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JINR Life Science Research
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Main types of ionizing radiations

Particle beams

Protons Q

3; a-particles (helium nuclei ejected from a
nucleus)

B-particles (electrons ejected from a
nucleus)

Neutrons .
/  Neutron beams (produced in nuclear

reactors, accelerators, EtC.)

Electrons

Proton beams (produced in accelerators,
etc.)

X-rays (generated outside a nucleus)

y-rays (emitted from a nucleus)



@ Main tasks of
radiation biology:
Nuclear and Radiation Diagnostics and

Technologies Radiation therapy

e Fundamental
research

 Evaluation of
radiation risks

Space Exploration

* Application of
radiations In
medicine
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Space radiobiology

New concept of radiation risk for deep space flights:

Damage to the central nervous system (CNS)

Grygoriev, Krasavin, Ostrovskii,
Bulletin of RAS 2017
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JINR facilities for space radiobiology

Station of Investigation of

ARIADNA

beamlines

Medico-Biological Objects

(SIMBO)

12C6+ 4°Ar18+ 56|:e26+ 84Kr35+
V4 4 V4

lon energy 400-1100 MeV/n
Flux density 103-10°
particles/(cm?.s)
Beam intensity, 10°-3x10°

particles per pulse

ISCRA
experimental
house




JINR facilities for space radiobiology

New type of accelerator-based cosmic radiation field simulator
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Comparison of simulated LET spectra with RAD and Liulin data
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Clinical radiation biology

|. Conformal dose delivery I1. Biological efficiency of radiation

Minimize damage to healthy tissue Maximize biological damage in tumor cells

protons heavy ions
++ +++



lonizing radiations used In radiation medicine

Distant radiation therapy and CT Radionuclide therapy
and diagnostics

/ N\ |

Conventional RT and CT Hadron therapy decay products:
/ | ]
*Co Fast / 1\ Proton therapy Gamma rays
gamma neutrons 70-250M»5B and electrons
rays 6-50 MeV (beta-emitters)
Electron linacs
Neutron lon beam | Auger electrons
+ capture (He,C,0)
X-ray tubes therapy 250-400 Alpha particles
0.025-1eV

MeV/nucleon



JINR facilities for radiation medicine

Proton therapy

The first proton beam in the USSR with the necessary
parameters for therapy was formed in 1967 at JINR

During the operation of the medical proton beam in Dubna,
more than 1,300 patients were treated

JINR has developed a project for next
generation superconducting compact
proton cyclotron MSC-230 with
parameters superior to foreign
analogues. The production of a
prototype is carried out jointly with
NIIEFA named after. D.V. Efremova
(Rosatom State Corporation).



JINR facilities for radiation medicine
Preclinical research

SARRP (Small Animal Radiation Research Platform)

\

S

The 360° g”antry and motorized
stage allow for non-coplanar
beam delivery from any angle.

Techniques utilizing planar static
beams, parallel opposed beams,

SARRP imitates modern continuous arc therapies, multiple

X-ray radiation therapy Isocenter treatments, and non-

systems for animal planar arcs can all be planned, Experiments on mice
research evaluated, and delivered with irradiation at SARRP

SARRP



JINR expertise In radiation medicine
A fundamentally new method to increase
45
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JINR expertise in radiation
medicine
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' Physical process |

One-thousandth of a
second after irradiation

Biochemical process

Biological process

Cell death or cell
degeneration

L, f“-\‘
U AN
- A

Clinical process

Stochastic effects
Cancer
Hereditary effects

Deterministic effects

(tissue reactions)
Acute radiation syndromes
Fetal effects
Cataract




Relative biological effectiveness of
lonizing radiations

c m alpha particle irradiation The RBE value Is determined by two
= A gamma irradiation factors - physical and biological.
3
> 04 The biological factor is dependent on
2 the physical one.
Z I
DNA damage caused by photon and
'l'i"'[-. L . hadron radiation is qualitatively
Dose, Gy different

| RBE~6/1 .5=4|



Biological efficiency of ionizing radiations
Molecular basis

DNA lesions

' Double
L strand
: / break

lonization, bond breakage Radical attack, indirect lesion

(DSB)

Single
strand
break
(SSB)

\ Base

damage
(BD)

Apoptosis, chromosome aberrations, mitotic catastrophe,
cell death



Important physical parameter — linear energy transfer (LET)

L=dE / dx

Radiation tye LET (keV/um)

rays 0,2

200 MeV protons 0.45
290 MeV/u carbon 1ons 12.9
600 MeV/u iron ions 168
2,5 MeV a-particles 166
1 MeV electrons 0.25
10 keV electrons 2.3

1 keV electrons 12.3
48
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(=)
(@)
o



LET of radionuclide decay products

Radionuclide  Type Half-life Epnax Mean range (mm)
90y B 2.7 days 2.3 2.76
131) B, v 8.0 days 0.81 0.40
1771 B, v 6.7 days 0.50 0.28
153G m B, v 2.0 days 0.80 0.53
185Re B, v 3.8 days 1.1 0.92
188Re B,y 17.0 h 2.1 2.43
67C B, v 2.6 days 0.57 0.60
[ 225A¢ a, 10 days 5.83 0.04-0.10
213 a 45.7 min 5.87 0.04-0.10
212g; o 1.0 h 6.09 0.04-0.10
\_211At a 7.2h 5.87 0.04-0.10
212ph B 10.6 h 0.57 0.60
125 Auger 60.1 days 0.35 0.001-0.020
123 Auger 13.2 h 0.16 0.001-0.020
67Ga Auger, B, v 3.3 days 0.18

0.001-0.020

Imageable

No
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
No
Yes
Yes

LET ~0.1-1 keV/um

LET ~ 50-200 keV/um

LET ~ 5-25 keV/pum



Biological efficiency of ionizing radiations
Amount of DNA damage

Computer simulations

1) Base damage BD
2)  Single strand breaks SSB
3) Clustered SSB

4) Double strand breaks DSB
5) Clustered DSB

Expeiments (DSB)

e Frankenberg 1999
* Belli 2001 1
o Belli 2006 DSB
= Bulanova 2019 :
Calculations (DSB) 10 _SSB
-#--- Nikjoo 2001 '
.-.o--- Friedland 2011 100BD
..2-- Rosales 2018
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Measurement of DNA lesions
1. Pulsed-field gel electrophoresis

Electrophoresis
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Electric field alternates 120° every
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Pulsed-field gel electrophoresis (PFGE) is a
technique used for the separation of DNA
fragments by applying to a gel matrix an electric
field that periodically changes direction



Measurement of DNA lesions

2. Comet assay
(single cell gel electrophoresis assay)

P

Fluorescent staining

i

Cell culture

the intensity of the comet tail
relative to the head reflects the Cells embedded in agarose on a
number of DNA breaks. microscope slide are lysed with

- detergent and high salt to form
f \ nucleoids containing supercoiled
A\ loops of DNA linked to the
W\ nuclear matrix. Electrophoresis
=R at high pH results in structures
resembling comets, observed by
fluorescence microscopy;

[5
s

|
L7

Encapsulation Cell lysis Electrophoresis



Measurement of DNA lesions
3. Immunofluorescent microscopy

Irradiation
Fixati if Il \ / \ /
different times ISA IS4
pOSt'i"adiation " Vi?fhoplﬂ%%:cn;]?%% ) /l Primary antibody

Visualisation of
induced DSBs yH2AX | O

(yH2AX/53BP1 foci) .

yHZAX
Acquisition of
53BP1 foci

images \t YH2AX foci

DSB DNA
|

3D analysis of induced
YH2AX/53BP1 foci
- Acquiarium

merge



DNA damage complexity. Clustered DNA double strand breaks

radiation .
Repair of DSBs
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DNA damage complexity. Clustered DNA double strand breaks

A

DNA damage in the
rat hippocampus cells

YyH2AX/53BP1
foci clusters

1 hour after exposure complexiey
to 78Kr ion beam ——
W 2 foci
W 3 foci
60 W 4 foci
§ B 5 foci
“_5" 50 0 6 foci
%’ 40 - W 7 foci
2 [0 8 foci
= 30r
<
=
< 20 e :
2 lons with similar LET (~130 keVV/mkm) generate foci
310 clusters of different complexity
a:
» 0

1 2 3 4 5 6 7 8
Number of YH2AX/53BP1 foci

in clusters



DNA repair. Pathways of DNA DSB reparation

Simple DSB Clustered DSB
R —— I S S
F— —— e —
Attempted Resection
NHEJ
Ku70/80 pDNA-PKs CtlIP, MRN Failed MRN '
v \ Rad 51 }
W ligIVXLFL XLF Ligive == daglny—
S S T4 N— D — Rad52, XPF, ERCC1
& —_— | — Rad 51 ’\ ’ : PARP1, Pol©
Linear DNA ‘ * _3 : e — — E ——
Linear DNA Linear DNA
Non-Homologous '
End Joining Homologous Single-Strand Microhemology
(NHEJ) R:g?r:lln?r?:tlijsn Artemis Mediated Recombination Annealing Meﬂ:':]ei:gEnd
(HRS NHEJ (HR) (SSA) AHIED

modified from Danforth et al(2022) Front. Cell Dev. Biol. 10:910440.



Research on DNA repalir
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Radiosensitivity, 1/Dg, 1/Gy

Radiosensitivity and DNA repair

E. Coli B-lymphoma cells
1.8
rec A mutant 16 F
0,100 4 @ -
' 14 F
Q
!:n“ 12}
wild type strain o i ¢ WI
P z 1.0 ® Rad54-
S st ® Rad54-/Ku70-
0,010 @
Gam' mutant § 06 F
— [ E 04 b B /‘\
o
02 T®
0,001 T I I D.D L 3 3 3 3 sl 5 5 . 2 g saal
0,1 1 10 100 1000 1 10 100
LET, keV/pm LET, keV/um

Data source: LRB Data source: Furusawa 2013



Effect of radiomodifier drugs on DNA damage

Melanoma B16 Glioblastoma U87
5 Gy 170 MeV protons (spread out Bragg peak) ~ 1.25 Gy 170 MeV protons (spread out Bragg peak)
S0+ TR AmC o] —*- withmodifiers
45 o _ —*  without modifiers
40 L E 60
35+ D s0-
_30F ?E 5
= © 404
25 - T 5
=
20 ﬁ’*\’ 4 "5 30-
5 = €
| = 20 -
10 o _
5L g 10 4
| | j.fff l - " i .,
0 2 4 6 22 24 o 2 4 & 2 2 o2
Time, h

Time, hours

E. A. Krasavin et al // Phys. Part. Nucl. Lett. (2019) 16: 153
R. A. Kozhina et al // Phys. Part. Nucl. Lett. (2022) 19: 590



Radiation Cytogenetics

Mutagenic effects radiations

Examples of chromosome aberrations

*Radiation exposure to cell
*(Damage to DNA)

v

*Cells try to repair

v vV vy

Repair Repair Cell
successful failed death

v

eg chromosome
aberrations




Radiation Cytogenetics
Types of chromosome aberrations

Unstable Aberrations

0 Acentric
(O8C_) @ Dicentric

Acentrics

~ Centric
Ring

Stable Aberrations

@ g H 8 5 @Translocation
|
Q @ 8 B a g glnsertion
- Sy Inversion
(R
A

Damage

Misrepair Products




Fate of stable and unstable aberrations
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Aberrations in human fibroblasts
after gamma-ray exposure (6 Gy)

(Kovacs et al. 1994).




Multicolor fluorescence in situ hybridization (mFISH)

5 types of probe DNA (=150 - 400 bp long)
labeled with 5 different fluorochromes

SpO TR

*Specific binding to chromosomes (1 — 3
differently labeled DNA probes bind to each

chromosome = 25 fluorochrome
combinations)

*DAPI-counterstaining

*Images are captured at fluorescence
microscope using a filter set

*resolution: = 2,6 Mbp, depending on
fluorochrome composition involved and
hybridization quality

Probes and software of MetaSystems,
Germany mFISH karyogram



RBE evaluation by mFISH

_ 1 Gy Nions
160 3G
! (LET 71 keV/um) 9-2 GY |
1o neutrons acentrics
Ct (1 break)
120 -
100 / simple exchanges
(2 breaks)
M breaks
- ® simple exchanges Complex

B complex exchanges

aberrations
(=3 breaks)

60 -

40 -

20 A

y-rays and protons: 20 % / 60 % / 20 %

Y Pe Pp N 1Gy n0,5

3Gy 3Gy 14N ions:14 % [ 44 % | 42 %
170 MeV Protons
protons SOBP



Cytogenetic risk evaluation:

Prognosis of long-term consequences
(persistence of stable heritable CA in surviving cells)

12 -
=@=2ab. cells

10 -
== stable ab.c. l

% aberrant cells
()]

4 - r

2 —

O T T T T T T T T T T T T T T T T T
0 25 50 75 100 125 150 175 200 225 250 275 300 325 350 375 400

days after first treatment
Increase of % of aberrant cells during RIT (arrows mark 1-IvV 13| courses)

» frequency of stable aberrant cells may serve as a prognostic
marker of leukemogenesis



Set of equipment for the study of behavioral reactions and
functional disorders of the central nervous system of animals

Behavior test systems Electrophysiology studies

Open field

* T-maze
Morris water maze
Barnes maze

Receiver Antenna EEG Signal EEG Signal
and Amplifier




stand ups

Behavioral analysis
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Autopsy of laboratory rodents

Brain

visual taking an
m estimation organ

tissue embedding or

fixation blocking out staining microscopy

r

- N .
thymus, T N
spleen, brain el 1S
N\ J
 liver, )
small
intestine,

\_kidney brain /




Histological methods

Paraffin block ]

[ Histological slides ] [ Staining ]




Histological analysis of brain tissue

Vascular
changes:

Classification

of brain cells:

— normal

—  altered

— degenerative

— glia




Comparative Analysis of Behavioral Reactions and
Morphological Changes in the Rat Brain after Irradiation

Irradiation Dose: 1Gy
LET: 0.2 keV/um (gamma ray) D ‘
0.5 keV/um (170 MeV protons) ontrol g | dammaray
1 keV/um (70 MeV protons)

@ ‘ after 1 month
Behavioral reactions:

* impaired short-term memory

» decrease in overall motor activity

» decrease in exploratory behavior
Morphological changes in the brain:
» early amyloidosis

 autolysis of the ependymal layer S
* neuronal hypertrophy Amyloid plagues in the forebrain of rats (marked with
 increased dystrophic changes white arrows)

The neurodegeneration increases with LET of radiation



Evaluation of radiation risks for deep space missions

The effect of 1 Gy 500 MeV/u 12C particle radiation exposure on rats

Behavior and emotional status
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The effect of 1 Gy 500 MeV/u 2C particle radiation exposure on rats
Morphological changes in Purkinje cells in the cerebellar cortex 90 days after irradiation

- -

. Carb

A\




Evaluation of radiation risks for deep space missions
Unlque experlments on primates at LRB JINR

The monkeys were preliminarily trained to solve logical
problems on a computer. The effect of exposure to 1 Gy
of carbon ions with energy 500 MeV/u consisted in a
significant suppression of the learning ability of monkeys.
In experiments with gamma-rays and protons with
energy 170 MeV at the same dose 1 Gy similar effect was

not observed.

0.08
5 == pefore irratiation
0.07 1 I ! e ’C. 500 MeV/n, LET =10,6 keV/um
-%' 0.06 - ! ‘. = NEW task
Automated computer system for the simulation < I ! 1 Gy *Cions:
of operator activity during the flight ; 0051 1 bad performance
= 0.04 - | |. N=26%
2 ) \ 1Gy protons:
RAS Institute of Biomedical Problems, -g 0.03 - " \ / no effect
RAS Institute of Medical Primatology, a -
RAS Institute of Higher Nervous Activity and 0.02 ! li N i?_ef_f %ﬁ — 69.6 % /
Neurophysiology, 001 - | I P "% ’
Moscow State University e

0 T T ] ] 1 I



Cells with aberrations, %

Long-term cytogenetic and behavioral disorders in monkeys
after brain irradiation with accelerated heavy ions

6
5_
4_
3_
24 4
L
l_
0
K 1 7 40 96 350 460

Time after irradiation, days

The level of chromosomal aberrations in peripheral blood
lymphocytes of monkeys subjected to local action of
accelerated krypton ions with an energy of 2.6 GeV/nucleon at
a dose of 3 Gy at different periods of observation.

In the long term after irradiation of certain areas
of the brain of monkeys (the hippocampus), most
of the irradiated monkeys developed stable
deviations from the standard behavior of animals
which persisted for 5 years of the study.
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P:{' Nuclear In cooperation with the FLNP and the Space Research Institute (Moscow),
‘\4. planetology the LRB has been participating in the planetary surface research program

instruments and for more than 15 years in accordance with the Implementation
'\@P search of water Agreements between the Roscosmos, NASA and ESA.

U The High Energy Neutron Detector (HEND) aboard NASA's 2001 Mars Odyssey spacecraft to study the elemental
composition of the Martian surface and search for water in orbit. The spacecraft was launched in February 2001.

L The Lunar Exploration Neutron Detector (LEND) aboard NASA's Lunar Reconnaissance Orbiter (LRO) to search for
water from low orbit. The spacecraft was launched in June 2009 and the mission was very successful;

Spectrometer of gamma-rays and neutrons (NS-HEND) of the Russian mission "Phobos-Grunt" to study the |
distribution of elements on the surface of Phobos. The spacecraft was launched in October 2011, but its mission §
was not completed. ‘

BTN-M1, BTM-M2 are designed for the BTN-Neutron experiment to study fast and thermal neutrons aboard the _
service module within the Russian orbital segment of the International Space Station (ISS). :

The Albedo Neutron Dynamics (DAN) instrument with a pulsed neutron generator aboard NASA's Mars Science -
Laboratory (Curiosity) rover to search for water directly in the Martian earth (Gail Crater). The rover landed on &
Mars in the fall of 2012.

The Gamma Ray and Neutron Spectrometer (MGNS), which will be deployed on board the ESA's BepiColombo g
mission to Mercury in 2015. The main task is the orbital search for water at the poles of Mercury. s

ADRON-LR is designed to measure the local elemental composition of the lunar surface using active neutron and ,
gamma spectrometry. This is a joint Russian-Indian project "Chandrayan-2".

Luna Globe, ExoMars (with ESA), NORD (with NASA)
o TS R T, S T I e R e




Nuclear planetology uses the methods of nuclear physics for study of

planet elemental composition from the orbit or from the surface directly.
Overwhelming amount of H on the Earth is composed of water. Thus, search of H is search of water!

Main techniques for search of H: Mechanism of gamma rays and neutrons generation

* Neutron radiometry and Spectroscopy within subsurface matter of planet
* Gamma Spectroscopy

L thermal
' and epithermal

neutrons cosmic ray

planetary ground facility DAN for testing % fast

% neutron
5
5

|
| ]
|
|
| ]
|
]
|}
|
]
L}
|
—
'
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Search for remains of living organisms (microfossils) in meteorites

7 A.lO. Po3aHos, P.b. XyBep, E.A. KpacasuH, O.C. CamblAMHQ,

J ’, ,‘: . AK. PiomuH, M.U. Kanpaaos, E.A. CanpeikuH, A.H. AcdaHackesa

Mocksa, 2020

The Orgei meteorite is a unique phenomenon in the abundance and diversity of microfossils of prokaryotes and
aquatic eukaryotes, including microalgae, protists, and even algae or fungal spores. The microfossils found are
Indigenous to the meteorite and not terrestrial biocontaminants. The consistency of the theory of panspermia is

shown. The capabilities of SEM for the search and analysis of indigenous microfossils in meteorites are
demonstrated.



Accelerator experiment: irradiation of formamide in the presence of
space matter under the influence of cosmic types of ionizing radiation

P

170 MeV



Preblotlc chemistry . =@ - "o
'-'Irradlatlon with. protons -with_ an’ energy of - 170 MeV in the' 2 @) Ghesic ok 651

{3) Malonic acid 3,23

synthe5|s of -fommamide and meteorltlc substances revealed (3) poctc eci. o

{&) Propionic acid 018

precursors of nucleic-acids, protelns and metabolic: cycles in {7) Succinic acid 032

{B) d-axepentonsic acid 058

appreuable amounts In the absence of- |rrad|at|on preblotlc g () Phtholicacid 245

{10} Benzen acetic acid 12181

: COmpounds are not formed.. ey AN R (1D ydroyphen] ”

{12) Hydracimmamic scid 0.4

- ~ {13) Azelaic acid 058
f?roton ; . X ) {14} 3-Hydraxy phemyl butyric
o acid

{15) Tetradecanoic acid 143
{16} Palmitelaidic acid 0,64
Hexadecanaic acid 037
Amino acids {pg)
(18) &lycine 0,856
{19) Formyl-alanine 556
(20} Z-methyl alenine 10,18
{21} ghitamine 071
Heteracycles {pg)
75.6
{22) Isocytasine 3
Carboxylic acids . . {23) Uridine 0,54

Amino acids

Nucleobases

: Sugars

7
OH OH OH OH OH H \ /
Nucleobases Nucleosides Nucleotides \Oligonucleotides /
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RNA and DNA







Hierarchy in mathematical modeling
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Multiple scale modeling. Example 1

Brain activity?

~

Brain regions

=

Dendritic spine

Pyramidal neurons

Neural
cells

Information
processing in brain
neural networks

Cell survival and
cell population
dynamics

Biochemical
processes (DNA
repair etc)

Chromatin fiber

Subcellular
targets

) wi $id
ik

Synaptic
receptor

Particle

track

Molecula
dynamics

DNA
r ﬂ

Physical and
chemical events
in particle tracks




Multiple scale modeling. Example 2

Slowly
proliferating cells | Necrotic region

. CTBOIOBas
T KIeTKa

ﬂ Peunane ﬂ Perpeccus

OITYXONH OIYXOJIH

° € Chromatine DNA
®e fiber
. Particle

Functional state Proliferating Stem cells track

of tumor after cells

treatment?
Cellular and tissue processes ( Biochemical Molecular Physical and

\ (tumor cell proliferation, processes dynamics chemical events

angiogenesis, etc) ( in particle track




Phenomenological and detailed models

Dose deposition Z> Biological effect

4

Calculation of elementary events at the cellular and molecular level

S = exp(— aD - BD?)

1. Calculation of DNA damage formation

2. Models of DNA DSB repair

N )

- K
[

3. Cell survival



Monte Carlo simulation codes

General purpose codes MCNP, EGS, GEANT, FLUKA, PENELOPE, PHITS, SHIELD ...
Treatment planning in PEREGRINE, DPM, VMC++, MCV, MMC, ORANGE ...
radiotherapy

Low-energy codes for » Extensions of general purpose codes

radiation biophysics MCNP (v6), GEANT4-DNA, PENELOPE/penEasy, PHITS

e Dedicated software

NOREC, PARTRAC, RITTRACKS, TRAX, KURBUC ...

TRION Lappa, Bigildeev et al. (1993)
RADAMOL/TRIOL Bigildeev and Michalik (1996) @JINR

GEANT4-DNA/neuron Batmunkh et al, @LRB JINR



Methodology of simulation on example
of Geant4-DNA

Physical Interactions in Geant4-DNA

Geant4-DNA physics processes
simulate explicitly all interactions as
purely discrete processes and do not
use condensed history approximations

X (pm)

Region A
(world)

(slab)

Region B

IIIIIIIIIIIIIII'

One can combine in a single Physics list Incident s
Geant4 EM Standard Physics processes 5 MeV proton
for electrons, protons, He, C, N, O, Fe > 0
and gammas

Geant4 EM Low Energy Physics
processes for electrons and
photons

Geant4-DNA processes

for e-, p, H, He*, C, N, O, Fe

hroton  * : X

T LT

*
¥

* *
¥

® proton
* electron

Illlﬁllllll]l

Allison 2006, Incerti 2009



Methodology of simulation on example
of Geant4-DNA

Physical events

Particle

2 1M3B

Interaction ' Model

ionization

A4 R4 AT T A ]

10k3B—-1 MaB
105B—-10 K>B

(Med. Phys. 2010)
Moller-Bhabha
Born

Emfietzoglou

e- excitation
10 k3B -1 M3B
83B—-10K3B

(Med. Phys. 2010)
Born
Emfietzoglou

elastic scattering
0.0253B-1M3B

(Rad. Phys. 2009)
Champion

1H, 4He, Li,

ionization
9Be, 11B, 12¢,  1-1000 M3B/Hyk

(Rev. Phys. 1992)
Rudd

14N’ 160’
288, >bFe

Multiple

scattering

(J. Phys. 2010)
Urban

Direct damage
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Methodology of simulation on example

Radiolysis

Process reaction coefficient, 101° M-1s1
€,q T €aq +2H20 — Hy +20H™ 0.5
€sq + H® + HyO — Hy + OH™ 2.65
e;q + *OH — OH™ 2.95
e;q + H;0" — H* + H,0 2.11
eaq + H20; — OH™ + *OH 141
*OH + *OH — H,0, 0.44
*OH + H* — H,0 1.44
H* +H* - H, 1.2
H;0" + OH™ — 2H,0 14.3

Indirect damage
Poy = 0.65

‘OH + DNA — OHDNA

of Geant4-DNA
6 GEANT4

m AT ASIMULATION TOOLKIT
10-16 Hzo

%
I

1972 H,0" H,0* e
/ \\Hzo
i H;0
1010 H + HO HO"+ H;0* €aq
107 : " ] : )

v - {D [ﬁp(r, t) — BF(r)(r, t)]}



Methodology of simulation on example
of Geant4-DNA

Geometry of sensitive target

T Sugar

phosphate G C

nucleoside

chromatine

Chromosome domains




Methodology of simulation on example
of Geant4-DNA 6 GeANT4

A SIMULATION TOOLKIT

Event counting
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Counting DNA lesions

Complex and clustered damage

m‘p i ‘» (size < 10 bp)

Base damage (BD) <w‘ {n‘k ‘m‘ : ‘w
DDAD = e e

O OO

DSB++ DSB++++

Single stand break (SSB)

Double strand break (DSB)



Amount of DNA damage

Computer simulations

1)
2)
3)
4)
5)

Base damage BD
Single strand breaks SSB
Clustered SSB

Double strand breaks DSB
Clustered DSB

Expeiments (DSB)

Frankenberg 1999

= Belli 2001 1

@ Belli 2006 DSB
= Bulanova 2019 :
Calculations (DSB) 10 _SSB
#--- Nikjoo 2001 100 BD

.-.o--- Friedland 2011
..2-- Rosales 2018

DNA lesions / cell / Gy

10* 3

: -10°
10°

: - 107
10%4 -

] =10’

1] [
10° +—"r———r————r———rr—— L 10

10™ 10° 10" 10? 10° 10*

Linear energy transfer LET (keV/mkm)

DNA lesions / Gbp / Gy



Complexity of clustered DNA damage

protons | carbon ions protons | carbon ions
10° 0
s 5 — BD*
g 103_: - % 10 - SSB*
8 ? \" S — SSB*
b ] g 1 *x
S — — BD £ 10° — SSB*++
S . — SSB* 3 — DSB*
< 197 = — SSB < Ly — DSB*
5 1 — DSB* 2 — DSB*
g 103 — DSB 0 10°? — DSB*+
© ] 7
B 10-1- T T T LR | LRI | — (__03; 10-3| LR | LR | LRI | —
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LET (keV/um) LET (keV/um)



Complexity of clustered DNA damage

. | v (0.3 keVV/mkm)
DSB™
O\o I
= 60/
(&) I
c I
S 40
E L
L oot
0- f ! I I
1 2 3
Number of lesions in a cluster
Model
[] Experiment

Boreyko A.V. et al, PEPAN Lett, 2022, Vol. 19, p. 440.

Nanoscale, 2018, 10, 11621179 |
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Number of lesions in a cluster
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Principles of DNA repair modeling

k. g
1. Reactionscheme X +R _—>Z2 — R
k_
2. Differential Equations «DNA lesiony (X+2)
100
ax =—-k, XR+k_ Z _
dt - 80l «repair complex» (Z)
&)
R E _
R K XR+k Z+qZ S 60 —
at S 40
dzZ s
— =k, XR-k_Z-qZ 3 99
dt
3. Initial conditions 4. Determination of 10 20 30 40
parameters Time
X(0) =N, kg
R(0) =R,

Z(0)=0



DNA repair in
G0/G1 phase
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DNA repair modeling: comparison DSB and chromatin breaks
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Survival of radiosensitive cells

_ . _ _ %Fe 0.6 I'3B/u
Hippocampus — critical target in brain

2
S (D DSB» partlcle) exp(_ aD - BD )
a= Y DSB contr/b (1 -P correct)
B 0.5 YDSB P contrib YDSB P correct / Npartic/e l—} @ 15
Pcontr/b_l exp( YDSB) Precursor
Neural stem Immature neurons neurons

Pcorrect =[1_eXp(_NparticIe)]'[1_exp(_YDSB)] cells cells



Survival of radiosensitive cells

3
1 s Neural stem cells —A— H T} Immature —A— "H
e neurons
i R S o ¢ SBFe I
| " TR S _
— 05 . : _ 05
2 04} . S 04
c AT E
2 0.3} = 0.3}
> LN ., e
&) - N *e, [<B)
0.2} RN © 0.2}
Progenitor )
cells N
N
) §
01 N 1 . ] N ] LN . 1 . 01
0 1 2 3 4 5 6 0 1 2 3 4 5 6
Dose, Gy Dose, Gy

Calculated survival of radiosensitive cells (neural stem cells, neural
progenitor cells, immature neurons) after action of 1000 MeV protons, 290
MeV/u carbon ions, 600 MeV/u iron ions as compared with experimental
data [Rola 2004, 2005, Tseng 2014].



Effect of radiation at the system level

Radiation damage to the central nervous system:
 molecular level
e cellular level

 functional level



Mechanisms of radiation damage to the central nervous system

Radiation

\ “ Damage to nuclear and
mitochondrial DNA

Death of
proliferating
cells

Oxidative
stress

Accumulatio
of mutations

Microglia activation
Neuroinflammation

Oligodendrocyte Impaired
death Astrocyte- Prosemar cell Endothelial cells gene
. mediated g death expression
Demyelination ici death Carcinogenesis
neurotoxicity _ Blood Brain Barrier Defect g
Impaired disruption proteins

neurogenesis



LFP, mV
O=NWANO

Biological neural network of hippocampus:
a model for electrophysiological activity

Malecular cell

100

200 300 400
Time, ms

layer

Granule cell layer DG network

LM layer
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) | Lucidum
--------------------------- ) L

Pyramidal
layer

'F' DG- M‘l @ Oriens layer
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00J1aCTh

HelporeHesa ;
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. Pyrﬂmidal
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o Oriens layer
@

CA1 network

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



Mathematical description of neural network elements

Neuroghaform
Bistratified " 3,580 cells
\ ‘;-;\\1 S‘,‘H

Pv+

Basket

5,530 cells
S59M syn

AXx0-axonic

1470cells o.M
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Compartment models of neurons can be used both for calculating absorbed
dose and for analyzing electrical activity

NEURON (v.7.4)

350
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Mathematical modeling of radiation-induced neurogenesis impairment

X-ray: theory vs experiment
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Effects of mutations in synaptic receptors: molecular dynamics simulation

NMDA Receptor

NMDA receptor
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Opening of transmembrane ion channel

5FXJ crystal structure from the
Protein Data Bank (PDB)

Scalaue Molecular Dynamics
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Microdeletion of
p.Phe671 GIn672del
results in the loss of two
amino acids:
phenylalanine and
glutamine

Protein conformation
change!



lon channel properties for specific mutations
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Excitatory and
inhibitory inputs
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Normal dynamics of brain activity
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Effect of mutant synaptic receptors on brain electric activity

EEG signals in hyppocampus
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Machine learning in biological data analysis
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Information system BIOHLIT

e computer vision algorithms based on
machine learning and deep learning
technologies;

« modern IT solutions for storing, processing
and visualizing data;

Data used

U video recordings of animal behavior
[ photo of histological sections
 confocal microscopy images
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ML/DL/computer vision algorithms

Fas ,
Tracking a laboratory animal:
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Neural networks for the task of neuron
segmentation on brain slice images



Examples of automated video data analysis

Tracked activities:
yming hole stands_up

Action: —
Confidence: —
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