKTYp, BXOISIIMX B 3Ty
obmacte IIHC [2,3], npencraBisiercss KpaliHe BaKHOW 3a-
Jadeli mpy aHaIn3e Hellpopaanoononorndecknux 3P QexTon
YCKOPEHHBIX 3apsKEHHBIX YaCTHII.

Ha ypoBHe ceTH BaXXHO Y4YecCTb, KakuM oOpa3om
BHYTPUKJIETOUHBIC CBOHCTBA CHCTEMbI OOBEIUHSIOTCS
CO CBOWCTBaMHM CBSI3€H MEXAy HEHPOHAMH, C TEM YTOObI

the development of models of the electrophysiological ac-
tivity of neurons of different CNS parts seems to be very
important.

Modern data suggest that the hippocampus is one of
the most ionizing radiation-sensitive CNS parts [1-3].
NASA’s estimations show that beyond the Earth’s mag-
netosphere a square centimeter is crossed by about 160
heavy charged particles with the nuclear charge Z =20
during 24 hours. It has been calculated that during a three-
year manned interplanetary flight, from 7 to 13% of the
CNS neurons can be exposed to high-energy iron ions, and
up to 46 %, to particles with Z =15 [4]. About 20 million
nerve cells out of approximately 46 million in the hippo-
campus structures will be crossed by one or more particles
with Z >15.

Why are such particles especially dangerous to the hip-
pocampus? The vast majority of the mature brain neurons
are highly differentiated cells that have lost their ability to
divide and, therefore, are quite resistant to radiation ex-
posure. But the hippocampus cells that retain their ability
to divide are extremely radiation-sensitive. In the mature
brain hippocampus, neurogenesis goes on continuously;
this process is the neurobiological basis of new memory
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formation. As has been established, it is exactly the hip-
pocampus with its retained capability of neurogenesis that
plays the key role in the formation of long-term memory
as well as in the integration of information received by the
brain and its distribution in the brain’s higher segments.
The development of mathematical models of neural net-
works and structures making up this part of the CNS [2, 3]
thus seems to be an extremely important task for research
on the neuroradiobiological effects of accelerated charged
particles.

At the network level, it is important to take into ac-
count how the internal cell properties merge with the prop-
erties of the neural links so that the modeled population’s
behavior would be the closest to real neural populations’
behavior. The model should include the geometry of cells
and intracellular structures, organization of their molecu-
lar and intracellular formations, biophysical processes, as
well as biochemical reaction cascades in cells and intercel-
lular interactions.

The present work aims at designing a mathematical
model of the neural network in the CA3 region of the hip-
pocampus that would include both membrane and bio-
chemical processes developing in neurons.
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MIOBE/ICHUE CETH OBIIIO MAaKCHMAaJIbHO OJIM3KHM K IOBEJIe-
HUIO peaibHbIX HEeHPOHHBIX Nomynanuil. Moaens 10kHa
BKJTIOYATh B CE0SI TEOMETPHIO KJICTOK U BHYTPHKIICTOYHBIX
CTPYKTY], OPraHH3ALHUIO X MOJIEKYSIPHBIX U BHYTPHKJIIC-
TOYHBIX 00pa30BaHui, OMO(PHU3NUECKHE ITPOLIECCHI, a TaK-
xKe OMOXMMUYECKNE KacKaibl pPeakiyi, IPOTEKAIOMNX B
KJICTKaX, MCXKKJICTOUHBIC B3aHMOHeﬁCTBHH.

Llenpro HacTosimield pabOTHI SIBWIACh pa3padoTKa
MaTeMaTH9IeCcKOi Momenu ceTn HelpoHoB obmactu CA3
TUIIIIOKaMIia, y‘II/ITI)IBaIOI_HeI‘/‘I Kak MeM6paHHBIC, TaKk Hu
OMOXUMHYCCKUE MPOLECCHI, (POPMUPYIOIIUECS B HEUPO-
Hax. B pamkax Moznenu eIMHUYHbBIN NHpaMUAHBIA HEUPOH
Mozenupyercst 19 kommaprMenTamu (BoceMb st 0a3aiib-
HBIX JICH/IPUTOB, OJMH JUIS COMBI M JAECSATH ISl allKaJlb-
HBIX JEHAPHUTOB). Moaens TOPMO3HOTO WHTEpHEHpOHa
TaKkke cocTouT u3 19 xommapTmenToB. Kunetnueckoe
ypaBHEHHE JUII MEMOpAaHHOIO IOTEHHWANlA IS j-TO
KOMITapTMEHTa Ha k-M HEWpOHE MMEET BHJ ypaBHEHUH
XoKKnHa—XaKCIi € JOMOMHUTELHBIMA TOKaMH, 00y-
CIIOBJICHHBIMM KaK MEMOpaHHBIMH MOHHBIMH KaHAJIAMH
(TOK yTeUKHU [}gq), HATPUEBBIH TOK Iy,, KaJIbLIUEBBINA TOK

V, mB

Iyt = 0.4 nA

Ic,, KanueBblii TOK 3a1ePKaHHOro BRINpAMIIEHUs [y, ObI-
CTPBIA KalueBblid TOK A-THIA [k (), KJIUEBBI TOK CIe-
JIOBOW TUIEPNONSPU3ALMH [ (A[p), KATbIUA3aBUCHMBIH
KaJIMEBBIH TOK [k (Cq)), TAK M CHHANTHYECKUMH TOKAMH.
[TpuHMMaeTcs, YTO MUPaMUIHBIE KIETKH 00pa3yloT KOH-
TaKTHI C IPYTUMH KJIETKaMu yepes riryramatieie AMPA- n
NMDA-cuHaricel, coneprxariue Bo30yxnatormme NMDA-
1 AMPA-penenTopsl, akTUBaIMs KOTOPBIX BBI3bIBAET BO3-
Oyxxnaronuii mocrtcuHanTrueckuii morennuan (BITCIT),
HMHTEPHEHPOHBI — Yepe3 CHHAIICHI, HCIOIb3YOLIHe TOp-
MO3HOM HEMpOMENUaTop raMMa-aMUHOMACIISIHYK KHUCIIO-
Ty (GABA). Ux akTuBamys BBI3BIBAET TOPMO3HOU IMOCT-
cunantrueckuit norennuain (TIICIT). [IpocTpancTBeHHOE
pacripeqieieHle CHHANTHYECKUX KOHTAKTOB MEXIYy HeM-
pOHaMHM CUHMTAJIOCh HOpMalbHBIM. llapamerpsl Mopenn
OBUTH aIanTHPOBAHBI HA OCHOBAaHMUH PadoT [5,6].

B pesynbrare nomynsius HEHPOHOB MO/IEIMPOBaIach
CHCTeMOW HEeNMHEHHBIX A PepeHITNATbHBIX YpaBHEHUH
CJIETyIOLIEro BUAA:
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JluHamuKa noTeHIMaIa IeHCTBUA Ha MeMOpaHe
MTUPaMHUJIATbHBIX HEHPOHOB MPH CTUMYJIALIMN
BHELTHUM TOKOM

Dynamics of the action potential on a pyramidal
neuron membrane stimulated by an external
current

500 1000 1500

In the proposed model, a unit pyramidal neuron is
modeled by 19 compartments (eight for basal dendrites,
one for the soma, and 10 for apical dendrites). An inhibi-
tory interneuron model also consists of 19 compartments.
A kinetic equation for the membrane potential for the jth
compartment on the kth neuron has a form of Hodgkin—
Huxley equations with additional currents caused by both
membrane ion channels (leakage current [j.,., sodium
current Iy, calcium current I-,, potassium delayed rec-
tification current Ik, A-type fast potassium current i (a),
potassium trace hyperpolarization current i app) and
calcium-dependent potassium current I c,)) and synap-
tic currents. It is supposed that the pyramidal cells form
contacts with other cells through glutamate AMPA and
NMDA synapses containing excitatory receptors, the ac-
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tivation of which generates the excitatory postsynaptic
potential; interneurons, through synapses that use the in-
hibitory neuromediator gamma-aminobutyric acid. Their
activation generates the inhibitory postsynaptic potential.
The spatial distribution of the synaptic contacts between
neurons was considered normal. The model parameters
were adapted based on papers [5, 6].

Consequently, a neuron population is modeled by a
system of nonlinear differential equations of the following
form:

Co—gp =7i-1jVj—1= Vi) + 751, (V1= V) =
- Ileak - [Na - ICa - IK - IK(Ca) - IK(A) -

ee ee ie
— Ixanp) — Invpa — Lampa — 1G6aBA + Lexes (1)
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vy,
Corgr =717V 1= Vi) + 7741V = Vi) =
— Neak — INa — Ica — Ik — Ik (ca) — Ik (A) —
ee ee ie
— Ixaup) — InmpA — I ampa — 1GaBA + Lexs (1)

Cgr =7i-1jUj-1=Up +741,jUjs1=Up) =
el el il
— lieak — Ina — Ik — Inmpa — T avipa — LGaBas  (2)
rne V u U — ToTeHOWanbl NeWCTBUS HAa MeMOpaHax

NUPAMUJIAJIbHBIX HEMPOHOB M MHTEPHEHPOHOB COOTBET-
ctBeHHO; C' — EeMKOCThb MEeMOpaH; ¥ — IMPOBOAUMOCTb
MCXIY KOMIIApTMEHTaAMU.

TecTupoBanne MozeNn MPOBOIMIOCH ITyTEM CTHMY-
JSINMY UMITyJIbCaMH BHEIIHero Toka. Kak B m3onupoBas-
HBIX HEHpOHaxX, Tak W B UX HOMYJSIHU IOTEHIHMAN JeH-
CTBHSI TEHEPUPYETCA B peknMe OEPCTOB (CM. PHCYHOK),
4acTOTa KOTOPBIX YBEIMYHBACTCS C YBEIMUCHUEM BHEII-
HETO CTUMYJIA.

Takum oOpa3zoM, pa3paboTaHa MOICIb IOMYJISIHH
HelipoHoB obmactn CA3 rummokamMma ¢ y4eToM BCeX TH-
MOB CHHANTHYECKUX CBs3ell. BakHOW 0COOEHHOCTHIO
pa0oThl SABIAETCS Y4eT HPOCTPAHCTBEHHOM CTPYKTYpBI
Ka)XI0T0 OT/IEJIbHOTO HEeMpOHA, YTO OTKPBIBAET IEPCIEK-
THUBBI JUISl TTOCIIEIYIONIETO Pa3BUTHs HeHpopaanoouomno-

U,
G =71 Uy 1= U+ 74 1,j WUy 1= Up) =

el el ii
— lieak — INa — Ik — Inmpa — Lampa — IGaBas  (2)

where V and U are the action potentials on the membranes
of pyramidal neurons and interneurons, respectively; C is
membrane capacity; and y is conductivity between com-
partments.

The model was tested by external current pulse stimu-
lation. Both in isolated neurons and in their population the
action potential is generated in a burst mode (see figure);
the burst frequency increases with external stimulus am-
plification.

In summary, a model of the neural population of the
CA3 region of the hippocampus has been developed tak-
ing into account all synaptic link types. An important fea-
ture of this study is that the spatial structure of each single
neuron is taken into account, which opens prospects for
the further development of neuroradiobiological aspects
of the model using microdosimetry methods to evaluate
energy deposition in the tracks of charged particles of dif-
ferent energy.
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TUYCCKHUX ACIICKTOB MOACIIH C HCIIOJb30BaHUEM MCTOI0B
MUKPOJAOZUMETPUHN JIA OLICHKH SHEPTOBBIACIICHUSA B TPEC-
KaxX 3apsyKCHHBIX YaCTHUIl pa3JIMIHbIX 3HCpFHI71.
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