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RECENT PROGRESS IN COMPUTATIONAL STUDIES
OF RADIATION-INDUCED DISORDERS IN THE

CENTRAL NERVOUS SYSTEM
A.N. Bugay

Laboratory of Radiation Biology
JINR, Dubna, Russia
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Radiation therapy boom
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Principles of radiation therapy

254 MeV/u carbon ions

18 MV photons

135 MeV protons
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Space radlatlon and braln
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Persistent reduction in the spatial learning ability of rats
after °°Fe ion irradiation

1.5 Gy 56Fe Particles

> Morris water maze

1GeV/u, 1.5 Gy, *°Fe
After 1 month

M. Rabin. 2005

RADIATED
CONTROL

LATENCY (sec)

3
TRIALS




Persistent reduction in the spatial learning ability of rats
after °°Fe ion irradiation

Learning process after 3 months

160 - irradiation .
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d ~ 10%/cm?

Delay, s

R. Britten et al., 2012 1 2 3
day of test
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First experiments with monkeys

Proton beam
170 MeV, 3 Gy

12C jons
500 MeV/u, 1 Gy
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Gaming tests

an automated computer system

Psychological Test System — a series of 18

computer gaming tasks of increasing
difficulty to simulate the basic elements of
the operator's activity

-} E\““ ' s

The test Is based on the development of complex instrumental
conditioned reflexes, associated with the precise coordination
of movements on the video stimuli of different configurations
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Macaca mulatta irradiation (**C ions, 500 MeV/nucleon)
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Indicators of cognitive functions in the irradiated and control monkey groups

p + — proton irradiation day; °C — carbon ion irradiation day; 2 — a new level of the game
program difficulty.
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How to explain and predict radiation-induced
disorders?
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Principles of modeling

Energy deposition

Physical stage

Excitation/ionization

Initial particle tracks D

Chemical stage

2

Radical formation
Diffusion, chemical reactions

Initial DNA damage

DNA breaks / base damage
Biological stage

Repair processes
Damage fixation

Cell killing

Mutations/transformations/aberrationd® Functional aCtiVity of CNS

Proliferation of "damaged" cells Neural network modeling
Promotion/completion
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Synaptic receptors
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Critical parts of brain

J.Encinas et al., 2011

Neuronal Stem Cells
e are localized in the =
special zones of
hippocampus and

Hippocampus constantly produce | —— I = |
» Key role in “short-term” and new neurons
“long-term”

memory, integrating processes© Mgnly radiosensitive!

and plasticity of the brain
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Computing DNA damage




Isolated DNA damage

Single strand break

(SSB) \
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Clustered DNA damage

Double strand break

Base damage

low - LET

high - LET

Sugar damage Base damage

o ionization
#% DNA lesion Frequency of damage induction per cell per Gy:
SSB - 1000; DSB — 30-40; DNA-protein cross-links — 50;

complex damage (SSB+base lesions) - 60
Page = 18



Geant4-DNA Monte Carlo radiation transport code for

biophysical simulations

MICRODOSIMETRY

: PDB4DNA
S. Incerti et al. (2008)

E. Delage et al. (2015)

RAI]IOBID[UGY
CHEMISTRY
M. Karamitros et al. (2015)

NEURON Ry -
M. Batmunkh et al.
(2014-2017 at
LRB, JINR)
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Simulating DNA damage in neurons of the rat hippocampus

soma: 248.07 + 27.44 pm? Chromatin domains

nucleus: 101.41 £ 9.61 uym ?

Chromatin fiber /
AT

Base pair

genome length: 5439.67 Mbp

42 chromosomes (rat)

Sugar
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Number of DNA lesions per pm

DNA damage dependence on LET
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Cell injury In rat hippocampus after irradiation

CA1l

Particle energy and fluence:

1H (150 MeV), 108 particles/cm?
12C (300 MeV/u), 10° particles/cm?
160 (300 MeV/u), 10° particles/cm?
56Fe (600 MeV/u), 10° particles/cm?

CA3

NSC, IMN

0.26 keV/um
10°3 12.8 keV/um
0 22.9 keV/pum
S 10*; I iron 176. keV/um
_ 2 103_:
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of DNA 3 ]
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DNA repair




Basic principles of modeling repair kinetics

k

+ q
Reactionscheme X + R —>Z2 —.... > R
k_

Differential equations

dX

—=-k, XR+k Z experimental visualization of DNA damage

dt with yH2AX-foci
dR 100 |
—=-k_ XR+k_Z+qZ DNA lesions

dt 80 -
dZ Observable foci
P kK. XR-k Z-qZ 60 concentration

40|
Initial
conditions 207 T I
X (0) = N,

R(0) =R, 0 5/ 10 15 20
Z(0)=0
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Radiation

Map of DSB repair pathways
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Comparison of simulation and experiment

--0-= Fe, 0.3 GeV/u

=

= 100 —&— %Fe, 1 GeV/u

Tﬂ 0 w3811 GeViu
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Belov O.V. et al // J.Theor. Biology 2015, 366, 115-130

The Kkinetics of yH2AX-foci in human skin fibroblast culture induced by 1 Gy
lonizing irradiation with different physical characteristics
(the dots are experimental data (Asaithamby et al.,2008));
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Calculation of neuron loss

Neurogenesis




Hippocampal neurogenesis model after irradiation

Radiation

< a1R 7 aim
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Predicting structure and function of mutant proteins:

molecular dynamics simulations




e e e NMDA receptor

GRIN2ZE Reported mutations

458 547 556 | 798 B29 B40

Extracellular

Membrane

Intracellular

LRB 2017



MD software. GPU computing

NAMD

ScalableMolecular Dynamics

http://www.ks.uiuc.edu/Research/namd/

Eisua; Molecular Dynamics

http://www.ks.uiuc.edu/Research/vmd/

GROMACS -

http://www.gromacs.orq/

AMBER

http://ambermd.orqg/
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GPU
workstation

Supercomputer “GOVORUN”

. 2x CPU: Intel Xeon Gold 6154

‘ I(Skyl.e\ke-SP 18-Core 3.0GHz) 40 nodes ;

Intel® Omni-Path
Architecture

21 nodes ?/

CPU-component

Intel Xeon Phi 7290 Processor
...... | (KNL): 72 cores, 386 GB

| Exm

GPU DGX-1 Volta (8 NVIDIA
Tesla® V100 on node)

| Tesla V1b0: performance 7,5 TFlops (double”brecision)
| GPU Memory 16 GB HBM2, Memory Bandwidth 900 GB/sec

5 nodes

GPU-component '

'network between nodes: InfiniBand |

Performance:
Double Precision 500 TFlops

Single Precision 1 PFlops



http://www.ks.uiuc.edu/Research/namd/
http://www.gromacs.org/
http://ambermd.org/
http://www.ks.uiuc.edu/Research/namd/
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Neural networks




Neural networks

In neuroscience, a biological neural network is a series of interconnected neurons
whose activation defines a recognizable linear pathway. The interface through which
neurons interact with their neighbors usually consists of several axon terminals
connected via synapses to dendrites on other neurons. If the sum of the input signals
into one neuron surpasses a certain threshold, the neuron sends an action potential at
the axon hillock and transmits this electrical signal along the axon.

Biological neural networks have inspired the design of artificial neural networks.
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NEURON: empirically based simulations of neurons
and networks

NEURON interface samples

O00 Neuron ' ) ) ) Shape Shape Plot x -234.302 : 344,402 y -207.641 ...
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Synchronization of neuron oscillations

Gamma: 30-100+ I-Tz B
Beta: 12-30 Hz

“\/\/VW

Alpha: 8-12 Hz
Theta: 4-7 Hz |

1
]
2 |
3 ! '
a I
H 1
= -
Bpema Epema

Local field potential (EEG) Delta: 0-4 Hz

Asynchrony Synchrony WMNMWV\WMWWM

A noTedHuqan (MB)

Page * 36 Electroencephalography (EEG) signal bands



Hippocampal neural networks

recorded EEG signal

LFP, mV
O-=NWAUID

0 100 200 300 400
Time, ms

Zone of neurogenesis
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Neural network architecture

EC-L2 Maolecular cell
layer
Granule cell layer DG network
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S v S S
¥
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+ Modified synaptic proteins nput
+ 7?77
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CA1 network

LM layer
Radiatum
layer

A | Lucidum

layer
Pyramidal

J————Ff—— layer

@ Oriens layer

V. Cutsuridis, P. Poirazi // Neurobiology of Learning and Memory 120 (2015) 69-83



A sample of model equations for CA3 network

Potential at each neuron:
dl/,

Cd_:l = gﬁampgh;}(% — Eng) + g;;?lp4(1’;} — EK) + Gr(a)apby (i‘;;. — EH) 4+ Pyramidal neurons
v TIn1 (I"EJ - Eh) T a1 (1’;3 - EL) tlexe + lsyn + Lsyn(noise) Basket
b int u
C PT .Q'Nﬂm(m]b(nghb (Vy — Ena) + gxnp*(Vy — Ex) + .E?L(L’i:- - EL) S
+f5:1m + ISjJ"i‘l(ﬂﬂiSE]
d VD Oriens-lacunosum

C— = GnaMe)0 (Vo) *ho Vo = Ena) + gxno* (Vo — Ex) + olecutare (OLM)
5 5 interneurons
+9k (arp)lo (Vo — Ex) + YcaS(eo)o Vo) (Vo — Eca(Vp)) +
+9n"o (VD o Eh) + QL(VD o EL) + Iexr + fs:m + Isyn(ﬂﬂise}
Svnaptic currents:

lsyn = Inmpa + lappa + IGAEAM} = Zgij-ﬂ: (t) (V} - Vsyn)

ds; = p(V)) 1-5i s NMDA receptor )
dt TR Tp conductance: Inmpal(l) = .!-B'E;'Si(f) -F([Mg~“™], Vi)
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Neural network activity
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Influence of cell loss on theta-wave amplitude

1.5 Gy 600 MeV/u *Fe
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Effect of different mutations on EEG spectra
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10N processing
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Welcome to join radiobiological research

International Conference
«Modern Problems in General and Space Radiobiology and Astobiology»

17 — 19 October 2018
International Conference Hall, Dubna. Laboratory of Radiation Biology JINR
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Thank you for the attention!
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