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1. Abstract

Radiation's influence on body organs and brain functions can be considered a considerable issue as it
usually has damaging results that are histopathological, physiological, and purpose-related issues. Every
entity in our surroundings is radioactive to a certain degree from food to human beings. Radiation is
necessary for several views of life like in medicine, nuclear medicine therapy, and fundamental research.
Cosmic radiation may have threatening consequences for astronauts and is somehow strange till now. During
our study, we have considered the impact of high energy proton radiation on Sprague rats by analyzing
histopathological samples from rat brains, evaluating the learning and memory abilities of rats using Open
Field test, and performing statistical testing to explain the difference between control and test groups.
Results illustrated that rats that undergo radiation suffer from significant brain function changes.
2. Introduction

Radiation is a form of energy, either waves or particles, that travels at the speed of light and can penetrate
materials and tissues as well (CDC). Radiation can be in the form of waves like Electromagnetic waves
like X-rays, Gamma A rays, and UV. Moreover, it can comprise particles like protons, neutrons, photons,
electrons, and heavy nuclei (Jones and Karouia, 2008). It can affect certain people through their work like
radiologists, those who work in nuclear settings, miners from radioactive elements, and even airplane crew
which can be affected by cosmic rays (Liu et al., 2022). Moreover, humans can be affected by radiation
naturally. About 82% of the radiation-absorbed population is affected by background radiation.
Background radiation arises from our environment like from soil, oceans, water, and certainly cosmic rays
(Shahbazi- Gahrouei et al., 2013, Liu et al., 2022).

Cosmic rays are natural radiations that come from space with high penetration power. The variability in
space radiation constitution may be due to Solar Particle Events phenomenon in addition to its interaction
with electromagnetic field surrounding the Earth. Solar Particle Events can be a source of Galactic Cosmic
Rays GCR which exert an extremely detrimental impact on astronauts on deep space lunar and interplanetary
expeditions as they are there outside the protection of earth electromagnetic field. Moreover, Low Earth
Orbits LEO can be also exposed to galactic cosmic radiation. Despite the protection of the geomagnetic
field against galactic cosmic rays, a negative impact on LEO missions can be noticed due to the entrapment
of protons and electrons in Van Allen Belts (Jones and Karouia, 2008). Protons are found to be the most
abundant element in Galactic Cosmic Rays and Solar Particle Events as they comprise about 86-91% of

galactic cosmic rays as shown in the Figure below (Kiffer et al., 2019, Jones and Karouia, 2008).
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Figure: The abundance and ionizing power of different elements in galactic cosmic rays (Jones and Karouia, 2008).

Protons can be used in cancer therapy with selectivity for tumor tissues rather than normal ones (Mohan
and Grosshans, 2017). Moreover, it showed greater effectiveness than photon therapy (Mohan, 2022).
However, proton radiation has serious harmful effects on humans and the environment. It can affect people
in several settings and can affect approximately all body tissues (Jones and Karouia, 2008). A publication
by (Suckert et al., 2021) showed that proton radiation caused mice brain function decline and behavioral
changes, skin lesions, and hair loss in addition to recorded histological sample problems like tissue
necrosis, blood vessel dilatation, cell edema, and deposited granules in hippocampus with sclerosis.
Furthermore, a publication by (Kiffer et al., 2019) has also shown serious data about the effect of H
radiation on brain function as variating doses can cause alteration in striatum-dependent memory, MWM
pattern as animals remain longer in other quadrants than the targeted one, spatial memory, hippocampus-
dependent memory and open-field activity, disruption of psychomotor vigilance, lowered motor
performance on rotarod in addition to serious structural and functional changes in the Central Nervous
System CNS. Therefore, it is very important to study the effect of proton radiation, which is the most
abundant element in galactic cosmic rays, to illustrate the detrimental impact of this radiation on
astronauts, who are extremely subjected to those rays.
- Project goals

In this study, our goal is to understand what are the effects that can be produced in body tissues and brain
functions, behavior, and cognition upon exposure to cosmic radiation and the effect of certain drugs with
radiation dose produced in the body tissues in addition to the functions, behavior, and cognition upon
injection.

Results have shown that proton radiation has a serious detrimental effect on tissues and brain functions.

3. Materials and Methods

a. Animals and study design



A single-blinded study in which 45 female Sprague rats were used and only a few publications studied the
effect of radiation on female rats (Kiffer et al., 2019). They were obtained from the “Pushchino” nursery,
and they had free access to water and food. Rats were divided into control and test groups. Behavioral and

brain function tests were performed after irradiation and then animals were decapitated, and

Histopathological and blood samples were collected and tested. All procedures were performed following
the bioethical rules and regulations of (Protocol No. 19-3 Scientific-technical Council of Laboratory of
Radiation Biology).
b. Radiation procedures

Two (proton) groups, 9 Sprague rats, were irradiated with a dose of 4 Gy, and 8 Gy of 170 MeV proton
radiation as a previous study by (Severyukhin et al., 2019) has shown that it has a significant deleterious
effect on visual activity on the 90" day of 170 MeV proton irradiation in addition to amyloid formation
and edema in histopathological samples from rat hippocampus (Severyukhin et al., 2023). In addition, two
other groups, 16 Sprague rats, for neuroprotection experiments were used to detect the effect of certain

drugs with proton radiation on the functional behavior of the mice for the irradiation process.

Rats were placed in cylindrical tubes made from polymethyl methacrylate. The radiation direction was
cranio-caudal, starting from rat heads and then down the body. The process took place at the Medical and
Technical Complex at JINR.

Figure: Irradiation procedures in medical technical complex, SARRP system using Radiation-specific cylindrical tube JINR.

A. Brain functions and behavioral tests
To test rat brain functions and behavior we have used:
1- Open Field Test OFT

OFT is a main method designed to analyze rat behavior and general activities. It was in the form of
a circular area with an enclosure around to prevent the animal from escaping with the ground divided into
three main circles that have the same center with holes allocated roughly all over the areas. Several rat
actions and activities were noted and set out, quantitatively and qualitatively which means that certain
actions have been tested with the exact number of times that these actions have been performed (Gould
et al., 2009, Seibenhener and Wooten, 2015). Many actions can be recorded. Moreover, each action has a
justification as when they enter the holes in the ground area, this action means an exploratory action. The

center entry indicates lower anxiety, grooming means relaxation, rearing, standing up using only two legs



with upper legs free or relying on the wall, and freezing action, where rats have no answer as they become
frightened, and finally urination and defecation which indicate exaggerated stress. There were two groups,
control and proton groups, with 4 rats for control, 4 for the 8Gy dose of radiation, and 5 for the 4Gy dose
of radiation, and each rat was left in the area one time on the day of radiation and 1 day after radiation.
Then, their movements, actions, and activities were recorded in 6:02 minute long videos by the camera,

noted down by human eyes, and analyzed manually by eye and by Ethovision XT for statistics.
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Figure: Some rat actions in Open Field Test OFT

B. Histopathological sample preparation and staining

Three rats were decapitated after 14 days, one from the control group and the other two from the proton
groups. Organs were separated, and different processes were performed to preserve and stain tissue.
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Figure: Process of scarification of the rat and fixation of the brain in 4% formalin

- Fixation (Irreversible process)
In formalin 4%, we soaked the fixed organs for 3 days. Washing with tap water is followed to avoid tissue
artifacts caused by formalin. Fixation is the first step in staining to keep animal tissue from autolysis and
putrefaction (Singh et al., 2019).

- Pre-embedding, embedding and blocking
The second process is tissue embedding, which was performed to protect and reinforce the separated tissue

and to prevent tissue damage upon slicing (Dey, 2018).



Before paraffin embedding, several stages were followed. Firstly, samples were dehydrated from water
using an ascending concentration of ethanol (50% for 1h., 70% for 1h., 95% for 1h., and 100% for 2h for
3 times), This was followed by clearing samples for 1h, 3 times, using xylene to remove the alcohol.
Finally, infiltration followed. Paraffin wax with a melting point (60°C) mixed with xylene for 1h for 1 time
followed by 2 times without xylene. A low melting point was used to prevent tissue damage by higher
temperatures.

Tissues were then transferred from cassettes using worm forceps to a previously wax-filled mold. Then,
cassettes were transferred above wax molds followed by additional wax filling. Finally, mold was
transferred to chilled water on a cold plate for 30 minutes to form a block in a process called blocking.

Pre-embedding procedures (Reversible process):

Formalin Buffered 4% 3 days Room temperature
Top water 1.5h Room temperature
Ethanol 50% 1h Room temperature
Ethanol 70% lh Room temperature
Ethanol 95% 1h Room temperature
Ethanol 100% 2h Room temperature
Ethanol 100% 2h Room temperature
Ethanol 100% 2h Room temperature
Xylene 1h Room temperature
Xylene 1h Room temperature
Paraffin mixed with xylene 1h Room temperature
Paraffin 1h 60 deg.

Paraftin 1h 60 deg.

Paraffin 1h(overnight) 60 deg.

- Sectioning

Tissue sectioning is a determined and major stage as with good sectioning, specimens will be more

apparent under a microscope to detect any damage or artifacts.

Sectioning was done by rotary microtome shown in the figure below and 5 micrometer specimens were
produced. Then, thin specimens were floating in a 45°C water bath to flatten. Glass slides were put under
tissue slices to adhere to them and samples were left to dry first at approximately 50°C and then left
for about 24 hours to dry at room temperature for best sample fixation to slides. Furthermore, the depth of
trimming was also recorded to detect which part we had reached, so we could assess if there were hitches
related to the process of fixation like autolysis, a problem with the cutting knife, a problem with embedding
and pre-embedding processes like dehydration, a concern regarding the temperature of water bath or even
drying time. | made slides from irradiated rat brains (4Gy and 8Gy), and control rat brains. Brain slices
were taken at several depth points on the tissue starting from zero to 820 micrometers in the case of control
blocks, 4Gy irradiated brain slices were taken at zero up to 1445 micrometers, and 8Gy irradiated brains

began from zero to 490. | have learned some hacks and tricks like using our breath temperature to




facilitate the process of slicing. Furthermore, the best way to make a section is to be gentle in handling

and cutting samples.

Figure: Sectioning process

- Staining

Following the cut of paraffin sections (5 microliters). The slides were completely dry at 37C overnight.
Luxol Fast Blue stain (LFB stain) is a commonly used stain to examine myelin under light microscopy.
LFB is commonly used to detect demyelination in the central nervous system (CNS) but cannot detect
myelination in the peripheral nervous system (Shin J. Oh (2002). Luxol fast blue is a copper-
phthalocyanine dye that is soluble in alcohol and is attracted to bases found in the lipoproteins of the
myelin sheath (Jocelyn (2006) (John D. Pfeifer2008). Under the stain, myelin fibers appear blue, neuropil
appears pink, and nerve cells appear purple. Tissue sections are treated over an extended period (usually
overnight) and then differentiated with a lithium carbonate solution (John D. Pfeifer2008).

Staining procedures:

1 | Deparaffinization Xylene 3 changes, 6 minutes each

2 | Removal of xylene 100% ethanol 3 changes, 5 minutes each

3 | Hydration 95% ethanol 5 minutes, one time

4 | Staining 0.1% Luxol fast blue solution | Overnight, 60°C/ or 2h.

5 | Rinsing 95% ethanol 1 minute

6 | Rinsing Distilled water 1 minute

7 | Differentiation 0.05% lithium carbonate 5 seconds to 20 seconds

8 | Differentiation 70% ethanol 3 changes. 20 seconds each

9 | Microscopic check, Repeating Until gray matter becomes white.
steps 5-7

10 | Rinsing Eosin 1 minute

11 | Rinsing Distilled water

12 | Dehydration 100% ethanol 3 changes, 5 minutes each

13 | Clearing, then coverslip Xylene 3 changes, 10 minutes each




C. Statistical analysis
We have used Jamovi 2.3.28 for our statistical analysis. In the Open Field Test (OFT), we used the number
of certain actions to perform the ANOVA test between the main three groups, control, 4Gy, and 8Gy.
Additionally, mean distance and velocities moved were calculated for locomotion change assessment. In
the histological part, we differentiate between different myelination sections and calculate the area
percentage myelinated using ImageJ in control tissue and 8Gy dose radiated tissues using 3 different tissue
slices for each.

4. Results and Discussion
1- Open Field Test OFT

All events in the figure below have been recorded by the camera and tabulated with the exact

number of times they happened.

Figure: Actions of rats in Open Field Test (OFT):
1- rearing, 2- grooming, 3- center entry, 4- freezing, 5- hole entry, 6- defecation.

Regarding statistical analysis of OFT findings, Concerning the SARRP test, we have performed an
ANOVA test. On day 1, there is a significant difference (p-value 0.04) in center entry as it is significantly
lower in the proton group than in the control group as an exploratory action. Followed by grooming action
(p-value 0.23) which is supposed to be a way that animals use to remove dirt and objects from their bodies,
but it is also found to be related, but not limited, to decreasing anxiety or stress, decreasing pain, and social
communication (Rojas-Carvajal et al., 2018). A publication by (Aureli and Yates, 2010) has shown that
grooming has a role in distress prevention and anxiety reduction. Moreover, social bonding and
relationships are higher after grooming between animals (Schino and Aureli, 2009). Therefore, a
significant decrease in grooming after proton irradiation may be due to the reduction of rats’ abilities to

relax themselves or to communicate and build relationships as an impact of radiation on brain functions



and behavior. Moreover, radiation may have caused depression in certain areas of the brain, so rats are no
longer able to mitigate their stress. However, a study by (Molesti and Majolo, 2013) has already reported
an increased level of anxiety after grooming and so rats may have also decreased grooming to avoid an

extra increase in stress and anxiety that may result from proton radiation.

After 14 days of radiation. We can find that the number of hole entries varies significantly (p-value 0.04)
with a higher number of hole entries in the proton group than in the control group. The same result was
obtained from the neuroprotection experiments in which the number of hole entries was very significant
(p- value 0-13) reflecting the exploratory action. However, the number of hole entries in the case of
radiated rats with the injected drug was less than the holes entered in the case of the control group (p-
value 0.13). The usual thought about hole entry is that it is related to exploration activity, but a publication
by (Birke and Sadler, 1986) has already shed light on this action that animals will not usually have the
stimulus of new sites exploration when they are enclosed in a limited area, but their action may be

escaping, and entering or even sniffing the holes may be driven by their extreme fear.

The lower level of significance in the rearing difference between the proton and control group after 14
days from radiation. Rearing is strongly related to animal hyperactivity and exploration (Valvassori et al.,
2017). Therefore, the lower rearing in the proton group may be due to the damaging effect of proton
radiation after 14 days, which can be irreversible, in the brains of experimental rats and so decreasing the

exploratory actions.

- SARRP experiment
One-Way ANOVA (Non-parametric)

Kruskal-Wallis
x df p
Center zone 6.447 2 0.040
Rearing 1.334 2 0513
Holes 1.372 2 0504
Grooming (long) 2.704 2 0.259
Groomong (short) 0.565 2 0754
Freezing 2.217 2 0330

Group Group Group
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Figure: OFT statistical analysis after one day of radiation
- Neuroprotection experiment
Kruskal-Wallis
g df p
Center zone 4.04 3 0.257
Rearing 2.34 3 0.505
Holes 5.65 3 0.130
Grooming(long) 2.33 3 0.507
Grooming (short) 3.30 3 0.348
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Figure: OFT statistical analysis for neuroprotection experiment



- EthoVision XT software for OFT

Videos were uploaded on Ethovision XT for rat tracking and data analysis. The analysis showed heatmaps

resulting from rat movement. We can check the difference in movement status, yellow-colored areas show

the periods of rat immobility.

One-Way ANOVA (Non-parametric)

Kruskal-Wallis
L df p
Distance 6.17 2 0.046
moved
velocity 6.17 2 0.046
Dwass-Steel-Critchlow-Fligner pairwise comparisons
Pairwise comparisons - Distance moved
W p
control 8Gy -3.27 0.055
control 4Gy -1.00 0.759
8Gy 4Gy 2.00 0.334
Pairwise comparisons — velocity
w p
control 8Gy -3.27 0.055
control 4Gy -1.00 0.759
8Gy 4Gy 2.00 0.334
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Figure: 4Gy, 8Gy proton and control groups vs velocity and distance

Independent Samples T-Test
Independent Samples T-Test

Statistic df p
Distance moved Student's t 3.78 6.00 0.009
Mann-Whitney U 0.00 0.029



Independent Samples T-Test

Statistic df p
velocity Student's t 3.46 6.00 0.013
Mann-Whitney U 0.00 0.029
Note. H, I control * N sGy
Assumptions
Normality Test (Shapiro-Wilk)
W p
Distance moved 0.898 0.279
velocity 0.892 0.242
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Figure: 8Gy proton and control groups vs velocity and distance
The locomotion of rats has also been assessed. Normality and Student’s T-tests were performed showing a
significant difference between lower velocity and distance in rats in the proton group than those of the

control group as an indicator of the acute damaging effect of radiation on brain functions and behavior.

1- Histological sample examination

We detected overall changes in tissues. Pictures of the brain of the control and irradiation rat groups were

taken using ToupView with light microscopy to compare the rate area of myelination between the control
group and radiation group.

Figure: Control without myelination



Figure: Radiated group with myelination

5. Conclusion
Our results have shown some behavioral, brain function, and histopathological changes upon rat exposure
to 4 Gy and 8 Gy doses of proton radiation. There is asignificant difference in hippocampus function between
the control and radiation groups. Moreover, some changes in actions like grooming, rearing, and hole
entries have been noticed. Histopathological changes were also noticed. This all proves the dangerous
effect of proton radiation which is the most abundant part of cosmic rays on the body and brain functions

of all living organisms. Astronauts may suffer from the highest damage as they are always exposed to the
highest amount of this radiation.

Research in this area must be expanded to understand the long-term effects of cosmic radiation on body
tissues and brain functions and their mechanisms. As future research suggests, simulation can be done to
save time and cost and to predict the effect of radiation on behavior and body tissue. Moreover, merging
research methods of biochemistry, genetics, MD simulation, and computational neuroscience with the
techniques used in this work could be very beneficial to fully understand the whole impact of radiation on

our bodies.
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