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Abstract. The half-a-century development of radiobiological
studies at the Joint Institute for Nuclear Research (JINR) is
reviewed on a stage-by-stage basis. With the use of the institu-
te’s accelerators, some key aspects of radiation biology have
been settled, including the relative biological effectiveness
(RBE) of various types of ionizing radiation with different
physical characteristics; radiation-induced mutagenesis me-
chanisms, and the formation and repair of genetic structure
damage. Practical space radiobiology problems that can be
solved using high-energy charged particles are discussed.

Keywords: radiobiology, space radiobiology, problem of re-
lative biological effectiveness, radiation-induced mutagen-
esis, damage repair, ionizing radiation

1. Introduction

The Joint Institute for Nuclear Research (JINR) is a unique
scientific center operating various kinds of equipment used in
nuclear physics to generate ionizing radiation with different
physical characteristics. JINR has for many years attracted
specialists from many countries with the opportunity to carry
out basic research not only in physics but also in biology.
Accelerated charged particles with different energies provide
a powerful tool to solve many actual problems facing modern
radiobiology.

The application of ionizing radiation with different
physical characteristics over half a century has greatly
contributed to the solution to fundamental problems of
radiation genetics, including elucidation of mechanisms
behind the biological action of ionizing radiation, induced
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mutagenesis, and particularization of physical events trigger-
ing formation of mutations.

Solving a number of very important problems that have
emerged in past decades requires detailed investigation into
the mechanisms of biological action of high-energy charged
particles. One of them relates to practical space radiobiology.
The increased distance and duration of spaceflights brought
to the forefront the problem of evaluation of dangerous
biological action of high-energy heavy ions and the develop-
ment of radiation safety procedures to safeguard spacecraft
CIews.

Accelerated heavy ions (largely carbon nuclei with an
energy of 200-300 MeV per nucleon) have begun to be
successfully used for the treatment of oncological diseases.
The optimal distribution of the absorbed radiation dose in a
tumor treated with heavy ions makes this form of radio-
therapy highly efficient for clinical application.

Equally important remain such problems as standardiza-
tion of radiation exposure of personnel to mixed ionizing
radiation fields. They necessitate research on stochastic
effects of radiation influence induced by emissions differing
in linear energy transfer (LET).

The first radiobiological experiments at JINR date back
to 1959 when they were conducted at the proton synchrocy-
clotron of the Laboratory of Nuclear Problems (LNP). At
that time, the USSR encountered a number of important
problems that emerged in the early days of the space age in
connection with the exploration of near-Earth space. The
pressing need to solve these problems gave impetus to large-
scale radiobiological studies and in the long run determined
the range of research using JINR equipment. Artificial
satellites and spacecraft launched in that period detected a
high level of ionizing radiation doses in near-Earth space. It
turned out that various forms of ionizing radiation existing in
outer space have complicated charge and energy spectra.
When preparing the first animal and human space flights, it
was not clear how the living organisms would behave in
response to multicomponent radiation impact, e.g., high-
energy protons produced inside the Sun and arriving from
the depth of the Galaxy. It became possible to address this
issue on Earth by irradiating biological objects at proton
accelerators generating particles with an energy of 660 MeV.
The objective of those studies was to determine the relative
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biological effectiveness (RBE) of high-energy protons, i.e.,
their efficiency compared with that of X-rays or gamma-
radiation acting on living organisms.

Specialists from various research institutes in this country
[in the first place the Institute of Medico-Biological Problems
(IMBP), USSR Ministry of Health] conducted experiments
designed to elucidate the action of protons with an energy
from 25 to 645 MeV on animals (rats, mice, dogs, monkeys),
plants, mammalian, and human cell cultures. Specifically,
reactions of different cell and tissue systems to acute,
fractioned, and chronic proton radiation were investigated.
The modifying influence of various physical and chemical
factors on radiation effects was also studied. Extensive
explorations were carried out to evaluate the danger of
radiation exposure during short- and long-term space flights,
to determine allowable radiation exposure levels, to develop
methods for physical protection from cosmic radiation, etc. It
was revealed that the damaging action of high-energy protons
estimated from the totality of biological effects is actually
similar to that of ‘standard’ X-rays and gamma-quanta [1].

2. Lethal and mutagenic action
of accelerated heavy ions on cells

Thenceforth, radiobiological research with the application of
basic JINR equipment was successfully continued by radio-
biologists affiliated with JINR-based LNP and its Sector of
Biological Research set up in 1978. A main objective of these
studies that remained as such for a few decades was to
elucidate mechanisms responsible for the difference between
RBE:s of ionizing radiation with different physical character-
istics and, therefore, different LETs. These mechanisms are
still unclear, despite extensive research in many laboratories
throughout the world,

A number of mathematical models were elaborated to
explain consistent features of the lethal action of radiation
differing in LET on cells of different origins. However, it
proved impossible to account for the dubious LET depen-
dence of RBE, the main difficulty being RBE is ambiguously
determined by various factors, both purely physical (reflect-
ing specific features of energy transfer to the cellular matter)
and biological. Although the dual nature of RBE was known
long before (moreover, studies were undertaken to differenti-
ate between physical and biological constituents in order to
derive relevant formulas for calculating RBE coefficients),
mechanisms underlying the differences in RBEs of different
types of ionizing radiation remained unknown because an
important issue, namely, the possible LET dependence of the
biological constituent, was disregarded. As a result, a
misconception arose that the LET dependence of RBE is
totally determined by the microscopic radiation energy
distribution imparted on the genetic structure responsible
for realization of the radiation-induced effect.

Experiments conducted at heavy-ion accelerators of
JINR’s Laboratory of Nuclear Reactions showed [2] that
the biological effectiveness of ionizing radiation differing in
quality in terms of its lethal action on prokaryotic and
eukaryotic cells depends on two factors of different natures,
viz. the physical characteristics of radiation and the biological
properties of the cells, i.e., their ability to recover after
radiation-induced lesions (Fig. 1).

The main conclusion drawn from the results of experi-
mental and theoretical studies that provided the basis for the
solution of the RBE problem is that the DNA repair ability
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Figure 1. Dependence of the radiosensitivity of bacteria with blocked
DNA repair ability (Rec A mutant), normal repair (wild type), and
enhanced effectiveness of repair (Gam") on LET of heavy charged
particles.

depends on LET, because the character of lethal lesions varies
and is LET-dependent, too. It was shown that radiation with
increasing LET wvalues enhances the yield of clustered
difficult-to-repair DNA lesions. Bearing in mind these
findings, radiobiologists at JINR conducted a wide spectrum
of research on the mutagenic action of radiation with
different physical characteristics. Mathematical models were
proposed describing the lethal and mutagenic action of
different types of radiation on bacteria and peculiarities and
mechanisms of induction of direct and reverse mutations in
prokaryotic cells [3].

Information on the total yield of different types of
mutations and the formation frequency of specific mutations
in irradiated cells with different genotypes is of paramount
importance for understanding molecular mechanisms behind
the formation of both genetic and structural mutations in cells
under the effect of ionizing radiation with different physical
characteristics and a wide range of LET values. Such data are
very difficult to obtain in mammalian cell experiments, even if
they very important for solving many practical and theore-
tical problems. In this context, investigations into bacterial
cells are indispensable for the elucidation of mechanisms of
induced mutagenesis, since the structural and functional
organization of the genetic apparatus in these organisms is
known perfectly well; moreover, there are various repair-
deficient mutants.

The available data on mutagenic action of radiation with
a wide range of LETs [4] provided valuable insight into the
mechanisms of the above processes. Studies on the induction
of direct and reverse mutations revealed the powerlike
dependence of the frequency of mutations on the irradiation
dose (Fig. 2).

On the logarithmic scale, dose dependences have the form
of straight lines with a tangent of the tilt angle ranging 1.7—
1.8, which suggests their close-to-quadratic powerlike char-
acter. The highest efficiency of mutation induction is
observed in experiments with accelerated helium ions having
a LET of ~ 20 keV um~'. Mutagenicity decreases under the
influence of ions with higher LETs.

The quadratic character of the dependence of mutation
frequency on the irradiation dose from heavy charged
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Figure 2. Formation frequency of tonB mutations under the influence of radiation with different LETs (He 20, He 78, C 200 denote LET values
(in keV pum~") of respective heavy charged particles: (a) linear scale, and (b) logarithmic scale.

particles is preserved due to a number of factors. A
microdosimetric analysis gives evidence that treatment with
different doses of ionization radiation makes it possible to
distinguish three subpopulations in an irradiated cell popula-
tion, viz. intact surviving cells, fatally damaged nonsurviving
cells, and moderately damaged cells that fall into the group of
surviving cells after repair is completed. The fraction of intact
cellsincreases and that of fatally damaged cells through which
track core particles passed decreases with increasing LET.
Due to this, most mutations occur in the subpopulation
damaged by passing d-electrons and in the small cell fracture
through which one or more track core particles passed,
provided these cells managed to repair damages and survive.
These observations accounted for conservation of the char-
acter of dose-dependent mutagenesis, despite irradiation with
different LETs.

Because the character of d-electron energy transfer to
matter under the effect of electromagnetic and corpuscular
radiations does not change, the form of D-dependence of
Nm/N, where Ny, /N is the ratio of the number of mutant cells
to the total cell number in the irradiated population, and D is
the dose, remains unaltered under the effect of radiation that
differs in quality. This means that heavy charged particles
with high LET magnitudes ( > 100 eeV pm~") kill the most
cells when the particle tracks pass directly through sensitive
cell structures, whereas surviving cells undergo so-called
d-electron mutagenesis. When cells are affected by accelerated
light or heavy charged ions of high-energy particles with
LET,, < 100 keV pm~! and the tracks have a direct impact
on sensitive structures, ‘track core mutations’ take place. It
becomes clear from the above why the character of dose-
dependent curves of mutagenesis in E. coli and Bacillus
subtilis cells is preserved as the particles’ LET increases.

The data obtained at heavy ion accelerators have led to
the conclusion that the quadratic shape of mutagenesis curves
ensues from the necessity of realization and ‘interaction’ of
two mutually independent ‘encounter’ events. One of them is
related to a permutation lesion in the locus of interest, while

the other to the emergence of a lesion inducing the SOS-repair
system that promotes fixation of changes in bacterial DNA in
the form of mutations.

Because SOS-repair is a key factor in the realization of
induced mutagenesis, the analysis of modern molecular
mechanisms underlying the SOS-system' organization in
E. coli bacteria is of primary importance.

A molecular model of induced mutagenesis was elabo-
rated to describe the main transformation pathways of
primary lesions in the mutant DNA structure (permutation
lesions) [5]. According to this model, the conversion of a
permutation lesion into a point mutation under the effect of
ionizing radiation is a result of action of various enzymatic
mechanisms, including (among the main ones) the multi-
enzyme complex composed of inducible DNA polymerase V
(UmuD’;C), RccA protease, SSB proteins, and DNA poly-
merase I11 subunits.

The molecular model provided a basis for the develop-
ment of a mathematical model describing the process of
mutagenesis in FE.coli cells under the exposure to UV
radiation [6]. In essence, a new approach to the theoretical
description of induced mutagenesis in bacterial cells was
proposed. It was the first model describing the process of
induced mutagenesis by a detailed mathematical depiction of
key protein—protein interactions involved in the SOS
response of E. coli bacteria. It proved possible to follow up,
in the framework of a single model approach, the entire
process from the appearance of a primary lesion in the DNA
structure to its conversion into a mutation. The constructed
models allowed predicting for the first time the dynamics of
the concentration of dimeric umuD gene products and two
regulatory complexes of the SOS-response system: UmuD,C
and UmuDD’C. This approach made possible detailed
simulation of the mechanism of translesion-synthesis respon-

' The protective system starting up in a cell in response to DNA lesions
occurring during the cell cycle and not eliminated by DNA repair, and the
onset of mutagenesis. (Editor note).
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sible for the fixation of permutation lesions as mutations.
Computations with the use of the proposed model have led to
a relationship between the effectiveness of translesion-
synthesis and the yield of gene mutations. Calculations done
by the example of the regulatory lacl gene of E.coli
demonstrated consistency of theoretical and experimental
data on the formation frequency of lacI” mutations depend-
ing on the fluence of UV radiation energy.

These approaches open up possibilities for the further
mathematical analysis of the major stages of the mutagenesis
process in E. coli cells under the effect of ionizing radiation
with different physical characteristics. Certainly, it is a more
complicated but solvable problem, provided experimental
data are available on the kinetics of formation and degrada-
tion of the main gene products contributing to the creation of
the DNA polymerase V multienzymatic complex.

Experiments with accelerated heavy charged ions revealed
that the frequency of formation of deletion mutations, unlike
that of gene mutations, increases linearly with radiation dose
for all kinds of ionizing radiation [4] (Fig. 3). Ions with
LET ~ 50 keV pm~! show the highest effectiveness. Acceler-
ated ions with a higher LET produce a weaker biological
effect. In other words, dose dependences for the induction of
deletion mutations in E.coli cells are quite different from
those for gene mutations, discussed in the foregoing. In the
latter case, a close-to-quadratic powerlike dependence is
observed. Dose dependences for the induction of deletion
mutations described by linear functions are due to different
mechanisms than those underlying gene mutations. The
linear character of the dependence for deletion formation
under the effect of y-irradiation of bacterial cells is attribu-
table to the fact that the molecular basis for primary lesions
leading to deletions under conditions of y-irradiation of
bacterial cells, unlike that for gene mutations, is constituted
by double strand DNA breaks rather than by DNA base
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Figure 3. Dependence of occurrence of tonBtrp-mutations on the dose of
radiation with different LETs. Light circles—y-rays, dark circles—
He ions (20 keV um™"), triangles— He ions (50 keV pum~!), squares —
He ions (78 keV um~!), and diamonds— '>C ions (200 keV pum™").

lesions. Induction of the SOS-repair system playing the key
role in the formation of gene mutations is not required to
convert permutation lesions of a given type into structural
mutations.

Results of our studies indicate that the biological effec-
tiveness of heavy charged particles evaluated from the
induction of deletion mutations increases with increasing
LET, just as well as for lethal irradiation effects and the
induction of point mutations. However, the position of
maxima in the LET dependence of RBE for the irradiation
effects of interest is not invariant (Fig. 4).

The highest RBE values are associated with irradiation by
particles having LET~ 100 keV pm~!. The maximum
estimated based on induction of deletion mutations occurs
at LET values on the order of ~ 20 keV um~!. For deletion
mutations, this value approaches ~ 50 keV um~!. Based on
these estimates, it was concluded that the difference between
positions of the maxima of the LET dependences of RBE for
lethal and mutagenic effects of irradiation are due to the
different character of DNA damage leading to the realization
of both effects. In the former case, DNA base lesions prevail,
while in the latter case DNA double-strand breaks (DSBs)
occur.

The microdosimetric analysis of the yield of cluster DNA
single-strand breaks (SSBs) and DSBs depending on LET
values reveals that both types of dependences are described by
curves with a local maximum. For cluster SSBs, however, the
position of the maximum is shifted by almost an order of
magnitude toward lower LET values. This observation can
explain the difference between positions of the maxima in the
LET dependences of RBE for lethal irradiation effects and
induction of gene mutations.

Irradiation of mammalian cells by heavy ions revealed
their strong mutagenic action [7]. RBE of heavy ions studied
with respect to the action of y-quanta is described by a curve
with the local maxima at LET ~ 80-100 keV pm~!. We
assumed that the mutagenic process in mammalian cells can
be associated with violation of structural integrity of the
chromosomal apparatus manifested as a cellular chromoso-
mal instability. With this in mind, we undertook investiga-
tions designed to distinguish single mutant colonies to be used
for growing subclones; their cytogenetic analysis was then
performed [8]. The cytogenetic analysis demonstrated a
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Figure 4. LET dependence of RBE evaluated based on different irradiation
criteria: /—induction of tonB-mutations, 2—Ilethal effect, and 3—
induction of tonBtrp-deletions.
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Figure 5. Dose dependences of the occurrence of chromosome-1 transloca-
tions after irradiation of human blood lymphocytes by y-rays (circles),
1-GeV protons (squares), and '“N ions (triangles).

heterogeneity of spontaneous and radiation-induced HPRT-
mutagenic subclones in terms of the studied cytogenetic
characteristics (mitotic activity, aneuploidy, frequency of
chromosomal aberrations). It was evidenced that the con-
sequences of mutagenic events manifest themselves as the
development of genomic (in the number of chromosomes in
the cell) and chromosomal (in the frequency of chromosomal
aberrations) instabilities in populations of the progenies of
mutant cells.

Irradiation by different types of accelerated heavy ions
allowed consistent patterns of induction of stable and
unstable chromosomal aberrations in human cells to be
elucidated [9]. For the total number of chromosomal
aberrations, the powerlike dependence of the effect on the
dose of rarely ionizing radiation (protons and y-quanta) was
documented (Fig. 5). The dependence was modified into a
linear one under the influence of heavy ions. However, the
effect weared off at high doses of such irradiation as a result of
prolonged mitotic arrest, especially in heavily damaged cells
with multiple chromosomal aberrations. We used DNA
samples specific to chromosomes 1 and 2 of the human
lymphocyte genome. These are the largest chromosomes in
the human genome and are the most susceptible to damaging
when impacted by such an unfavorable factor as ionizing
radiation. The fluorescence in situ hybridization (FISH)
analysis revealed the high frequency of such stable aberra-
tions of these chromosomes to be translocations. RBE
coefficients for radiation with LETs of 80 keV pm™!
amounted to 3 or more.

3. DNA damage and repair under the effect
of accelerated heavy ions

As is shown in Section 2, heavy charged ions induce many
effects totally different from those caused by electromagnetic
radiation. The difference is largely due to specific features of
heavy charged particle energy transfer to cell genetic
structures. In the case of irradiation by y-quanta, the
absorbed dose is transferred to bulk matter in small portions
during numerous randomly distributed acts. The same dose
can be transferred to the same bulk matter by a single passing
heavy charged particle. The specific character of heavy ion
energy transfer to genetic structures is responsible for the
induction of DNA lesions qualitatively different from those
caused by electromagnetic forms of ionizing radiation. This

concerns, first and foremost, the formation of the most severe
damage, such as DNA DSBs.

The passage of a heavy charged particle through a DNA
segment not only disturbs the integrity of the two comple-
mentary strands of DNA but also damages other molecular
structures adjacent to a given site. Such cluster lesions are
most difficult to repair by cell reconstitution systems. They
make up a molecular basis of cell death, their malignant
transformation, and a variety of chromosomal mutations.

To eclucidate consistent patterns and mechanisms of
formation and repair of radiation-induced DNA DSBs, the
JINR Laboratory of Radiation Biology (LRB) undertook
investigations into the action of radiation with different
physical characteristics on human cells with the use of
efficient modern methods allowing the study of such
processes in cell nuclei, e.g., the immunochemical staining
technique using antibodies conjugated with various fluores-
cent dyes and specific to individual proteins (DNA foci
method) and DNA comet assay.

The DNA-foci method is based on the ability of certain
proteins to ‘recognize’ DNA DSBs in cell nuclei and
participate in repair processes. One of the early stages in the
formation of cell response to DNA DSB and activation of
reconstitution systems is YH2AX histone phosphorylation.
Phosphorylated H2AX (yH2AX) histone can be detected
near DNA DSBs and serve as a signal for recruiting other
proteins into DNA DSB sites. H2AX phosphorylation events
can be visualized as isolated nuclear foci by the immuno-
chemical staining technique based on specific antigen—anti-
body binding. A specific antibody (primary antibody) can be
synthesized for each protein or antigen. The primary anti-
body binds to the protein being studied; then, the specific
secondary antibody attaches to the primary one. The
secondary antibody carries a fluorescent label that allows
the protein of interest to be visualized. This method can be
employed to visualize some proteins, besides YH2AX histone,
involved in DNA DSB repair (e.g., S3BPI).

An international team of radiobiologists used the immu-
nochemical staining technique and confocal microscopy [10]
to obtain 3D images of human fibroblast nuclei irradiated by
y-quanta of ®C (LET = 0.3 keV pm~!) and accelerated ''B
ions (LET = 135 keV um~') (Fig. 6). To study damaged
DNA repair kinetics under the effect of !B ions, the samples
were irradiated frontally with respect to the cell monolayer.

Sample irradiation by a beam at a small angle (10°) made
it possible to analyze both the formation and the cluster
structure of DNA lesions along the particle’s track. To
quantitatively estimate the induction and repair of DNA
damage, we counted co-located YH2AX and 53BP1 foci
(DNA DSB markers).

1B ions, 50 MeV per nucleon

y-rays

Figure 6. Formation of DNA-foci in human cells treated with y-rays or
accelerated boron ions.
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Figure 8. Maximum level of radiation-induced mutagenesis in the cells of
Chinese hamsters depending on the expression time and LET of acceler-
ated ions.

These experiments were designed to study the kinetics of
the formation and elimination of radiation-induced
YH1AX/53BP1 foci in fibroblast nuclei under the action of
%0Co y-quanta and accelerated ''B ions. It was shown that
accelerated ''B ions induced more YH2AX/53BP1 foci in
human fibroblasts than ®*Co y-quanta did (Fig. 7).

The maximum yield of gamma-radiation-induced foci
(~ 25 foci per cell) is reached 1 hour after the onset of the
treatment; most foci (~ 80%) are eliminated within 4 hours.
The highest yield of YH2AX/53BP1 foci under the effect of
accelerated ' B ions (~ 72 foci per cell) occurs within 45 min
of post-irradiation incubation. The number of radiation-
induced foci 24 hours after the cell irradiation by accelerated
1B ions is much greater than in cells treated with y-quanta of
%0 Co, which suggests that accelerated ions induce more severe
lesions. The different character of DSB formation in DNA
under the effect of y-radiation and heavy particles was
demonstrated by comparing materials after their irradiation
by y-quanta of ©°Co and accelerated !! Bions at a dose of 1 Gy
in the plane lying normally to the direction of beam
propagation and at an angle of 10° to it. In the latter case, a
particle propagating through the nucleus made a track
consisting of a few closely located radiation-induced foci. It
was shown that cluster DNA lesions are formed along the
particle’s track as early as the first minutes after irradiation.

Because DNA DSBs serve as a signal initiating apoptosis,
i.e., programed cell death, the qualitative and quantitative
differences in DNA DSB formation and, in particular,
reduction of repairability in the latter case impacted by
electromagnetic radiation and heavy ions must manifest
themselves in the realization of the cells” apoptotic response.
This conjecture was confirmed in experiments on human
blood lymphocyte irradiation by y-quanta and accelerated
oxygen and neon ions (LET=170 and 180 keV pm~!,
respectively) [11].

Cytogenetic scientists at JINR LR B performed large-scale
heavy-ion accelerator-based research on mutagenic action
of ionizing radiation with different levels of quality on
mammalian cells. Cells of Chinese hamsters were irradiated
by y-quanta and accelerated ions of ''B, N, 130, ?*Ne (in a
LET range from 50 to 153 keV pum™!) to study the peculia-
rities of formation of HPRT-mutations. It was shown that the
manifestation of mutations depends on the time of seeding
irradiated cells into a 6-thioguanine supplemented selective

nutrient medium (mutation expression time) and radiation
LET. The rate of spontaneous and radiation-induced muta-
tions during a four-day expression amounted to 1.2 x 1075, A
longer expression resulted in a three-fold increase in the
mutagenesis rate, up to the maximum level.

The position of this maximum depended on LET of
accelerated ions. Its increase shifted the maximum toward a
longer expression (Fig. 8). For example, the highest muta-
genic activity was observed within 11 and 23 days after
irradiation by 'O ions (LET ~ 116 keV pm~!) and neon
20Ne ions (LET ~ 153 keV pm~!), respectively. These time
periods correspond to approximately 40-50 cell generations
(one cell division cycle in Chinese hamsters lasts roughly 11—
12 hours). Thereafter, the rate of radiation-induced mutagen-
esis fell to that of spontaneous mutagenesis 30—45 days after
seeding. It was concluded based on the results of earlier
studies that a rise in the level of radiation-induced mutagen-
esis can be attributed to enhanced chromosomal instability in
the population of irradiated cells, and its manifestation at
different expression times depends on the severity of primary
damages.

The detection and selection of mutant subclones revealed
mutants exhibiting retarded growth in comparison with intact
controls. Growth retardation of many mutant subclones in a
selective solution supplemented with 6-thioguanine could be
due to mutations resulting in the reduced activity or synthesis
of the HPRT enzyme. In such cases, the viability of a mutant
population can be maintained only by cells that fail to utilize
the purine derivative during the cycle. Unusual types of
growth were reported in mutant subclones isolated from
Chinese hamster cells irradiated by accelerated 30 ions
(LET ~ 130 keV um~!) at 0.5, 1, and 2 Gy doses. Under
identical growth conditions, certain mutants exhibit nontypi-
cal morphological features differing from those of control cell
population, e.g., openwork, chain, and stellate growth
patterns. Colonies may appear before a cellular monolayer
of mutant subclones is formed. These features are supposed to
reflect initiation of malignant cell transformation.

4. Radiophysiological research

In recent years, the spectrum of studies carried out at LRB has
been significantly extended to include radiophysiological
research to meet the challenges of practical space radio-
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biology. The crews of manned space missions are at high risk
of exposure to heavy charged particles of galactic cosmic rays
(GCRs). The energy range of the particles coming from the
depth of Galaxy is extremely wide, up to superhigh values of
~ 10% eV. It appears impossible in the near future to protect
the human body from the damaging action of this irradiation
by physical methods.

As mentioned in Section 3, the distribution of particle
energy transferred to biological structures during propagation
of heavy ions (e.g., iron ions) through matter is entirely
different from that in ionizing electromagnetic radiation
(X-rays, gamma-quanta), which accounts for the specific
action of GCR irradiation on the human body in remote
space, where radiation syndromes are likely to develop, in
striking contrast to those induced by rarely ionizing cosmic
radiation, e.g., high-energy protons. This circumstance needs
to be taken into consideration when evaluating radiation-
related risks for astronauts traveling outside Earth’s magne-
tosphere.

The currently adopted risk concept is based on the
introduction of the generalized dosimetric functional as a
criterion and quantitative measure of radiation hazard. The
generalized dose is the sum of irradiation doses that cause
immediate and long-term effects. The former develop during
the flight, while the latter manifest themselves in the remaining
life. When calculating doses responsible for immediate and
long-term effects, coefficients are introduced to take account
of the influence of radiation quality (e.g., heavy charged
particles with different energies) on radiobiological effects
and dose distribution in time and over the human body. Also
used are coefficients of modification of the human body
response to other spaceflight radiation factors. Immediate
radiation effects include disorders in bone-marrow hemopoi-
esis, skin, and other organs and tissues of a human organism.
Long-term irradiation effects are usually described in norma-
tive technical documentation from different countries with
reference to the risk of neoplastic progression.

Moreover, the assessment of the risk of irradiation by
heavy GCR nuclei during manned interplanetary missions
must take into account the possibility of central nervous
system (CNS) disorders [12]. Animal experiments with
irradiation by high-energy iron ions at doses equivalent to
the intensity of galactic iron nuclei fluxes that can supposedly
be encountered during human missions to Mars demon-
strated various CNS disorders, such as marked disturbance
of spatial orientation and cognitive impairment. Data on the
development of radiation syndromes due to the impact of
heavy charged particles on brain structures resulting in
derangement of its integrity, give reason to consider CNS a
key system in the evaluation of the risk of irradiation impact
on astronauts during interplanetary missions.

LRB investigates morphofunctional retinal lesions and
variations of neurotransmitter levels in different brain regions
of experimental animals irradiated by heavy charged particles
[13]. The data obtained suggest a relationship between DNA
damage and repair and degenerative retinal changes induced
in mice by ionizing radiation (y-radiation and protons) and
the genotoxic agent methylnitrosourea (MNU). Gamma-
radiation largely causes DNA SSBs uniformly distributed
over the entire genome, whereas protons are more efficient in
terms of induction of DSBs localized along the particle’s
track. DSBs are lethal lesions due to their high effectiveness in
induction of apoptosis of dividing cells. The methylating
agent MNU induces continuous defects in DNA, such as

methylated bases, and apurinic and apyrimidinic (AP) sites. It
was shown in the mid-1990s that MINU is capable of inducing
apoptosis of photoreceptors in subcutaneous fat following its
single administration for a dose > 60 mg kg~!. In this study,
MNU was used as a positive control for retinal apoptosis.
Thus, the three above agents account for the main types of
DNA damage and repair mechanisms. These data confirm
the high radiation resistance of the mature murine retina.
DNA is fully repaired following irradiation by y-quanta and
protons at a dose of 14 Gy. Enhanced expression of retinal
proteins associated with cell death (apoptosis) becomes
normal within 12 hours after irradiation. By this time, the
repair of radiation-induced breaks in DNA is completed,
meaning that these retinal proteins do not induce apoptosis
but instead promote DNA repair and regeneration of
damaged cells.

An increase in the radiation dose to 25 Gy caused marked
morphological changes in the retinal photoreceptor layer,
apparent as degradation of external photoreceptor segments
and decreased density and thickness of their nuclear layer.
Degradation grows with time as more photoreceptors die by
apoptosis, as evidenced from the enhanced expression of
proapoptotic proteins. Thus, the relatively high radiation
resistance of the retina and the active mechanism of post-
irradiation repair eliminating radiation-induced breaks in a
DNA molecule suggest the existence of a genotoxic threshold
accounting for the nonlinear character of the irradiation
dose—effect relationship.

Recent studies in this field have been carried out with the
use of electroretinography (ERG), providing a cumulative
physiological indicator of retinal functional integrity. Regis-
tration of electroretinograms generated by flashes of white
light of different intensities gives a comprehensive intravital
picture of retinal functional activity in mice. The ERG profile
proved to be more sensitive to genotoxic effects than
morphological and cellular characteristics. This approach
revealed the retina’s adaptive responsiveness and ability to
restore functional activity. At present, evaluation of the
possible contribution of Miiller glial cells to retina regenera-
tion is underway in the Sector of Radiation Physiology, LRB,
JINR. These cells make up a small population of retinal cells
retaining the ability to increase their proliferation, migrate
into external retinal layers, differentiate into photoreceptors,
and produce endogenous neuroprotectors to safeguard
retinal photoreceptors.

A series of studies with the use of 170-MeV proton beams
in the Bragg peak were designed to elucidate the influence of
irradiation at a dose of 1 or 2 Gy on learning ability,
reproduction of skills, and concentrations of monoamines
and their metabolites in the rat pre-frontal cortex, adjacent
nucleus accumbens, hypothalamus, corpus striatum, and
hippocampus [13]. Discrimination training with food reinfor-
cement was conducted in a T-maze for 5 days. The animals
showed a much higher learning ability on days 2 to 5 after
irradiation than on day 1. The ability to perform the test
decreased on day 6, the difference being significant between
days 1 and 7. Irradiation by protons at 1 and 2 Gy in the
Bragg peak affected neither the formation nor the reproduc-
tion of the passive avoidance reflex. The same impact
decreased catecholamine levels in the pre-frontal cortex and
dopamine metabolite 3-methoxytyramine concentration in
the corpus striatum. The alteration of neurochemical char-
acteristics in the above brain structures provides a logical
explanation for the observed behavioral disorders.
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To address the problem of irradiation by heavy GSR
nuclei during outerspace flights, comprehensive investiga-
tions into the damaging action of charged particles at the
molecular, cellular, and organismal levels of biological
organization are needed. Of special importance in this
context is the study of disorders of higher integrative brain
functions; hence, the necessity to plan experiments at charged
particle accelerators with the use of not only small laboratory
animals but also primates. The first steps toward this goal
were taken at LRB in 2013 when the 170-MeV medical beam
of the LNP phasotron and the 500-MeV carbon nuclei beam
of the LHEP Nuclotron were used to irradiate rhesus
macaques (three animals per beam) borrowed from IMBP.
The monkeys’ heads (brains) received a dose up tol Gy. The
animals had been previously trained to practice computer-
based problem solving tests. The aim of the experiments was
to detect the deterioration of acquired skills under the effect
of brain irradiation by heavy charged particles with relatively
small LETs. The experiments completed, the animals were
returned to IMBP to be used in routine studies.

Further extensive accelerator-based experiments are
needed to solve many remaining problems.

5. Conclusion

JINR accelerators provide ample capacity for multifaceted
radiobiological research concerning basic problems of radia-
tion genetics, molecular radiobiology, and radiation physiol-
ogy, as well as a wide spectrum of practical issues, the most
challenging ones being space radiobiology with special
reference to manned interplanetary missions and the use of
charged particles for the treatment of malignant tumors. Of
primary importance is the evaluation of the biological
effectiveness of protons and multicharged ions (mostly
carbon ions), bearing in mind the ever-growing application
of medical accelerators in clinical practice. Evidently, detailed
radiobiological studies using beams from such accelerators
are indispensable, and the JINR’s experience in this area may
be of great value for the purpose.
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