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Abstract
People often encounter various sources of ionizing radiation, both in modern medicine and under various environmental 
conditions, such as space travel, nuclear power plants or in conditions of man-made disasters that may lead to long-term 
cognitive impairment. Whilst the effect of exposure to low and high doses of gamma and X-radiation on the central nervous 
system (CNS) has been well investigated, the consequences of protons and heavy ions irradiation are quite different and poorly 
understood. As for the assessment of long-term effects of carbon ions on cognitive abilities and neurodegeneration, very few 
data appeared in the literature. The main object of the research is to investigate the effects of accelerated carbon ions on the 
cognitive function. Experiments were performed on male SHK mice at an age of two months. Mice were irradiated with a 
dose of 0.7 Gy of accelerated carbon ions with an energy of 450 meV/n in spread-out Bragg peak (SOBP) on a U-70 particle 
accelerator (Protvino, Russia). Two months after the irradiation, mice were tested for total activity, spatial learning, as well 
as long- and short-term hippocampus-dependent memory. One month after the evaluation of cognitive activity, histological 
analysis of dorsal hippocampus was carried out to assess its morphological state and to reveal late neuronal degeneration. 
It was found that the mice irradiated with accelerated carbon ions develop an altered behavioral pattern characterized by 
anxiety and a shortage in hippocampal-dependent memory retention, but not in episodic memory. Nissl staining revealed a 
reduction in the number of cells in the dorsal hippocampus of irradiated mice, with the most pronounced reduction in cell 
density observed in the dentate gyrus (DG) hilus. Also, the length of the CA3 field of the dorsal hippocampus was signifi-
cantly reduced, and the number of cells in it was moderately decreased. Experiments with the use of Fluoro-Jade B (FJB) 
staining revealed no FJB-positive regions in the dorsal hippocampus of irradiated and control animals 3 months after the 
irradiation. Thus, no morbid cells were detected in irradiated and control groups. The results obtained indicate that total 
irradiation with a low dose of carbon ions can produce a cognitive deficit in adult mice without evidence of neurodegenera-
tive pathologic changes.
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Introduction

People often encounter various sources of ionizing radia-
tion, both in modern medicine and under various environ-
mental conditions, such as space travel, working at nuclear 

power plants or in conditions of man-made disasters. A large 
number of studies have highlighted the potential radiation 
hazard of space exposure (Rabin et al. 2003; Casadesus et al. 
2004; Barker et al. 2007). To limit the negative impact of 
radiation on human performance and resistance to diseases 
such as Alzheimer’s, cancer, stroke, and many others, it is 
necessary to assess the risk level for the central nervous sys-
tem. Cosmic rays are composed of high-energy nuclei of all 
stable elements, including oxygen, helium, hydrogen, iron, 
and carbon. Shukitt-Hale et al. (2000) ; Higuchi et al. (2002) 
with colleagues have shown that whole-body 56Fe-particle 
irradiations can induce specific hippocampus-dependent 
cognitive impairment in rats. It was assumed that therapeutic 
irradiation of the brain and the spinal cord is associated with 
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cognitive impairment. In works of Fike and Gobbel (1991) 
it was shown that relatively high radiation doses can cause 
not only functional but also structural injuries. A few years 
later, it was demonstrated that different doses of radiation 
affect brain function, but not morphology, inducing cogni-
tive deficit in both adults and young patients (Roman and 
Sperduto 1995; Abayomi 1996). These cognitive disorders 
are hippocampus-dependent and affect processes such as 
learning, memory, and spatial information processing (Mey-
ers et al. 2000).

About 50–90% of patients who have undergone radia-
tion therapy for primary and metastatic brain cancer show 
a cognitive deficit that reduces their quality of life (Makale 
et al. 2017). In the last few years, carbon ions have become 
increasingly used in radiotherapy of tumors (Cui et al. 2010). 
The ability to selectively target the tumor tissue, protecting 
nearby healthy tissue, makes carbon ions a more promis-
ing radiotherapy tool compared to X-radiation (Rabin et al. 
2003; Kim et al. 2008; Marty et al. 2014), while the data 
on the impact of carbon ions on cognitive processes and 
neuronal proliferation are limited.

The mechanisms of radiation-induced cognitive decline 
are still unknown. It is believed that it may be accompanied 
by changes in the microenvironment of the CNS (Greene-
Schloesser et al. 2012; Makale et al. 2017), vascular neuroin-
flammation and impaired function of neuron progenitor cells 
in the DG of the hippocampus (Monje et al. 2002), as well 
as changes in neurogenesis. Due to the fact that hippocam-
pal neurogenesis mediates cognitive functions (Gould et al. 
1999; Kempermann 2002), it was hypothesized that after 
high-LET particle exposure there is a decrease in the pro-
duction of neurons, which in turn plays an important role in 
radiation-induced cognitive disorders (Rola et al. 2004). In 
addition, there is currently abundant evidence that doses of 
ionizing radiation higher than certain thresholds can induce 
microglia activation and pro-inflammatory derived factors 
that contribute to radiation-induced brain damage (Monje 
et al. 2002; Hwang et al. 2006).

Earlier we have investigated the biological effects induced 
by accelerated carbon ions with an energy of 450 meV/n in 
the SOBP (0.1–1.5 Gy) in mice: dose dependence of cytoge-
netic damage to the bone marrow, weight index for the thy-
mus and the spleen, and induction of reactive oxygen species 
in whole blood. In the case of carbon ions characterized by a 
larger relative biological effectiveness, we observed a higher 
level of cytogenetic damage to the bone marrow and spon-
taneous reactive oxygen species production in blood cells, 
as well as a lower weight index for the lymphoid organs 
compared with X-ray-irradiated mice (Sorokina et al. 2017). 
The significant physiological impact of these ions suggests 
higher health risks, including a possible cognitive deficit, for 
people exposed to high-LET radiation during space travel 
and radiotherapy. Several studies have reported cognitive 

impairment in animals irradiated with HZE (heavy ions) 
doses of 0.01–0.2 Gy, suggesting that the doses related to 
NASA’s planned mission to Mars pose significant health 
risks, and even lower doses are currently required to be 
investigated (Rabin et al. 2015; Wyrobek and Britten 2016; 
Britten et al. 2018).

Whilst the effects of exposure to low- and high doses of 
gamma and X-radiation on the CNS have been well inves-
tigated, the consequences of proton and heavy ion irradia-
tion are quite different and poorly understood. As for the 
assessment of long-term effects of carbon ions on cognitive 
abilities and neurodegeneration, very limited literature data 
have appeared.

The main objective of the research presented here is to 
investigate the effects of a comparatively low dose (0.7 Gy) 
of accelerated carbon ions on the cognitive function in mice.

Materials and methods

Irradiation procedure

Experiments were performed on 2-month-old outbred albino 
SHK male mice. The experiments conformed to the regula-
tions and legal acts concerning the procedures of animal 
experiments and the humane treatment of animals carried 
out following the National Institute of Health Guide for the 
Care and Use of Laboratory Animals (NIH Publications No. 
80–23) revised 1996. Ten mice per cage were housed in a 
vivarium on a 12 h light–12 h dark cycle regime with free 
access to food and water (ITEB RAS, Russia). Unanesthe-
tized animals were used as a control. Mice were placed in a 
rectangular plexiglass block (two mice in a container) imme-
diately before the irradiation. Mice (n = 10) were irradiated 
with a dose of 0.7 Gy of accelerated carbon ions with an 
energy of 450 meV/n on a U-70 accelerator (NRC «Kur-
chatov Institute»—IHEP, Russia). To ensure uniform bio-
logical dose distribution within the mice body volume, the 
irradiation was carried out in SOBP. The Bragg peak was 
modified with the use of a ridge filter, which expanded the 
zone of maximum energy release by ions up to 10 mm. The 
estimated LET for carbon ions in the modified Bragg peak 
was 100 keV/μm. The dose rate was 1.6 Gy/min. Mice were 
deeply anesthetized during irradiation and placed in a cais-
son in such a way that the body of the mouse was perpen-
dicular to the beam (Fig. 1). The coordinates of the caisson 
were chosen so that the body of the animal is located at the 
zone of the uniform transverse irradiation field. The verifica-
tion of the carbon beam profile and dose control was carried 
out using a neutron monitor and the gafchromic EBT3 films 
(USA) and the mosaic plane-parallel ionization chamber. 
Unirradiated animals (n = 10) were subjected to the same 
handling procedures, but with the switched off setup.
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Two months after irradiation, mice were tested for total 
activity, spatial learning, and long- and short-term hip-
pocampus-dependent memory (open field, Barnes maze, 
novel object recognition). One month after the evaluation 
of cognitive activity, histological analysis of the dorsal hip-
pocampus was carried out to assess its morphological state 
by staining with Nissl and to reveal late neuronal degenera-
tion by staining with Fluoro Jade-B.

Open field

Open field tests were performed as described (Christmas and 
Maxwell 1970). An open field was represented as a white 
square box with a size of 60 × 40 cm, with a video camera 
set up at a height of 1.5 m to record the trials. Animals were 
individually placed in the center of the open field space, 
exacerbate the uncomfortable conditions with bright fluo-
rescent light and a fan. A behavioral and movement analy-
ses were performed with a custom-made software. Animal 
activity was recorded for 4 min at 10:00 am. The following 
behavioral parameters were studied: the frequency of entry 
and duration of stay in the center and corners of the box, the 
speed and distance that the animal moves during the tests.

Barnes maze

The Barnes circular maze (110 cm in diameter, 20 holes) 
has been described (Barnes 1994). Mice were trained to 
enter the escape box by placing them outside the escape 
box in the Barnes maze for up to 3 min after which mice 
were left in the escape box for 2 min. The following day, 
mice were placed in the center of the maze and given 3 min 
to locate the escape box. The number of mistakes (incor-
rect hole pokes), latency to finding and entering the escape 

box, and the navigation patterns were recorded. Mice that 
failed to enter the escape box within 3 min were guided 
to the box and remained there for 2 min prior to return to 
their home cage. Mice were subjected to three trials per day 
at 15–20-min intervals for 3 days. At the beginning of a 
trial, each mouse was placed at the center of the maze and 
bright fluorescent light and fan were activated to motivate 
escape behavior. Each trial ended when the mouse entered 
the escape box or 2 min after the start of recording. To deter-
mine how well an animal learned the location of the goal 
box, two tests without the escape box were performed, on 
the second and ninth days after training trials. All trials, the 
path length and movement velocity were recorded by the 
custom-made software.

Novel object recognition test (NOR)

The NOR test can be applied to study such problems as 
learning, memory, novelty preference; moreover, it can 
show the involvement of different regions of the brain in 
recognition process. In comfortable conditions at the first 
stage of acquaintance with a new environment, mice touch 
two objects placed in the arena with equal frequency, but 
replacing one object with a new one, they approach it more 
often and explore it longer than the already familiar object. 
With the formula DI = (TN−TF)/(TN + TF), we can cal-
culate the index of stimulus recognition or discrimination 
index (DI) (Baxter 2010), where TN is the exploration time 
devoted to a novel object, and TF is the time devoted to the 
familiar object. The index can vary between + 1 and − 1, 
where a positive score indicates that the animal spent more 
time with the novel object, a negative score indicates that 
the animal spent more time with the familiar object, and a 
zero score indicates a null preference (Barker et al. 2007; 
Oliveira et al. 2010). Mice were tested in two consecutive 
trials with a 15-min interval. For the testing sessions, two 
identical plastic objects were placed in the open field, and 
each mouse was allowed to explore them for 5 min. Twenty-
five minutes after the first trial (familiarization phase), each 
animal was tested in a trial with one of the familiar objects 
was replaced by a novel object. The working memory was 
assessed using the DI.

Histology

Three months after the irradiation, animals were decapitated; 
brain was rapidly removed from the skull and placed in cold 
4% paraformaldehyde (in PBS, at 4 °C for 48 h). After cryo-
protection in a gradient of sucrose (10% and 20% sucrose in 
PBS at 4 °C for 24 h each), brains were rapidly frozen in the 
vapor phase of liquid nitrogen. Coronal Sects. (15 μm) were 
cut with a cryostat at − 19 °C (Thermo Shandon Cryotome 
E, Thermo Scientific, USA) and collected on poly-l-lysine 

Fig.1   Scheme of dosimetric devices and objects locations under irra-
diation with carbon ions in the Bragg peak
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coated slides for subsequent Nissl and Fluoro-Jade B stain-
ing. Nissl staining was used to detect cell injury and Fluoro-
Jade B staining was used to visualize degenerative neurons 
in the dorsal hippocampus. Slide-mounted sections were 
dried at room temperature overnight, stained with 0.1% cre-
syl violet for 5–8 min until the desired depth of staining was 
achieved. After a quick rinse in tap water to remove excess 
stain, stained slides were dehydrated through graded etha-
nol, cleared in xylene, and cover slipped with Eukitt (Fluka, 
Germany) mounting medium. All tissue sections were pho-
tographed under identical conditions. In Nissl- and Fluoro-
Jade B stained sections, neuronal quantification was car-
ried out in the dentate hilus (counting frame 300 × 300 μm) 
and hippocampal pyramidal cell layers (fields CA3a, CA3b 
and CAl; counting frame 500 × 500 μm). Counts were per-
formed in the right hippocampus at levels corresponding to 
AP = − 1.7–1.94 of the Paxinos and Franklin (2001) atlas 
under a Leica DM6000B fluorescent microscope (Leica 
Microsystems, Germany). At least five different sections 
from each animal were evaluated. All analyses were carried 
out using the ImageJ software (1.43u, USA) by an investiga-
tor who was blind to the experimental group.

Statistical analysis

Data shown represent the mean ± SEM for individual ani-
mals obtained from N experiments. Statistical significance 
was analyzed by a two-tailed unpaired t test (the Student’s 
t test; Wilcoxon one-sample test). Differences were consid-
ered statistically significant at p < 0.05. The statistical analy-
sis in the examination of histological sections was performed 
using the nonparametric Mann–Whitney U test. In all cases, 
two-sided alternative hypotheses were used. The results were 
processed with the program SPSS (version 21, IBM Corp., 
USA). Statistical analysis of the learning rate of mice was 
performed in program R using standard statistical packages.

Results

Open field

Investigating the motional behavior based on parameters 
such as frequency of access, the total duration of stay and 
distance moved, obtained for different zones (center, cor-
ners, and walls) specified in the custom-made software, in 
mice two months after exposure to accelerated carbon ions, 
we can evaluate the anxiety of the animal. Figure 2 shows 
that the total distance moved (Fig. 2a) decreased in irradi-
ated mice compared to control animals (p = 0.0406), while 
the mean velocity did not differ significantly (p = 0.1413, 
Fig. 2b). The frequency of access to the center as well as the 
total duration of the stay in the center of the open field in 

12C-irradiated mice decreased too (p = 0.005 and p = 0.033, 
Fig. 2c, d), while the total duration of the stay in the corners 
and the frequency of access to the borders were similar to 
those in unirradiated mice (data not shown). The decrease 
in the time spent in the central zone of the open field and the 
total activity in irradiated mice are considered as indicators 
of anxiety.

Barnes maze

Reduction of time to find the goal box and the decline in the 
number of mistakes (incorrect hole pokes) during repeated 
test trials in the Barnes maze indicates improvement in locat-
ing the target hole.

All animals showed good acquisition, as demonstrated 
by a reduced number of mistakes in finding the target hole 
over three training days (nine trials). In addition, we have 
calculated the learning rate of mice and found out the slope 
ratio using a linear approximation. The figure shows that 
the control animals differ from the group of irradiated mice 
(p = 0.0021), and in the process, the rate of learning speed in 
the group of irradiated mice is positive, which corresponds 
to the extinction of the acquired skill over time (Fig. 3a).

To assess whether the acquired skill (learning the location 
of the goal box) is fixed by animal, two pilot trials with-
out the escape box were performed, on the second (test 1) 
and 9th (test 2) days after training trials. As can be seen 
in Fig. 3b, during the first probe trial, the total number 
of hole visits by control and irradiated mice was similar 
(p = 0.4598). During the second probe trial, control mice 
showed a higher target hole preference index (i.e., target hole 
visits/average non-target visits) than control animals, dem-
onstrating spatial learning (p = 0.0382). Thus, in the long-
term memory test, control animals showed less mistakes in 
locating the escape box compared to the irradiated group.

Novel object recognition

Nowadays, the NOR test is considered as a translation model 
of episodic memory (Barker et al. 2007). It is assumed that 
information about a familiar object is in the animal memory 
and there is a preference for a new object (Ennaceur 2010). 
Recognition of new objects requires the usage of cognitive 
skill sets, in particular, the capacity to solve tasks is associ-
ated with the study of new environments or individual new 
objects (Silvers et al. 2007). We did not reveal intergroup 
differences in the total time of exploration of objects (cumu-
lative duration and frequency of nose touching objects) at 
the stage of familiarization (Fig. 4a, b). The impairments in 
the NOR test revealed changes in the functional relation-
ship between the hippocampus and medial prefrontal cortex, 
although these changes may be caused by different factors. 
These changes alter the ability of animals to distinguish new 
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objects from familiar ones. In the test phase, the animals of 
both groups spent much more time exploring the new object 
than the familiar object. Control animals showed increased 
interest in both objects, while irradiated mice principally 
explored novel object 2. An analysis of this preference for 
novelty indicated that the DI for control mice and irradiated 
animals was 0.255 and 0.636, respectively. Thus, the NOR 
test shows that the recognition memory remained intact in 
mice 3 months following 0.7 Gy 12C particle irradiation.

Histology

Experimental data raise the question of whether late effects 
of ionizing radiation on cognition are a mark of developing 
neurodegeneration or whether dementia is a consequence of 
acute neuroinflammation and radionecrosis. The probable 
answer is that the neurological outcome and dominant mech-
anisms of damage are dose-dependent for any specific model 
(Betlazar et al. 2016).To address this issue in our model, 
we performed histological analysis of the hippocampus 
of irradiated mice to assess its morphological state (Nissl 

staining) and to reveal late neuronal degeneration (Fluoro 
Jade-B staining). Some reports have shown that Fluoro-Jade 
can also be useful for the detection of the glial cell death 
(Damjanac et al. 2007).

Histological analysis of the dorsal hippocampus was car-
ried out 1 month after the evaluation of cognitive activity 
(two months after irradiation). In Nissl-stained sections, 
quantification of neurons was carried out in the dentate hilus 
(counting frame 300 × 300 μm) and hippocampal pyramidal 
cell layers (fields CA3a, CA3b and CAl; counting frame 
500 × 500 μm). Calculations were performed in the right hip-
pocampus at levels corresponding to AP = − 1.7–1.94 of the 
Paxinos and Franklin (2001) atlas. At least five different sec-
tions were evaluated from each animal. It was found with the 
use of Nissl staining that the number of cells in the dorsal 
hippocampus decreased in the group of irradiated animals 
compared with the unirradiated control group (Fig. 5a). The 
most pronounced decrease in cell density was observed in 
the DG of the irradiated group (631.68 ± 137.39 cells/mm2 
in the irradiated group, n = 34, compared to 726.31 ± 148.11 
cells/mm2 in the control group, n = 33, Mann–Whitney test 

Fig. 2   Changes in exploratory behavior in the open field test in mice 
exposed to accelerated carbon ions. a velocity, cm/s; b distance 
moved, cm; c frequency of access to the center of the open field; d 

total (cumulative) duration of the stay in the center of the open field. 
Data are shown as the mean ± SEM (n = 10 animals per group). White 
and gray bars correspond to control and irradiated animals
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U = 349.5, p = 0.007) (Fig. 5b). In addition, the length of the 
CA3c field of the dorsal hippocampus in the group of irradi-
ated mice significantly decreased (0.19 ± 0.03 mm, n = 34, 
compared to 0.16 ± 0.02 mm in the control group, n = 33, 
the Mann–Whitney criterion U = 341.5, p = 0.005), and the 
number of cells in this field was reduced (57.7 ± 10.5 cells, 
n = 34, as compared with 65.4 ± 14.2 cells in the control 
group, n = 33, the Mann–Whitney test U = 395.5, p = 0.038). 
The number of samples (n) represented the total number of 
brain slices used to quantify cells.

Degenerative cells in the dorsal hippocampus were vis-
ualized using FJB staining. Experiments with the use of 
FJB-staining showed no FJB-positive staining in the fields 
CA1, CA3a, b, c and DG hilus of the dorsal hippocampus 

in irradiated and control animals 3 months after irradiation. 
Thus, neither morbid neurons nor glial cells were detected 
in irradiated nor in control groups (Fig. 6).

Discussion and conclusions

It is known that impaired hippocampal-dependent func-
tions such as spatial learning and memory reflect developing 
radiation-induced cognitive changes (Roman and Sperduto 
1995; Abayomi 1996). Such cognitive impairments and 
anxiety-like symptoms like decreased operant responses 
in laboratory animals and accelerated aging are associated 
with HZE exposure (Christmas and Maxwell 1970; Snyder 
et al. 2005). All of them can be associated with the decrease 
of neurogenesis in the DG, radiation-induced alterations 

Fig. 3   Effect of carbon ions on the mice learning rate (a) and spatial 
memory (b) in the Barnes maze. a Mice were pre-trained to enter 
the escape box by placing them outside the escape box in the Barnes 
maze for up to 3 min, after which mice were left in the escape box for 
2 min. Animals were subjected to three trials per day at 15–20-min 
intervals during three training days. Based on the time of search of 
the goal box, a linear approximation of the learning of each mouse in 
the group was analyzed, and the slope coefficient was determined. b 
Test 1—testing animals to finding the goal box (s) in the maze on the 
2nd day after learning; test 2—testing animals in the maze on 9th day 
after learning. Data are shown as the mean ± SEM (n = 10 animals 
per group). White and gray bars correspond to control and irradiated 
animals. Irradiated mice showed a deficit in hippocampal-dependent 
memory retention.

Fig. 4   Effect of carbon ions on the mice episodic memory reten-
tion in the novel object recognition task: a Frequency of the epi-
sodes of exploratory behavior (nose touches). b Cumulative dura-
tion of exploratory behavior (% from trial duration). White and gray 
bars correspond to objects locations. At familiarization phase, simi-
lar objects were presented; at test phase, object 2 was changed for 
novel. At the stage of familiarization, intergroup differences are not 
revealed. In the test phase, the animals of both groups spent more 
time exploring the new object than the familiar object. The DI value 
for control mice and irradiated animals was 0.255 and 0.636, respec-
tively. Data are shown as the mean ± SEM (n = 10 animals per group)
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in vascular and neuroinflammatory glial cell clonogenic 
populations, oxidative stress and acute cell death in irradi-
ated region of brain (Greene-Schloesser et al. 2012; Fike 
2011; Sona et al. 2015; Hladik and Tapio 2016). Cognitive 
impairments after the treatment of brain tumors by radia-
tion of adults and children as well as health risks to cosmic 

ray-exposed astronauts have been directly connected to the 
disorder of DG neurogenesis, but despite the acceptance of 
this fact, there are extremely few studies of the impact of 12C 
on neurogenesis (Silvers et al. 2007; Cacao and Cucinotta 
2016). To investigate changes in neurogenesis induced by 
HZE radiation, different rodent models were used. However, 
it is worth pointing out that these studies have tested limited 
number of doses, animal characteristics (sex, age), times 
after exposure and biological endpoints. Sufficient body of 
evidence was accumulated suggesting specific vulnerability 
of hippocampal neurogenesis, since proliferating cells were 
reactive to lower doses at an early age on multiple animal 
models (Jenrow et al. 2013; Blomstrand et al. 2014). It was 
shown that proliferating precursor cells of the subgranular 
zone dentate gyrus and their progeny were exposed to apop-
tosis after irradiation in adult rodents, while over months 
after exposure the consequential reduction in the production 
of new neurons is still observed (Tada et al. 2000; Mizu-
matsu et al. 2003). In rats, the cranial X-rays irradiation with 
a single high dose of 10 Gy almost completely stops the 
production of new neurons, while the surviving progenitor 
cells take the glial phenotype (Monje et al. 2002). Besides, 
data of hippocampal structure and function after irradiation 
in prenatal or neonatal rodents were accumulated (Sienkie-
wicz et al. 1992; Moreira et al. 2001).

Fig. 5   Histological analysis of the dorsal hippocampus 3 months after 
the carbon ions irradiation of mice: a Nissl-stained sections: neuronal 
quantification in the dentate hilus and hippocampal pyramidal cell 
layers (fields CA3a, CA3b and CAl). b Changes in dentate gyrus cell 
numbers and cell layer CA3c of hippocampus. Low dose of carbon 
ions reduced the number of cells in the DG as well as the length of 
the CA3c field of the dorsal hippocampus and the number of cells 
in this field. Data are shown as the mean ± SEM (n = 5 animals per 
group)

Fig. 6   Sections of dorsal hippocampus stained with FJB to detect 
acute neurodegeneration: left column—control animals (n = 5), right 
column—irradiated mice (“experiment” group, n = 5)
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Despite the noticeable impact on hippocampal neurogen-
esis, behavioral changes were undetectable with doses lower 
than 5 Gy (Sona et al. 2015). Most data on neuronal damage 
were acquired after irradiation with therapeutically relevant 
doses (5–50 Gy) of X-ray or gamma radiation while other 
sources and lower dose ranges remained less studied. The 
work performed by Parihar and Limoli (2013) documented 
dose-dependent (0.1–1 Gy and 1–10 Gy) and persistent 
reduction in dendritic complexity of hippocampal neurons 
in mice 10- and 30-days post-radiation. Dendrite branch-
ing, length, and area were dose-dependently reduced com-
pared to sham-irradiated controls. Other studies with < 2 Gy 
whole-brain radiation showed that ionizing radiation may 
stimulate defenses against neuroinflammation and attenuate 
oxidative stress, which crucially influences cell proliferation, 
cell functioning and ultimately cell survival in the central 
nervous system (Betlazar et al. 2016). Concerning acceler-
ated carbon, there are scarce data showing that 4 Gy single 
exposure results in metabolic and behavioral alterations on 
the background of neuronal death (Liu et al. 2018).

Based on the mentioned works and sets of data that 
irradiation-induced loss of neural precursor cells affects 
hippocampal function (Tofilon and Fike 2000; Wong and 
Van der Kogel 2000), we investigated whether the exposure 
to accelerated carbon ions leads to cognitive impairment 
2 months after irradiation of mice and hippocampal neuro-
degeneration 3 months after irradiation.

Our results demonstrate that mice, irradiated with 
accelerated carbon ions in the Bragg peak at a dose of 
0.7 Gy, develop an altered behavioral pattern characterized 
by anxiety and deficit in hippocampus-dependent memory 
retention but not in episodic memory. Similar results were 
obtained by Casadesus et al. (2004). It has been demon-
strated that in rats irradiated with 1.5 Gy of 56Fe particles, 
the latency in entering the open field centre was longer, 
the frequency of visiting these parts was lesser, and the 
duration of stay there was lower as well, independent of 
the total activity. In the work of Philpott et al. (1985) on 
cranial irradiation of C57BL/6 mice with 0.5 Gy of 56Fe 
and 40Ar particles, the changes of morphology and syn-
aptic density in the hippocampus as well as a progressive 
decline in motor activity were observed. It has been shown 
that a similar decrease in spontaneous motor activity by 
24 h after irradiation is associated with increased cerebel-
lum oxidative stress. Rabin et al. (2003) have demonstrated 
earlier that exposing rats to total body irradiation with 
a dose of 1 Gy of 56Fe-particle ion induces a significant 
reduction in working and reference memory nine months 
after irradiation. Shukitt-Hale with colleagues (2000) 
revealed that during the first month after the irradiation 
with 1.5 Gy of 56Fe-particles, the spatial working memory 
was disrupted in rats. These data indicated that exposure 
to heavy charged particles can cause significant behavior 

disorders and affect the integration of new neurons and 
glia cells into the dentate granule cell layer. Moreover, 
changes in the populations of neurons and astrocytes were 
found in hippocampus and cortex. It was also shown that 
56Fe-particle radiation induced deficits in spatial learning 
and reference memory that are mediated by synaptic neu-
rotransmitter release (Marty et al. 2014). But in another 
work Kim et al. (2008) demonstrated that 1, 3 and 7 days 
after acute whole-body irradiation of mice with 60Co-
gamma rays with a dose of 2 Gy basal locomotor activity 
was not altered when compared to sham control animals.

In our work in mice irradiated with accelerated carbon 
ions at a dose of 0.7 Gy, no signs of degenerating neu-
rons were observed in the hippocampus three months after 
the exposure, although the cell density was decreased. It 
is interesting to note that the decrease in the number of 
cells was more prominent in the hilus of the DG, whose 
subgranular zone is the known site of adult neurogenesis 
and critical structure to the spatial memory formation. At 
the same time, an active neurodegeneration in this area 
was not detected. One possible speculative explanation 
of these results could be the suggestion that irradiation 
could affect neurogenesis or new cells integrated into 
the network. Recently Liu et al. (2018) have shown that 
impaired cognitive performance, neurodegeneration and 
neuronal cell death occurred in mice one month after 4 Gy 
carbon ion exposure. With respect to the histopathology 
evaluation, high-LET carbon ions led to the injury of the 
hippocampus characterized by a decrease in the number 
of Nissl-stained dark neurons, especially at the edge of 
the DG and CA1 regions. These data suggest that carbon-
ion-induced cognitive changes were mainly manifested 
as hippocampus-mediated learning and memory deficits. 
However, much about the influence of carbon ions on neu-
rogenesis is still unknown, e.g. the timing of its effect on 
neurogenesis. In recent work (Zanni et al. 2018), a reduced 
proliferation was found (by Ki67 and BrdU staining), and 
decreased numbers of immature neurons 2 h after irradia-
tion of mice with 1 Gy of 12C ions, as compared with con-
trol mice. Three months later, the same level of Ki67 + and 
DCX + cells was seen in irradiated and sham mice, indicat-
ing the mice brain capacity for recovery of proliferation 
and increasing of immature neuron numbers. In other work 
(Rola et al. 2004), irradiated C57BL/6 mice at 2 months 
after total body irradiation with 1, 2 and 3 Gy of 56Fe ions 
showed dose-dependent progressively fewer BrdU-positive 
cells. These data were verified by Ki-67 immunostaining 
in the subgranular zone dentate gyrus where the number 
of Ki-67-positive cells also decreased in a dose-dependent 
manner. It was found that in irradiated animals the num-
ber of immature neurons was significantly decreased (34% 
after 1 Gy and 71% after 3 Gy). Histopathological analy-
sis revealed that decline of the neuronal cell numbers in 
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the subgranular zone has been accompanied by chronic 
and diffuse astrocytosis and changes in pyramidal neurons 
inside and around the hippocampal formation.

Neuroinflammation and microglial activation are 
determinative factors for cell death in many pathological 
conditions. It was shown that the induction of activated 
microglia and neuroinflammation occur a few hours after 
irradiation (Ben Abdallah et al. 2007; Kalm et al. 2009; 
Veeraraghavan et al. 2011; Tseng et al. 2014). Depending 
on the degree of initial inflammatory response, microglial 
activation and neuronal death could became viciously 
related, inducing neurodegenerative pathology (Chen et al. 
2016; Kempuraj et al. 2016). Krukowski et al. (2018) find 
out that forehanded temporary microglia depletion, 1 week 
after helium radiation < 1 Gy, prevents the development 
of long-term memory deficits. On the other hand, acute 
neuroinflammation could be beneficial to the central nerv-
ous system, minimizing the injury by activating the innate 
immune system (Crutcher et al. 2006). Studies with < 2 Gy 
whole-brain radiation showed that ionizing radiation may 
stimulate defenses against neuroinflammation and attenu-
ate oxidative stress, which crucially influences cell prolif-
eration, cell functioning and ultimately cell survival in the 
central nervous system (Betlazar et al. 2016). Similarly, 
human neural stem cell cultures irradiated with charged 
particles at 0.05–0.25  Gy showed increased levels of 
ATP, and decreased ROS/RNS levels, which contributed 
to increased cell survival, as opposed to cells irradiated 
at higher doses of 1 Gy (Baulch et al. 2015). Based on 
known literature data, we assumed that chronic micro-
glia activation either does not occur (Ben Abdallah et al. 
2007; Sweet et al. 2014; Acharya et al. 2015) or occurs at 
HZE doses significantly higher than 0.7 Gy (Raber et al. 
2016; Monje et al. 2002; Greene-Schloesser et al. 2012; 
Mizumatsu et al. 2003; Morganti et al. 2014; Estable-Puig 
et al. 1964). This is implicitly confirmed by the fact that 
we did not observed any sign of active neurodegeneration 
in our experiments. Acute neuroinflammation still could 
be responsible for neuronal cell loss revealed by Nissl 
staining.

Thus, to date, the effect of HZE radiation on the central 
nervous system remains poorly understood and contradic-
tory. Obtained results indicate that total irradiation with a 
rather low dose of carbon ions could produce a cognitive 
deficit in adult mice without evidence of neurodegenera-
tive pathologic changes.
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