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Introduction: Exposure to space conditions during crewed long-term exploration
missions can cause several health risks for astronauts. Space radiation, isolation
and microgravity are major limiting factors. The role of astrocytes in cognitive
disturbances by space radiation is unknown. Astrocytes’ response toward low
linear energy transfer (LET) X-rays and high-LET carbon (12C) and iron (°®Fe) ions
was compared to reveal possible effects of space-relevant high-LET radiation.
Since astronauts are exposed to ionizing radiation and microgravity during space
missions, the effect of simulated microgravity on DNA damage induction and
repair was investigated.

Methods: Primary murine cortical astrocytes were irradiated with different doses
of X-rays, 12C and °Fe ions at the heavy ion accelerator GSI. DNA damage
and repair (yH2AX, 53BP1), cell proliferation (Ki-67), astrocytes’ reactivity (GFAP)
and NF-«kB pathway activation (p65) were analyzed by immunofluorescence
microscopy. Cell cycle progression was investigated by flow cytometry of DNA
content. Gene expression changes after exposure to X- rays were investigated
by mRNA-sequencing. RT-gPCR for several genes of interest was performed
with RNA from X-rays- and heavy-ion-irradiated astrocytes: Cdknla, Cdkn2a,
Gfap, Tnf, Il1 8, 16, and Tgfpl. Levels of the pro inflammatory cytokine IL-6 were
determined using ELISA. DNA damage response was investigated after exposure
to X-rays followed by incubation on a 2D clinostat to simulate the conditions of
microgravity.

Results: Astrocytes showed distinct responses toward the three different radiation
qualities. Induction of radiation-induced DNA double strand breaks (DSBs) and the
respective repair was dose-, LET- and time-dependent. Simulated microgravity
had no significant influence on DNA DSB repair. Proliferation and cell cycle
progression was not affected by radiation qualities examined in this study.
Astrocytes expressed IL-6 and GFAP with constitutive NF-kB activity independent
of radiation exposure. mRNA sequencing of X-irradiated astrocytes revealed
downregulation of 66 genes involved in DNA damage response and repair, mitosis,
proliferation and cell cycle regulation.

Discussion:  In conclusion, primary murine astrocytes are DNA repair
proficient irrespective of radiation quality. Only minor gene expression
changes were observed after X-ray exposure and reactivity was
not induced. Co-culture of astrocytes with microglial cells, brain
organoids or organotypic brain slice culture experiments might reveal
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whether

astrocytes
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show a more pronounced radiation response in

more complex network architectures in the presence of other neuronal

cell types.

astrocytes, X-rays, heavy ions, simulated microgravity, DNA double strand breaks,
cytokines, cell cycle, astrocyte reactivity

1. Introduction

Long-term space travel and planetary exploration, including
missions to Moon and Mars, are the next challenging steps for
crewed space missions. During these missions, exposure to space
radiation might be detrimental to astronaut health as a risk factor
for the development of cancer and non-cancer effects (1, 2). There
are two major sources for the space radiation environment in space:
(1) Galactic cosmic rays (GCR) originating beyond the solar system
[energetic protons, helium nuclei and heavy ions, also called high
charge and energy (HZE) nuclei] and (2) Solar energetic particles
(SEP) continuously emitted by the Sun as low energetic solar wind
or during coronal mass ejections as solar particle events (SPE).
While GCR are composed of 98 % baryons (87 % protons, 12 %
helium ions, ~1% heavy ions) and 2% electrons and positrons
(3), SPE are composed of 89% protons, 10% helium ions and
1% heavy ions. The probability of their occurrence rises during
the solar maximum of the ~11-year solar cycle. As GCR cannot
be completely shielded during free space voyage, a chronic low-
dose rate GCR exposure of astronauts accumulates to considerable
doses during a 3-year-Mars mission (~1Sv) (4-6). Furthermore,
SPE bear the risk of acute exposure to high dose rates in situations
of insufficient shielding.

With this composition, space radiation differs strongly from
well-characterized ionizing radiation qualities on Earth such as
alpha-, beta- and gamma radiation or X-rays. High complexity
of the space radiation field makes assessment of its biological
effects quite difficult. GCR simulation composed of protons, helium
nuclei and selected heavy ions became only recently available at the
NASA Space Radiation Laboratory (NSRL) at Brookhaven National
Laboratories (BNL) (7). Mostly, experiments with single mono-
energetic ions are performed to assess their biological effectiveness
in comparison to well-known radiation qualities such as X-rays or
gamma rays. Here, the linear energy transfer (LET) of radiation
is frequently used to describe ionization density and correlated
biological effects. While X-rays or y-rays are considered low-LET
radiation, HZE particles of GCR are high-LET radiation.

Due to its limited repair capacity, space radiation effects
on the central nervous system (CNS) are of high interest.
Decreased CNS performance, but also an increased overall risk
to develop a neurodegenerative disorder such as Parkinson’s
Disease in astronauts is suspected (2, 8). Animal experiments using
space-like radiation revealed impairments in memory, deficits in
processing speed, attention and cognitive flexibility, as well as
elevated anxiety levels and depressive behavior in mice (8, 9).
The cellular mechanisms involved in these cognitive effects are
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currently under investigation. Animal studies demonstrated that
increased cell death (10), decreased proliferation (11), increased
DNA damage (12), cell cycle changes (13) and neuroinflammation
including activation of microglia and astrocytes (14-16) might
be involved in the response to space-relevant radiation qualities.
Since cognitive detriments and increased risk of developing
neurogenerative disease are crucial factors affecting astronaut
health and mission success, further investigations of the underlying
cellular and molecular processes are necessary. Astrocytes are the
most abundant glial cells in the CNS and despite their supportive
function in the physiological processes of the brain, they react
under pathophysiological conditions with cellular, molecular and
functional changes. This suggests that astrocytes play a crucial role
in the brain’s response to radiation.

The main impact of ionizing radiation on mammalian cells
is damage to deoxyribonucleic acid (DNA), inducing breakage
of both DNA strands (DNA double strand break, DSB), which
could subsequently lead to cell death (17). Compared to low-LET
radiation, high-LET radiation leads to dense ionizations along the
particle tracks and induces more complex DNA damage which
is difficult to repair (18). Cellular damage induced by ionizing
radiation subsequently initiates an active cellular response, the
DNA damage response, comprising DNA damage repair, altered
gene expression, cell cycle arrest or programmed cell death (19-21).
In general, while basic principles and mechanisms of the radiation
response in mammalian systems are understood nowadays, tissue-
or cell-type specific effects of ionizing radiation are still under
investigation. For astrocytes, knowledge of their ability to repair
DNA damage induced by ionizing radiation, especially heavy ion-
induced DNA damage is scarce. In a seminal study comparing
murine embryonic stem cell-derived neural stem cells and
corresponding terminally differentiated astrocytes, astrocytes were
radioresistant and expressed non-homologous end-joining genes
enabling repair of ionizing radiation-induced DNA DSB (22). The
repair kinetics of these DNA damages can indicate whether a cell-
type is DNA repair-proficient or -deficient. Intracellular pathways
are known to be activated in response to ionizing radiation, such
as the nuclear factor kB (NF-kB) pathway. NF-kB is known to
transcriptionally regulate a multitude of cellular responses, like
immune response, inflammation via cytokine release, proliferation,
cell cycle progression, and apoptosis. In other cell types, it was
shown that the NF-kB subunit p65 translocates into the nucleus
upon pathway activation in response to ionizing radiation exposure
(20), including heavy ion exposure (21-23).

CNS
inflammation or exposure to toxic substances, astrocytes shift

During pathophysiologic processes, e.g., injuries,
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their phenotypic state from a normal naive state to a reactive
state, also known as astrocyte reactivity. Depending on the
severity of the nervous tissue insult, astrocytes become reactive,
which spreads throughout the affected area as so-called reactive
astrogliosis and ultimately leads to the formation of the glial
scar (23, 24). This phenotypic change upon reactivity induction
is accompanied by several traits, including hyperproliferation,
increased cellular maintenance, morphological alterations,
increased migration rates, cytokine release, and gene expression
changes. Characteristic for astrocyte reactivity is the overexpression
of the intermediate filament glial fibrillary acidic protein (GFAP)
(23). Furthermore, astrogliosis is a heterogeneous process (23)
with a continuous spectrum of severities (25). Depending on
pleiotropic factors, astrocytes may maintain damage-induced
inflammatory reactions and tissue damage or promote repair
of tissue after becoming reactive (23). This process can
also be triggered by neuroinflammation and plays a role in
neurodegenerative mechanisms. Ionizing radiation is also known
to induce neuroinflammation by microglia activation or astrocyte
reactivity or by induction of radiation-induced senescence further
promoting chronic inflammation (26, 27). In recent studies,
stress response mechanisms in astrocytes include reactivity
induction and cellular senescence (25), raising the question
whether astrocytes respond with a transition into a reactive
state or with so-called astrosenescence after exposure to ionizing
radiation. Astrosenescence is characterized, for example, by a
growth arrest, a senescence-associated secretory profile (SASP)
involving increased secretion of cytokines such as interleukins (IL),
as well as senescence-associated B-galactosidase activity, whereas
astrocyte reactivity is accompanied by increased cytokine secretion
in response to CNS insults (25).

Ionizing radiation is not the only risk factor astronauts face
during space missions. Microgravity affects the human body by
head ward fluid shift and mechanical unloading, resulting in
changes in visual acuity (8), bone (28, 29) and muscle loss
(30), reductions in plasma volume, cardiovascular deconditioning
and neurovestibular alterations (31-36). In 30-day 6°-head-down-
tilt bedrest study, changes in white and gray matter volume
and white matter tracts of the brain of healthy volunteers
were shown by magnetic resonance imaging (MRI) (37). Also,
in animal models, microstructural alterations were found in
multiple brain regions (37). On tissue level, in a biosatellite
experiment with C57BL/6N mice, myelin degeneration of the
sciatic nerve (38) and transcriptome changes were observed
(39), and alterations in the choroid plexus were induced by
hindlimb unloading or spaceflight in rats (40). Microgravity-
induced effects are also observed on a cellular level (41, 42), for
example, changes of organelles and the cytoskeleton (43-45), of
migration (46-48), cell cycle regulation (49), cell proliferation
(50), apoptosis (51), DNA repair (52), differentiation (8, 53, 54)
and T cell regulation (41, 55), and gene expression, proteome
and epigenetics alterations (49, 56, 57). Interestingly, increased
mechanical loading in consequence to mild hypergravity exposure
(2g) yielded an attenuation of astrocyte reactivity (58). Thus,
astrocytes are sensitive to changes in gravity levels, but a clear
understanding of the effects of multiple space-relevant conditions
including microgravity and ionizing radiation on astrocytes is
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still missing. As DNA repair, cell cycle arrests, apoptosis and
changes in proliferation and gene expression are hallmarks of the
DNA damage response, the interaction of space radiation and
microgravity effects on the cellular level needs to be understood also
in astrocytes.

This study aims to characterize the response of primary murine
astrocytes toward exposure to low- and high-LET radiation to
further understand their role and function in the brain after
radiation exposure. Primary murine astrocytes isolated from the
cortex of mouse embryos are powerful tools to understand
molecular pathways induced by radiation exposure and whether
they secrete, e.g., cytokines (59). To determine if the DNA damage
repair kinetics in astrocytes are comparable to other cell types,
formation of phosphorylated H2AX (yH2AX) and p53 binding
protein 1 (53BP1) foci was investigated via immunostaining after
irradiation of primary murine astrocytes with different types of
radiation. As arrest of cell cycle progression in response to ionizing
radiation allows sufficient repair time of DNA damage, the cell
cycle was analyzed and gene expression of regulators involved in
different cell cycle check points (Cdknla, Cdkn2a) was studied
via reverse transcription quantitative real-time Polymerase Chain
Reaction (RT-qPCR). As the NF-kB pathway constitutes a major
signaling pathway involved in inflammatory responses to ionizing
radiation, its activation was investigated by immunostaining of the
NF-kB subunit p65 and quantification of its nuclear localization.
Astrocyte reactivity in response to ionizing radiation exposure
was assessed by immunofluorescence staining of GFAP and the
cell proliferation marker Ki-67. Since changes in gene expression
are known to be part of astrocytes’ reactivity, expression of
Gfap, 1113, Il6, Tgff1, and tumor necrosis factor (Tnf) was
investigated by RT-qPCR. The transcriptomics profile of X-
irradiated astrocytes was determined by mRNA sequencing. In
order to differentiate reactivity from astrosenescence, cytokine
secretion was quantified using enzyme-linked immunosorbent
assays (ELISA). Furthermore, the effect of simulated microgravity
on the repair of X-ray-induced DNA double strand breaks was
analyzed using the principle of 2D fast clinorotation (60, 61) to gain
a basic understanding of astrocytes’s DNA damage response under
space-like conditions.

2. Materials and methods

An overview of the experiments performed in
this  work indicating radiation qualities, doses and
time points that were investigated for the different

biological endpoints in primary murine astrocytes is given
in Table 1.

2.1. Preparation and cultivation of primary
murine astrocytes

Primary murine astrocytes were isolated from cortices of
C57BL/6] wildtype mouse embryos at embryonic day 18.5
(E18.5) as described in reference (58). This animal experiment
was approved by the “Landesamt fiir Natur, Umwelt und
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TABLE 1 Overview of the experiments: radiation quality, doses, time points, biological endpoints.

Biological endpoint conditions

X-rays (200 kV, LET
0.3-3 keV/pum)

Radiation qualities

12C (7 MeV/n, LET
220 keV/um)

10.3389/fpubh.2023.1063250

*%Fe (996.5
MeV/n, LET 151
keV/ium)

Combined
effects

Microgravity
conditions

DNA damage and Doses (Gy) 0,0.1, 1.0 Not determined 0,0.1,0.5, 1.0, 2.0 <0.036g, 2 Gy
repair
Time points (h) 0, 0.5, 1.0, 4.0, 8.0, 24.0 1.0, 4.0, 8.0, 24.0 1.0, 4.0, 6.0, 24.0
Proliferation Doses (Gy) 0,2.0,8.0 Not determined Not determined Not determined
Time points (h) 0.5, 1.0, 4.0, 8.0, 24.0
Cell cycle Doses (Gy) 0, 8.0 Not determined Not determined Not determined
rogression
prog Time points (h) 1.0, 2.0, 4.0, 6.0, 16.0, 24.0
GFAP (astrocyte Doses (Gy) 0,2.0,8.0 Not determined 0,0.1,0.5, 1.0, 2.0 Not determined
reactivity) X .
Time points (h) 0.5, 1.0, 4.0, 8.0, 24.0 1.0, 4.0, 8.0, 24.0
NF-kB activation Doses (Gy) 0, 2.0, 8.0, TNF-a (20 ng/ml) Not determined 0,0.1,0.5, 1.0, 2.0 Not determined
Time points (h) 0.5, 1.0, 4.0, 8.0, 24.0 1.0, 4.0, 8.0, 24.0
Cytokine secretion Doses (Gy) 0,8.0 0,0.5,1.0,2.0 Not determined Not determined
Time points (h) 1.0, 2.0, 4.0, 6.0, 16.0, 24.0 1.0, 2.0, 4.0, 6.0, 8.0, 16.0,
24.0
Global gene Doses (Gy) 0,0.1,2.0 Not determined Not determined Not determined
expression . .
Time points (h) 6.0, 24.0
Expression of Doses (Gy) 0, 1.0, 4.0, 8.0 0,0.5,1.0,2.0 0,0.5,2.0,4.0 Not determined
selected target genes i .
Time points (h) 2.0, 6.0, 16.0 2.0, 6.0, 16.0 2.0,6.0,16.0

Nordrhein-Westfalen (LANUV)”  (Office
for Nature, Environment and Consumer Protection of North

Verbraucherschutz

Rhine-Westphalia) in Recklinghausen, Germany, on December
4, 2017, under the file reference 84-02.04.2017.A319. Briefly, after
pregnant mice were euthanized, embryos were taken out and
brains were further dissected. Using a stereomicroscope, brain
cortices were isolated by detaching them from meninges and
hippocampi. Cortices were then incubated in 0.05 % Trypsin/HBSS
(PAN Biotech, Aidenbach, Germany) for 15min at 37°C and
subsequently washed 3 times with warm Hanks Balanced Salt
Solution  (HBSS)/4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid (HEPES) (Sigma Aldrich, St. Louis, MO, USA). Cells were
further dissociated using a normal and a fire polished glass
Pasteur pipet (Th. Geyer, Renningen, Germany). Cells from the
cortices of all mouse embryos from one pregnant mouse were
pooled. Finally, the single cell suspension was seeded into 75
cm? Nunc™ EasYFlask™ cell culture flasks (cells of two to
three brains per flask; ThermoFisher Scientific Waltham, MA,
USA) in Minimum Essential Medium (MEM, PAN Biotech)
containing 0.6% glucose (Sigma Aldrich), 0.22% NaHCO;
(Merck, Darmstadt, Germany), 2 mmol/L L-glutamine, MEM
non-essential & essential amino acids (PAN Biotech), penicillin
(100 U/ml)/streptomycin (0.1 mg/ml) (PAN Biotech) and 10 %
fetal bovine serum (FBS, PAN Biotech), and cultured at 37°C, 5%
CO, and saturated humidity. Three days before an experiment,
cells were trypsinized and seeded into suitable culture vessels
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(25 cm? flasks, slide flasks or cover slips in 24-well-plates) at a
density of 2 x 10* cells/em? if not specified otherwise (passage
1). All experiments were performed with primary astrocytes
in passage 1.

2.2. Irradiation

2.2.1. X-rays

X-rays experiments (LET 0.3-3.0 keV/pum) were performed
using the X-ray source RS225 (Gulmay Medical, now: X-Strahl,
Surrey, UK) at DLR, Cologne, Germany. The X-ray tube was set
to a voltage of 200 kV and a current of 15 mA. Using an ionizing
chamber type TM30013 connected to dosimeter UNIDOS"ebline
(PTW, Freiburg, Germany) dose and dose rate were determined.
A copper (Cu) filter with a thickness of 0.5mm was used to
eliminate soft X-rays. The dose rate was set to 1.0 Gy/min by
adjusting the distance to the X-ray source with an electrically driven
exposure table. Samples were irradiated at room temperature (RT).
Mock-irradiated controls (0 Gy) were treated in the same way
without turning the X-ray source on. After irradiation, samples
were transferred to an incubator (37°C, 5% CO, and saturated
humidity) and harvested at different time intervals according to
experimental requirements.

04 frontiersin.org
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TABLE 2 Characteristics of heavy ion beams.

10.3389/fpubh.2023.1063250

lon species Energy [MeV/n] LET in water Range in water Accelerator
Beam On target [keV/um fiwmi

Carbon (12C) 8.6 7.0 220 235 GSI UNILAC

Iron (*°Fe) 1,000.0 996.5 151 266,700 GSI SIS

2.2.2. Heavy ions

Exposure to 56Fe jons (1,000 MeV/n) was executed at the
ring accelerator SIS 18 (“Schwerionensynchrotron 18”) at the
GSI Helmholtzzentrum fiir Schwerionenforschung GmbH (GSI) in
Darmstadt, Germany. Cells were irradiated in culture flasks upright
positioned on a conveyor belt. Upright flasks were filled with
50 mL serum free a-MEM-medium (resulting in ~1 % serum) to
prevent desiccation during the irradiation procedure which lasted
~ 30 min.

Exposure to 12C jons (8.6 MeV/n) was performed at GSI
Universal Linear Accelerator (UNILAC). Petri dishes with cells and
medium were stored in a reservoir filled with prewarmed serum
free a-MEM-medium. The reservoirs were placed in a plexiglass
box next to the beamline exit window. The box had a large opening
for the heavy ion beam. One petri dish at a time was then remotely
retrieved by a robot and placed in the beamline for medium-free
irradiation due to beam range limitations (Table 2).

All samples were irradiated at room temperature. Mock-
irradiated controls (0 Gy) were treated in the same way except for
the turning on of the heavy ion beam. Dosimetry was performed
by staff at accelerator facilities, and dose rates were adjusted to ~1
Gy/min. The characteristics of the beams are listed in Table 2.

Fluence (F) was converted to dose by the Equation (1):

keV

P
Dose [Gy] = 1.6 x 107° x LET[—] x F[—
wm

cm?

(1)

To calculate average hits per cell nucleus, area of astrocyte
nuclei was determined in formaldehyde-fixed DAPI-stained
cells (Section 2.4). Photographs of stained nuclei were on
Zeiss AxioObserver epifluorescence microscope (Carl Zeiss AG,
Oberkochen, Germany) using Zen 3.0 blue software for imaging
and analysis (Carl Zeiss AG). Average nucleus area (A) of astrocytes
was 190.8 + 67.2 wm?. The expected fluence (Fe) per cell nucleus
was calculated according to Equation (2):

P P
F|— | =108 x A[wm?] x F|—] )
cell nucleus cm?

Poisson distribution of heavy ion hits in cell nuclei was
calculated according to Equation (3), and fractions of non-hit and
hit cell nuclei were determined (Table 3).

Fox
fr (%) = i'e—Fe,X=0,1,2,3,.... (3)
x!
2.3. Simulated microgravity
Exposure to simulated microgravity was performed using a

custom-build 2D fast rotating clinostat, specifically constructed for
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the adaptation of slide flasks (growth area 9.0 cm?, ThermoFisher
Scientific, MA, USA). Simulation of microgravity in such ground-
based facilities is based on randomization of the Earth’s gravity
vector in cells in culture. Exposure of the cells to simulated
microgravity is performed in the slide flask mounted into the
clinostat alongside the rotation axis. At the constant rotation speed
of 60 rpm perpendicular to the direction of the gravity vector, all
cells lying within three millimeters of the rotation axis center will
perceive a calculated acceleration of <0.006g. The further away a
sample is from the rotational axis, the higher residual g-forces it
will be subjected to. The highest residual acceleration that could
be perceived by the cells on the outmost regions of the slide flasks
was calculated to ~0.036g (62). Simulated microgravity exposure
is highly susceptible to disturbances by environmental stimuli,
such as vibrations and shear forces. The clinostat was optimized
to avoid vibrations and to be employed inside a cell culture
incubator for optimal environmental conditions of 37°C, >90 %
relative humidity and 5 % CO, with minimal vibrations during the
exposure to simulated microgravity [validation see: Brungs et al.
(45)]. The rotation speed was calculated for the respective vessels to
apply optimal and highest-quality levels of microgravity. The slide
flasks were filled completely with degassed cell culture medium and
any remaining bubbles were removed before closing the flasks, to
avoid any shear forces. The astrocytes in slides flasks were exposed
to X-rays as described in Section 2.2.1 and directly mounted into
the 2D clinostat within the incubator. Static 1g controls were
exposed to 1g on top of the clinostat within the incubator. The cells
were incubated at 37 °Cand 5 % CO for up to 24 h after irradiation.

2.4. Immunofluorescence staining and
fluorescence microscopy

For immunofluorescence staining, 1 x 10% astrocytes were
seeded on sterilized glass coverslips (@ 10 mm, Carl Roth GmbH
& Co.KG, Karlsruhe, Germany) or slide flasks (ThermoFisher
Scientific) and grown for 3 days. Astrocytes were exposed
to radiation as described in Section 2.2. For some biological
endpoints (proliferation and NF-kB activation), recombinant
murine TNF-a (20 ng/ml; Peprotech, Hamburg, Germany) was
used as positive control and added to a separate batch
of cells at the time of irradiation. Astrocytes were then
cultivated in MEM-FBS until fixation. At respective time points,
cells were fixed with 3.5% formaldehyde (FA, Sigma Aldrich,
USA) in phosphate-buffered saline (PBS) at 37°C and 5%
CO; for 30min. Afterwards, FA was replaced by PBS and
cells were stored at 4°C until immunofluorescence staining
was performed.
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TABLE 3 Hit calculation for carbon and iron ions exposure of primary murine astrocytes.

lon species Fluence (P/cm?) Dose (Gy) Unhit fraction Hit fraction Average hits
of the irradiated cell population per cell nucleus

Carbon (2C) 2.84E+05 0.1 0.58 0.42 0.5

7.0 MeV/n
1.42E4-06 0.5 0.07 0.93 2.7
2.84E+06 1.0 0.00 1.00 54
5.67E+06 2.0 0.00 1.00 10.8
1.13E+07 4.0 0.00 1.00 217

Iron (*°Fe) 4.15E405 0.1 0.55 0.45 0.59

996.5 MeV/n
2.07E+06 0.5 0.05 0.95 2.94
4.15E+06 1.0 0.00 1.00 5.89
8.30E+06 2.0 0.00 1.00 11.78
1.66E-+07 4.0 0.00 1.00 31.65

Cells were then permeabilized with 0.3% Triton-X/PBS
supplemented with 1% DMSO and 5 % normal goat serum (NGS)
for 1 h at RT. Primary antibodies were diluted in 0.3 % Triton/PBS
+ 1% DMSO, slides were covered with antibody solution and
incubated overnight at 4°C in a wet chamber. After washing
three times with PBS, cells were stained with secondary antibodies
and 0.5ng/ml 4',6-diamidino-2-phenylindole (DAPI) at RT for
45 min. Finally, coverslips were washed and mounted onto glass
slides (VWR, Darmstadt, Germany) using Fluoromount mounting
medium (Agilent Dako, Santa Clara, CA, USA). The following
primary antibodies were used: anti-GFAP antibody (1:500, Abcam,
Cambridge, UK, #ab4674), Ki-67 (1:100, Abcam, #abl6667),
anti-NF-kB p65 (1:250, Abcam, #ab32536), anti-H2A.X Phospho
(Ser139) (1:1,000, Biolegend, Koblenz, Germany, # 613401) and
anti-53BP1 antibody (1:1,000, Abcam, # ab21083). These secondary
antibodies were used: goat anti-chicken Alexa Fluor 488 (1:1,000,
Abcam, #ab150173), goat anti-rabbit Atto 550 (1:1,000, Merck
KGaA, Darmstadt, Germany, #43328), goat anti-rabbit Atto 488
(1:1,000, Sigma Aldrich, #43328), goat anti-mouse Atto 488
(1:1,000, Sigma Aldrich) and goat anti-rabbit Atto 550 (1:1,000,
Sigma Aldrich, #43328).

Immunostained cells were assessed microscopically with the
Axio Observer.Z1 epifluorescence microscope (Carl Zeiss AG,
Jena, Germany) using the Zen 3.0 blue software (Carl Zeiss AG).
Exposure times were determined based on immunostainings with
secondary antibody only for the highest applied dose or positive
control and kept constant within the experimental set. Images were
taken as two or four channel images at a magnification of 400x,
for which nine to twelve images of neighboring regions were taken
as tile scans and stitched together in the Zen software. For each
coverslip, three to five tile regions were imaged, these were then
analyzed specifically for each respective experimental approach
as described below. A minimum of 500 cells per sample were
evaluated for each staining.

Analysis of DNA damage foci was performed with Image].
Total number of yYH2AX and 53BP1 foci was determined by the
local fluorescence maxima within a cell nucleus mask based on
DAPI staining.

Frontiersin Public Health

Proliferation of cells was analyzed in Zeiss Zen 3.0 software by
first selecting all DAPI positive nuclei and then sub-selecting all Ki-
67 positive nuclei. From the obtained data, the percentage of Ki-67
positive cells was calculated.

To quantify the reactive state of astrocytes, the GFAP
immunostaining was analyzed using Zeiss Zen 3.0 software.
Because GFAP is basally expressed in all astrocytes, a threshold
for cells with upregulation of GFAP was set, as well as a minimal
threshold for non-reactive cells with basal GFAP expression. Total
number of cells for data normalization was determined by DAPI-
stained nuclei counts. After definition of low and high GFAP
expression thresholds, a size filter was applied to exclude regions
below a minimum area of 80 j1m? as these might represent residual
microglial cells. For further analyses, GFAP area in pm? and
fluorescence intensity [Grey] were chosen. Further calculations
were done on Excel 2019 (Microsoft) by first normalizing the data
to the region area and weighting them according to region area by
following equation:

area

> area)

weighted intensity = Z (intensity x (4)

Activation of NF-kB pathway was quantified by determining
translocation of subunit p65 into the cell nucleus. In Image], a
cell nucleus mask was selected based on the DAPI staining. The
intensity of the p65 fluorescence signal per pixel was measured
in the cell nucleus mask. The raw integrated density was then
calculated as the sum of the pixel intensities within the nucleus
area. In Excel, the raw integrated density for each treatment was
normalized to the raw integrated density of the untreated control
at the earliest time point as is given as p65 fluorescence intensity
in Grey.

2.5. Cell cycle analysis by flow cytometry

To determine the number of cells in the different cell cycle

2

phases after irradiation, 1 x 10* astrocytes per cm? were seeded
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in @ 6cm cell culture dishes (LABSolute, Th. Geyer GmbH) (X-
rays), 25 cm? CytoOne cell culture flasks (STARLAB International
GmbH, Hamburg, Germany) (GSI SIS) or @ 3.5cm NUNC™
EasY Dish cell culture dishes (ThermoFisher Scientific) (GSI
UNILAC). Three days after seeding, cells were irradiated with
different doses of X-rays (see Section 2.2.1) or heavy ions (Section
2.2.2), respectively. At chosen time points cells were washed and
trypsinized with 0.05 % Trypsin/EDTA (PAN Biotech). The single
cell suspension was fixed with 37 % FA for 30 min at 4°C. After
washing with PBS, 1 x 10° cells per well were transferred into a
96-well MicroWell plate (Th. Geyer GmbH). After washing twice
with PBS, cells were stained with DAPI (0.5 pg/ml) in 0.1 % Triton
X-100 in PBS overnight at 4°C. On the following day, cells were
washed once with PBS and the DAPI fluorescence signal was
measured in technical duplicates by flow cytometry (CytoFLEX S
with the software CytExpert 2.5, Beckman Coulter, Indianapolis,
USA) for a minimum of 10,000 cells per sample well and further
analyzed with FlowJo™ (Becton, Dickson and Company, Franklin
Lakes, USA). The gating strategy encompassed a side vs. forward
scatter dot plot to exclude debris, an area vs. width dot plot of
the DAPI channel (PB450) to exclude doublets. From the PB450
histogram displaying single cells, the percentage of cells in GlI,
S-phase and G2 phase of the cell cycle was computed.

2.6. Gene expression analysis

2.6.1. RNA sequencing

The global transcription profile after exposure to X-rays was
analyzed by mRNA sequencing. Primary murine astrocytes were
seeded in cell culture dishes (@ 6 cm) from confluent 75 cm? tissue
culture flasks (Nunc™) at a density of 2 x 10% cells/cm?. Three
days after seeding, cells were irradiated with 0, 0.1 and 2 Gy of
X-rays as described in Section 2.2.1. For harvest 6h or 24 h after
irradiation, medium was completely removed and cells were lysed
using RLT buffer (Qiagen) with B-mercaptoethanol (1:100, Sigma
Aldrich). The homogenized lysate was stored at —80 °C until RNA
isolation with RNeasy Mini Kit on the same day for all samples.
RNA concentration and integrity were determined by means of the
RNA 6000 Nano Assay in the Bioanalyzer (Agilent Technologies,
Boblingen, Germany). RNA Integrity Number (RIN) of all samples
was above 9.0. At least 3 g total RNA per sample (4 biological
repeats per condition) were sent on dry ice to GENEWIZ (Leipzig,
Germany) for mRNA sequencing in the same run after Poly(A)
selection using the Illumina NovaSeq6000 platform (configuration:
2 x 150 bp, 350 M read pairs) and bioinformatics analysis including
trimming, mapping, and differential gene expression following
principles described in Koch et al. (63). Significantly differentially
expressed genes were clustered by their gene ontology (GO) and
the enrichment of GO terms was tested using Fisher exact test
(GeneSCF v1.1-p2).

2.6.2. Reverse Transcriptase quantitative real-time
Polymerase Chain Reaction (RT-qPCR)

Reverse Transcriptase quantitative real-time Polymerase Chain
Reaction (RT-qPCR) was used to determine expression of selected
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target genes (Cdknla, Cdkn2a, Gfap, 113, 1l6, Tfgf1, and Tnf)
in comparison to housekeeping gene hypoxanthine-guanine-
phosphoribosyl-transferase 1 (Hprt-1) (Table 4). Astrocytes were
seeded in @ 6 cm cell culture dishes (LABsolute, Th. Geyer GmbH)
at a density of 5 x 10* cells/cm? for X-irradiation (see Section
2.2.1). For heavy ion irradiation (see Section 2.2.2) at GSI SIS, cells
were seeded on 25 cm? CytoOne ~ cell culture flasks (STARLAB
International GmbH), and for irradiation at GSI UNILAC, cells
were seeded in @ 3.5cm Nunc™ EasY Dish cell culture dishes
(ThermoFisher Scientific). Cells were irradiated 3 days after seeding
and extraction of ribonucleic acid (RNA) was performed by using
RNeasy Mini Kit (Qiagen, Hilden, Germany). RNA concentration
and integrity were measured with the RNA 6000 Nano Assay
(Agilent Technologies, Santa Clara, CA, USA) according to the
manufacturer’s protocol. Complementary deoxyribonucleic acid
(cDNA) was synthesized from 1 pg RNA per sample in a
volume of 80 pl using the iScript cDNA Synthesis Kit (Bio-
Rad, Feldkirchen, Germany) which contains a mixture of oligo
(dT) and random primers. Finally, QPCR analysis was performed
in technical duplicates using QuantiFast SYBR Green PCR Kit
(Qiagen) and the CFX96 Deep Well Optics System (Bio-Rad).
For each target gene, the concentrations of forward and reverse
primer were optimized using final primer concentrations of 0.5-10
pwmol/l. The optimized primer concentrations are listed in Table 4.
The temperature protocol of the qPCR reaction was: 5 min initial
denaturation at 95°C followed by 40 cycles of denaturation for
10s at 95°C and annealing and extension at 60 °C for 30s, and
melting curve protocol. Relative quantity, relative expression and
fold change of gene expression were determined by the efficiency-
corrected AACT method.

2.7. Cytokine detection

Free IL-6 concentration in cell supernatants was determined
using the IL-6 Mouse Uncoated ELISA Kit (#88-7064-
22, Invitrogen, ThermoFisher Scientific) according to the
manufacturer’s instructions. Directly after irradiation of astrocytes,
cell culture medium was renewed. Cell culture media supernatants
(1,000 L) were taken at chosen time points after exposure when
cells were harvested for other endpoints (Sections 2.4, 2.5, and
2.6) and stored at —80 °C until IL-6 was quantified using ELISA.
The quantification was performed with technical duplicates. The
color reaction was detected with Multiskan™ FC Microplate
Photometer (ThermoFisher Scientific) and the Skanit™ Software
3.1 (ThermoFisher Scientific). Analysis of the data was done in
Excel 2019 (Microsoft) by standard reference curve.

2.8. Statistics

The number of independent experiments is indicated in
the figure legends, and the number of technical repetitions is
specified in the respective method section. For X-rays experiments,
at least three independent experiments were performed. Each
heavy ion beamtime could only be performed once, but for
some endpoints, independent irradiations of astrocytes from
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TABLE 4 Primers for RT-qPCR.

Gene name
abbreviation

Sequence (5'-3)

concentration in

10.3389/fpubh.2023.1063250

Gene identifier,
gene ID

Final Volume per
reaction mix [j.l]
reaction mix

[wmol/l]

Housekeeping gene

Hprt Fwd AGGGATTTGAATCACGTTTG 1.0 0.25 15452
Rev TTTACTGGCAACATCAACAG 1.0 0.25

Target genes

Cdknla Fwd ACCTGATGATACCCAACTAC 1.0 0.25 12575
Rev CTGTGGCACCTTTTATTCTG 2.0 0.50

Cdkn2a Fwd ACTCCAAGAGAGGGTTTTC 4.0 1.00 12578
Rev ATCATCATCACCTGGTCC 1.0 0.25

Gfap Fwd GGAAGATCTATGAGGAGGAAG 2.0 0.50 14580
Rev CTGCAAACTTAGACCGATAC 4.0 1.00

1ig Fwd GGATGATGATGATAACCTGC 4.0 1.00 16176
Rev CATGGAGAATATCACTTGTTGG 4.0 1.00

1i6 Fwd AAGAAATGATGGATGCTACC 2.0 0.50 16193
Rev GAGTTTCTGTATCTCTCTGAAG 1.0 0.25

Tgfp1 Fwd GGATACCAACTATTGCTTCAG 2.0 0.50 21803
Rev TGTCCAGGCTCCAAATATAG 1.0 0.25

Tnf Fwd CTATGTCTCAGCCTCTTCTC 1.0 0.25 21926
Rev CATTTGGGAACTTCTCATCC 1.0 0.25

different animals were implicated. These data from independent
experiments are represented as mean and respective standard
deviation. Statistical tests were done with GraphPad Prism
6.0 (GraphPad, San Diego, CA, USA), including t-test and
two-way ANOVA.

3. Results

Experiments performed in this work showed that astrocytes
repair ionizing radiation-induced DNA double strand breaks at
a pace comparable to other cell types. Their radiation response
is quite subdued without prominent changes in cell cycle
progression and gene expression. The reaction profile trends
toward senescence, and a pronounced induction of reactivity was
not observed.

3.1. DNA damage and repair

To analyze radiation-induced DNA damage and subsequent
repair, primary murine astrocytes were exposed to different doses
of X-rays and iron (Fe) ions. As DNA double strand breaks (DSBs)
are considered to be strongly detrimental compared to other DNA
damages, cells were stained against the phosphorylated Histone
2AX (Figure 1A) which is present in chromatin surrounding
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DNA DSBs, and additionally for the DNA-repair associated
protein 53BP1 (Figure 1B). To determine the kinetics of radiation-
induced DNA DSBs and their repair, fixation time points up
to 24h after irradiation were included. For determination of a
dose- and radiation quality-dependence of DSBs induction and
repair, different doses as well as different radiation qualities
were considered.

In a first approach, the dose-dependency of yH2AX and 53BP1
foci formation 1h after exposure to X-rays and the number of foci
after a repair time of 24 h were determined (Figure 2). The dose-
effect curve of yH2AX foci in X-irradiated astrocytes indicated
a dose-dependent induction of DNA DSBs at 1h; low levels of
YH2AX foci remained after 24 h repair time (Figure 2A). Similarly,
53BP1 foci accumulated dose-dependently in astrocytes 1 h after X-
irradiation, and levels of 53BP1 foci per cell nucleus were reduced
after 24h (Figure 2B). The total number of 53BP1 foci 1h after
irradiation was lower than the number of yH2AX foci at this
time point.

The time-dependency of DNA DSBs induction and decrease
was investigated over a time period of up to 24h for heavy ions
and X-rays (Figure 3). Exposure to lower doses (0.1 Gy) and to 1 Gy
of X-rays (LET 0.3-3 keV/pm) increased the number of yYH2AX
(Figure 3B) and 53BP1 (Figure 2B) foci per cell nucleus at 1h
after irradiation. After irradiation with 1 Gy X-rays, a maximum
of ~23 yH2AX and ~20 53BP1 foci/nucleus was reached at this
time point. Subsequently, the amount of yH2AX- and 53BP1 foci
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| . .
FIGURE 1

yH2AX and 53BP1 foci form in astrocytes’ nuclei after exposure to iron ions. Astrocytes were mock-irradiated (0 Gy) or irradiated with 2 Gy of *5Fe

ions and fixed at different time points for immunofluorescence staining of the DNA double strand marker yH2AX and the DNA repair protein 53BP1
53BP1 as a marker protein expressed mainly during non-homologous end-joining (NHEJ) was assessed as indicator of DNA repair pathway choice.
Cell nuclei were stained with DAPI (blue) for all images. (A) Exemplary images of yH2AX (green) immunostaining of astrocytes. Scale bar: 50 um. (B)

Exemplary images of 53BP1 (red) immunostaining. Bar: 50 um
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FIGURE 2

The number of yH2AX and 53BP1 foci formed in X-irradiated astrocytes increases dose-dependently. Astrocytes were mock-irradiated (0 Gy) or
irradiated with X-ray doses (200 kV, 15mA) up to 4 Gy and fixed 1 and 24 h after irradiation for immunofluorescence staining of the DNA double
strand marker yH2AX (A) and the DNA repair protein 53BP1 (B). The number of foci (yH2AX, 53BP1) per cell nucleus was quantified to generate dose
effect curves of the initial foci number (1 h) and the number of foci after a repair time of 24 h. The sample size was n = 3 for both
immunofluorescence stainings. The samples were compared via 2way ANOVA (Tukey's multiple comparisons test), based on a sample size n = 3.
Data are shown as mean =+ SD. In case that the error bars are smaller than the symbol, they are not visible. Significant differences in comparison to
the respective 0 Gy control are indicated by asterisks (**p < 0.01, ***p < 0.001, ****p < 0.0001)

decreased over time until only minor fractions of yH2AX foci were
present 24 h after irradiation, which were still higher compared
to non-irradiated cells for the higher doses, but without reaching
statistical significance.

The foci kinetics that were obtained for cells irradiated with
%Fe jons (LET 151 keV/um) (Figures3C, D) were delayed
compared to X-rays. The number of YH2AX foci showed a trend
to increase dose-dependently with a maximum 4h (°°Fe, ~22
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foci/nucleus) after irradiation and to subsequently decrease to near
the baseline (Fe ions) after 24 h. Comparing the early fast repair
during the first 4-8h after irradiation reveals a lower reduction
in the foci number after iron ion exposure compared to X-
rays exposure indicating slower repair kinetics after heavy ion
irradiation. After Fe ion exposure, the number of foci at 24h is
still above the mock-irradiated control (Figure 3C). The number
of 53BP1 foci showed a trend for a dose-dependent increase with
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FIGURE 3
Astrocytes encounter DNA double strand breaks after exposure to X-rays and iron ions and are fully repair-proficient via non-homologous
end-joining. Astrocytes were mock-irradiated (0 Gy) or irradiated with X-rays (200 kV, 15 mA) with doses up to 1 Gy (upper panel) or Fe ions (LET 151
keV/um, 996.5 MeV/n) with doses up to 2 Gy (lower panel). They were fixed at different time points up to 24 h after irradiation for
immunofluorescence staining of the DNA double strand marker yH2AX (left) and the DNA repair protein 53BP1 (right). (A) Number of yH2AX foci per
cell nucleus after X-irradiation. (B) NHEJ activity was quantified over 24 h by the number of 53BP1 foci in astrocytes’ nuclei exposed to different
doses of X-rays. (A, B) The samples were compared via 2way ANOVA (Tukey's multiple comparisons test), based on a sample size n = 3. Significant
differences in comparison to 0 Gy control are indicated by asterisks (*p < 0.05, **p < 0.01, ***p < 0.0001, ****p = 0.0001). Cells showed a dose- and
time dependent accumulation of 53BP1 foci. (C) Number of yH2AX foci per astrocyte nucleus irradiated with different doses of *®Fe ions (n = 2). (D)
Number of 53BP1 foci per cell after irradiation of astrocytes with different doses of *®Fe ions (n = 2). Data are shown as mean =+ SD. In case that the
error bars are smaller than the symbol, they are not visible (B, D).

a maximum after 4 to 8h for cells irradiated with >°Fe ions
(Figure 3D).

When astrocytes were exposed to simulated microgravity
following exposure to X-rays, a comparable number of YH2AX
foci was observed 1h after exposure to 2 Gy X-rays under static
incubation and 2D clinorotation (Figure 4B). The absolute number
was smaller than expected from the results shown in Figures 2A,
3A. This might have been caused by the different culture vessels
that had to be used for the 2D clinostat experiments. In X-rays
only experiments (Figures 2A, 3A), astrocytes were cultivated on
cover slips to ensure optimal fluorescence microscopy. In the 2D
clinostat, slide flasks with a polystyrene bottom had to be used
as these can be closed tightly and filled with medium without
air bubbles (Figure 4B). This might have affected the staining and
foci counting process. No significant differences in YH2AX foci
numbers were observed between the 1g control cells and cells
exposed to simulated microgravity (sim pg) for both, unirradiated
(Figure 4A) and 2 Gy X-rays-exposed cells (Figure 4B). As no
modulating effects of simulated microgravity on repair of DNA
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double strand breaks induced by exposure to X-rays were observed,
no experiments attempting to combine exposure to heavy ions and
simulated microgravity were made.

3.2. Cell cycle progression is slow and
barely affected by exposure to X-rays

To determine cell cycle distribution, nuclear DNA was
measured via DAPI fluorescence of single cells by flow cytometry.
Based on this, the number of cells in the respective cell cycle phases
was calculated. For this, astrocytes were exposed to 8 Gy of X-rays,
and analyzed at different fixation time points between 1h and 24 h
after irradiation (Figure 5).

Compared to X-ray irradiated cells, in the unirradiated control,
a slightly higher number of cells was in G; phase (Figure 5A),
without reaching statistical significance. The percentage of cells in
the S-Phase fluctuated around 30 % over the time post-irradiation

frontiersin.org


https://doi.org/10.3389/fpubh.2023.1063250
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org

Roggan et al. 10.3389/fpubh.2023.1063250
A X-rays, 200 kV B X-rays, 200 kV
LET 0.3 - 3 keV/pm LET 0.3 - 3 keV/pm
0 Gy 2 Gy
25+ 25+
%’ % o 1g
g 20 .—5, 20+ -~ sim ug
c c
= 154 = 154
) B A
) al ] .
g g :\‘ 0
x <
s b s s _
P > 8
T 3+ 3z
c 1 Ll 1 T 1 1 o T 1 1 1  } 1
0 4 8 12 16 20 24 0 4 8 12 16 20 24
Time [h] Time [h]
FIGURE 4

Simulated “space conditions” using simulated microgravity combined with X-irradiation did not influence repair of DNA double strand breaks. The
number of yH2AX foci per cell of unirradiated (A) or X-irradiated (2 Gy) (B) astrocytes exposed after irradiation to either simulated microgravity (sim
1g) by fast 2D clinorotation at 60 rpm or at normal 1g gravity conditions. The samples were compared via two-way-ANOVA (n = 3, p < 0.05). Data

are shown as represent mean + SD.
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FIGURE 5

Exposure to X-rays did not induce cell cycle arrests. Astrocytes were exposed to 8 Gy X-rays or mock-irradiated (0 Gy) and trypsinized and fixed at
different time points up to 24 h after irradiation. The percentage of cells in the different cell cycle phases—Gj - (A), S- (B), G,-phase (C)— was
determined by flow cytometry of DAPI stained cells. The distribution of cells in S- and G,-phase is comparable for both conditions. The samples
were compared by unpaired t-test with a sample size of n = 6. Data are shown as mean =+ SD. Significant differences in comparison to the 0 Gy

for both, X-rays-irradiated and unirradiated cells (Figure 5B). The
number of cells in the G, phase is nearly constant at about 10-15 %
for all time points for both conditions (Figure 5C).

3.3. Astrocytes’ proliferation is largely
unaffected by exposure to X-rays

Astrocyte proliferation is in general a measure of their
reactivity (64-66). Furthermore, cell proliferation can be influenced
by NF-kB pathway activation (67-69). Both can be induced
by ionizing radiation (70-73) and are therefore of interest to
further characterize the radiation response of astrocytes. Here,
proliferation after exposure of astrocytes to X-rays was analyzed
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by immunostaining of the proliferation marker Ki-67 (Figure 6A)
and quantification of Ki-677 cells (Figures 6B, C). The number
of Ki-671 cells did not change 1h and 24h after X-irradiation
with doses between 0.5 and 8 Gy—the number of Ki-67" cells
remained constant at around 10 % for all doses (Figure 6B). To
follow Ki-67 expression over a longer time period after exposure
to X-rays, astrocytes were exposed to 0, 2 and 8 Gy X-rays and
Ki-67 was investigated over a time period of 96h. The fraction
of Ki-67" cells varied between ~5 and ~30% for all doses and
time points (Figure 6C). No significant effects on Ki-67 expression
were found for X-rays exposure up to 8 Gy. TNF-a was previously
described to stimulate proliferation of primary astrocytes of several
species (74-79) and was therefore used as positive control for
proliferation stimulation. In primary astrocytes from 1- to 2-day
old rats, the maximal stimulation of proliferation was observed
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FIGURE 6

Proliferation of astrocytes remained mainly unaffected by radiation exposure. Astrocytes were exposed to X-rays (200 kV, 15mA) with doses up to
8 Gy and fixed for Ki-67 immunostaining after different time points. Ki-67 is an indicator of proliferating cells. (A) Exemplary images of Ki-67 (pink)
immunostaining showing an unirradiated control and cells 1 h after exposure to different doses of X-rays. The nucleus was stained with DAPI (blue)
for all images, resulting in blue (Ki-67 negative) or blueish-pink cell nuclei with pink Ki-67 spots (Ki-67 positive, Ki-677). The red fluorescence in the
cytoplasm is due to phalloidin-647 staining of actin. Bar: 50 um. (B, C) Quantitative evaluation of the Ki-67+DAPI
to X-rays. (B) Dose effect curves of Ki-67" cells 1 h and 24 h after exposure to X-rays (n = 4). (C) Kinetics of Ki-67" cells up to 96 h after exposure to
X-rays. TNF-a was added to unirradiated samples at the time of irradiation at a concentration of 20 ng/ml as it was previously described to stimulate
proliferation of astrocytes. The percentage of Ki-67% cells remained mainly unaffected by irradiation with different doses of X-rays over a time period
of 1 h to 96 h. The samples were compared via one-way ANOVA, based on a sample size n = 4 (p < 0.05). Data are shown as mean + SD.

cells after exposure of astrocytes

following treatment with 10 ng/ml TNF-a (77), while in human
astrocytes, 50 ng/ml human TNF-a increased the fraction of Ki-
677" cells significantly (79), and in simian astrocytes, the maximal
stimulation of proliferation was observed for 7.6 ng/ml human
TNEF-a (74). Therefore, an intermediate concentration of 20 ng/ml
TNF-a was chosen in this work. This treatment increased the
number of Ki-67" astrocytes, reaching 25-30 %, being more than
2-times higher than in unirradiated or irradiated astrocytes but not
significant due to the large standard deviation (Figure 6C).

3.4. Expression of glial fibrillary acidic
protein (GFAP)

One commonly used marker to determine the reactivity of
astrocytes is GFAP. The expression of GFAP was determined by the
measurement of fluorescence intensity of GFAP-immunostained
astrocytes (Figure 7A) up to 24 h after irradiation with X-rays or
heavy ions. One h and 24h after irradiation with up to 8 Gy
X-rays, GFAP did not increase dose-dependently (Figure 7B). In
order to detect possible transient GFAP increases, regulation over
time after irradiation with 2 and 8 Gy of X-rays was determined,
using fixation times between 0.5h and 24h (Figure 7C). GFAP
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expression after exposure to X-rays did not significantly change
between unirradiated and irradiated cells. In all conditions, the
basal intensity was around 500,000 and stayed in this range
(Figures 7B, C).

In a second approach, the GFAP fluorescence after irradiation
with Fe ions was followed for up to 24 h. Astrocytes irradiated with
Fe (Figure 7D) ions showed a similar response compared to cells
irradiated with X-rays, revealing that most cells express basal GFAP
levels and only a few showing higher staining intensity, without
clear differences between the doses.

3.5. NF-kB activation and cytokine
secretion

In general, activation of the NF-kB pathway induces
transcription of several genes such as the cytokine IL-6. It is
well-known that IL-6 is predominantly produced by neurons and
glial cells such as astrocytes in the CNS and plays an important role
in the cell-cell-communication and astrocyte reactivity (80, 81).
Regarding this, activation of the NF-kB pathway was studied by
measurement of the fluorescence intensity of the NF-kB subunit
p65 after immunostaining (Figures 8, 9) as well as of the IL-6
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FIGURE 7
Astrocytes did not become reactive after radiation exposure. Astrocytes were exposed to X-rays (200 kV, 15 mA) with doses up to 8 Gy (A—C) or to
iron ions (D) and fixed for GFAP immunostaining after different time points. (A) Exemplary microscopy images of GFAP (green) immunostaining
showing an unirradiated control and cells irradiated with different doses of X-rays at 1 h after radiation exposure. The nucleus was stained with DAPI
(blue) for all images. Bar: 50 um. (B) Dose effect curves of astrocyte reactivity (GFAP) 1 h and 24 h after exposure to X-rays (n = 5). (C) The GFAP
fluorescence intensity of astrocytes irradiated with different doses of X-rays over a time course up to 24 h reveals a basal expression of GFAP but no
radiation-induced changes. The samples were compared via 2way ANOVA, based on a sample size n = 4 (p < 0.05). (D) Exposure to different doses
of 56Fe ions (LET 151 keV/um, 996.5 MeV/n) did not lead to a dose-dependent increase of GFAP expression, but astrocytes showed a basal
expression (n = 2). In (B=D) data are shown as mean =+ SD. In case that the error bars are smaller than the symbol, they are not visible (D).

exposure to 2 Gy C ions, green spots appeared in some astrocytes’
nuclei, and the cytoplasmic perinuclear spots seem to be reduced

release into the cell culture supernatants of irradiated astrocytes
using ELISA.

Upon NF-kB activation, the transcription factor dimer
translocates from the cytoplasm into the cell nucleus. In case of
ionizing radiation-induced NF-kB activation, the p65:p50 dimer
as part of the proinflammatory pathway is involved amongst
other NF-kB dimers. Therefore, localization of p65 in the cell
nucleus was visualized and quantified after immunofluorescence
staining. In mock-irradiated cells, diffuse and spotted p65
immunofluorescence was observed in the cytoplasm, while the
spots where predominantly located in the perinuclear area
(Figure 8,0 Gy 1 h). A diffuse green fluorescence of lower intensity
is also visible in some cell nuclei (Figure 8, 0 Gy 1h, middle). After
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1h and 4h after irradiation (Figure 8, 2Gy 1 & 4h), while partly
reappearing at 24 h (Figure 8, 2 Gy 24 h). The nuclear spots were
most prominent 1 h after exposure to C ions and seem to fade over
the following hours.

Quantification of the nuclear green
intensity indicating nuclear p65 did not reveal a dose-
dependent activation of the NF-kB pathway (Figure 9A).
No significant changes of the fluorescence intensity of
p65 in the area of the cell nucleus of astrocytes were
observed up to 24h after irradiation with X-rays (2Gy,
8 Gy, Figure 9B) or heavy ions (Figure 9C). Also, treatment

fluorescence
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0Gy1h
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50 um

FIGURE 8

The NF-«B subunit p65 is detected in astrocytes. Astrocytes were exposed to 0 Gy (mock-irradiated control) or 2Gy C ions (7 MeV/n, LET 220
keV/iwm) and fixed 1, 4, and 24 h after treatment for immunofluorescence staining of the NF-kB subunit p65 (green). p65 is known to translocate from
the cytoplasm into the nucleus upon NF-kB pathway activation. For visualization of the nuclear translocation, nuclear staining with DAPI (blue) i
displayed in the upper panel, p65 immunofluorescence in the middle panel, and merged pictures of DAPI and p65 are shown in the lower panel.
White arrows mark cells without p65 translocation in the nucleus. Red arrows indicate cells with p65 nuclear translocation. Scale bar: 50 um

2Gy4h 2Gy24h

with TNF-a did not significantly increase nuclear localization
of p65.

To determine the release of IL-6 into cell culture supernatants,
astrocytes were exposed to 8 Gy of X-rays or to doses of up to 2 Gy
of C ions and supernatants were collected 1-24 h after irradiation
(Figure 10). The average IL-6 production rate derived from the last
time point of the mock-irradiated controls was 37 pg/h in the X-
rays experiment and 97 pg/h in the C ion (7 MeV/n) experiment.
After irradiation, the IL-6 secretion did not change significantly
within the 24 h observation period (Figures 10A, B).

3.6. Radiation-induced gene expression

3.6.1. Global gene expression

To determine which pathways might be activated by ionizing
mRNA
sequencing was performed with RNA isolated from astrocytes 6

radiation exposure of primary murine astrocytes,

and 24 h after exposure to 0.1 and 2 Gy X-rays. After exposure
to 0.1 Gy X-rays, no genes were differentially regulated at both
time points, 6 h and 24 h. Exposure to 2 Gy X-rays did not affect
gene expression 6h after irradiation; at 24h, 68 genes were
differentially expressed (Table 5; Figure 11A), of which two genes
were upregulated (Table 6) and 66 genes were downregulated
(Table 7). One of the upregulated genes, synaptic vesicle 2-related
protein (Svop), is involved in synaptic vesicle transport, whereas
the function of the second gene, the long non-coding RNA
Abhdllos, is not yet categorized (Table 6). The downregulated
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genes are mainly involved in cell cycle control, proliferation,
mitosis, cytokinesis and DNA repair and replication (Table 7).
Testing for gene ontology [GO (82)] enrichment revealed 371 GO
terms which are listed in Supplementary material. The 40 most
significantly enriched GO terms are summarized in Figure 11B,
and the 4 most enriched GO terms identify gene groups for: cell
division, cell cycle, chromosome segregation and cellular response
to DNA damage.

For heavy ion exposure, global gene expression profiling
was not performed as the required four independent
biological replicates for mRNA sequencing could not be
collected during four independent beamtimes. Therefore,
RT-qPCR experiments with RNA from single beamtimes were
(Section 3.6.2).

one beamtime are not completely independent but they

executed The replicates generated during

were derived from different astrocyte cultures, and they were
irradiated separately.

3.6.2. Selected target genes
As cell
downregulated 24h after exposure to 2Gy X-rays in global

cycle control and proliferation genes were
gene expression profiling by RNA sequencing, a more detailed
analysis of genes involved in cell cycle regulation after radiation
exposure was performed (Cdknla, Cdkn2a). To consolidate
the results obtained by immunofluorescence staining for GFAP
expression and determine whether astrocyte reactivity was

induced, Gfap mRNA levels were determined. Furthermore, the
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FIGURE 9

The NF-kB pathway is not activated by radiation exposure in astrocytes. Astrocytes were exposed to X-rays (A, B) or iron ions (C) and fixed at time
points up to 24 h after irradiation for immunofluorescence staining of the NF-kB subunit p65. (A) Dose effect curves of activation of NF-kB pathway
(p65) after exposure to X-rays (n = 6). (B) The relative fluorescence intensity of p65 in the nucleus area for different doses of X-irradiation over a time
period up to 24 h, showing a basal activity of the NF-«kB pathway but no further significant induction by radiation exposure or incubation with TNF-a.
The samples were compared via Tukey's multiple comparison test, based on a sample size of n = 3. (C) Exposure to different doses of *®Fe ions (LET
151 keV/pm, 996.5 MeV/n) did not induce any further activation of NF-kB pathway (n = 2). The relative fluorescence intensity of p65 in the nucleus
area was calculated by normalizing the raw integrated density for each treatment to the raw integrated density of the untreated control at the earliest

time point that was investigated. Data are shown as mean =+ SD.

basal expression of IL-6 by astrocytes observed in the ELISA
experiments led to a focus on genes involved in proliferation,
inflammation and apoptosis (I11f3, 116, Tnf, Tgff31).

Astrocytes were irradiated with different doses of X-rays (1 Gy,
4 Gy, 8 Gy), *°Fe ions (0.5 Gy, 2 Gy, 4 Gy) or 12C ions (0.5 Gy, 1 Gy,
2Gy) and lysed 2h, 6h and 16 h afterwards. The relative changes
in mRNA levels were determined and normalized to the expression
level of Hprt-1. The results are summarized in Figure 12, detailed
graphs are available in Supplementary material.

The expression of the cell cycle-associated genes Cdknla
and Cdkn2a did not change significantly after X-irradiation
(Figure 12A). The expression of Gfap was also not significantly
regulated after exposure to X-rays. The expression levels of the
inflammation-associated genes Il1, Il6, and Tnf were upregulated
2h and/or 6 h after irradiation with X-rays (1l18: 2h 8 Gy; Tnf: 2h
4 Gy and 8 Gy; 6 h: 8 Gy). Il6 was transiently upregulated 6 h after
irradiation with 1 and 8 Gy X-rays, while in the samples exposed to
4 Gy, downregulation prevailed. Furthermore, irradiation with X-
rays did not significantly change the expression of Tgff at 2h, 6h
and 16 h after irradiation.

After irradiation with °Fe ions (Figure 12B), the expression
of the cell cycle-associated genes Cdknla and Cdkn2a was
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not significantly changed. The expression levels of the
astrocyte reactivity marker Gfap and the cytokine Tgff§] were
not differentially regulated. Tnf expression varied strongly
between the biological replicates, resulting in no significant
changes. Also,

genes IlI6 and IlIb was not significantly altered except for an

expression of the inflammation-associated
upregulation of Il6 expression 6h after exposure to 4Gy Fe
ions, followed by a downregulation 16h after exposure to 2 Gy
Fe ions, and an upregulation 16h after exposure to 0.5Gy
Fe ions.

After irradiation with '2C ions (7 MeV/n), the expression
of the cell cycle-associated genes Cdknla and Cdkn2a was not
significantly changed except for a transient downregulation at 2h
after 2 Gy C ion irradiation (both) and 16h after 0.5Gy C ions
(Cdknla) or 2 Gy C ions (Cdkn2a) (Figure 12C). The expression
level of Gfap, Tnf, and Tgffs] did not change significantly after
exposure to C ions. Il1b was transiently upregulated 6h after
exposure to 0.5Gy C ions. The expression of the inflammation-
associated gene 1I6 was upregulated at the 6 h time point (0.5 and
2 Gy). Additionally, a downregulation was observed 2h and 16 h
post-irradiation with 1 and 2 Gy and 16 h after irradiation with 1 Gy
Cions.
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FIGURE 10
Astrocytes secrete the cytokine interleukin-6 independently of radiation exposure. Secretion of cytokine IL-6 was measured by ELISA. (A) The relative
IL-6 concentration of in cell culture media supernatants is displayed for astrocytes irradiated with 8 Gy of X-rays over a time course of 1-24h. The
samples were compared via 2way-ANOVA (not significant, n = 5). (B) Astrocytes exposed to different doses of 12C ions (LET 220 keV/im, 7 MeV/n)
did not secrete more IL-6 than the mock-irradiated controls (0 Gy) for all conditions tested. The samples were compared by two-way-ANOVA (not
significant, n = 4). Relative IL-6 concentrations were obtained by normalization of the absolute IL-6 concentration in the supernatants of the
irradiated samples to the concentration in the supernatant of the mock-irradiated control (0 Gy) at each time point. Data are shown as mean =+ SD for
(A, B). In case that the error bars are smaller than the symbol, they are not visible (A, B).

TABLE 5 Number of significantly differentially expressed genes (DEGs) in murine astrocytes after exposure to X-rays.

Time after
irradiation

0.1 Gy

Upregulated

Downregulated

Number of significant DEGs

2 Gy

Upregulated Downregulated

24h 0

4. Discussion

The radiation response of astrocytes is an important piece of the
puzzle in understanding the effects of different ionizing radiation
qualities on the brain as they represent the predominant cell type in
the mammalian brain (22) and are crucial to normal brain function
(83). Although the isolation of primary astrocytes is laborious
and the results are sometimes variable, primary astrocytes from
rodent embryos are recognized as a potent tool to study astrocytes,
biology and mechanistic features (66, 84). As alternative cell models
such as immortalized astrocytes and C6 glioma cells showed major
differences in morphology, protein expression and functionality
in comparison to primary astrocytes (84), we chose primary
murine astrocytes for our studies. Overall, the radiation response
of primary murine astrocytes was unremarkable with mostly minor
changes for some doses and time points after exposure.

For coping with radiation-induced DNA damage, DNA repair
is crucial. Here, it was shown that primary murine astrocytes repair
DNA DSBs induced by X-rays with a kinetics that is comparable to
other repair-proficient cell types (85-87). Fully functioning DNA
repair was also suggested by Schneider et al. after investigation of
X-rays-induced YH2AX foci in astrocytes that were differentiated
from murine embryonic stem cell-derived neural stem cells (22).
Also normal human astrocytes were capable to repair DNA DSBs
induced by 10 Gy X-rays, and they even upregulated the expression
of key proteins involved in non-homologous end joining (Ku70)
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and homologous recombination (RAD51) after irradiation (88)
and they increased DNA repair when they were in a reactive state
(89). For the radiation qualities with an LET of ~150 keV/pum,
the number of 53BP1 foci was lower than the maximal number
of YH2AX foci. This is in line with findings in murine neural
stem/progenitor cells after y-irradiation, in which yH2AX and
53BP1 did not fully colocalize and the number of 53BP1 foci was
lower than the number of YH2AX foci in the same cell nucleus
(90). After phosphorylation of H2AX, 53BP1 is recruited to the
DNA DSB and it is involved in the DNA DSB repair pathway
choice by controlling resection at the free DNA ends and thereby
interfering with homologous recombination (91, 92). In retinal
pigment epithelial RPE1 cells, 53BP1 was predominantly recruited
to repair foci of cells in GO/G1 phase which was explained by
its role in non-homologous end-joining, the DSB repair pathway
available in mammalian cells during this cell cycle phase, while
the 53BP1 foci were smaller during S phase (93). In G2 phase,
53BP1 foci might disappear faster than the YH2AX foci (94) and
in general, the dynamics of radiation-induced YH2AX and 53BP1
foci disappearance can differ (95, 96). This might explain the lower
number of 53BP1 foci compared to YH2AX foci that was observed
in primary murine astrocytes in this work.

Simulated microgravity did not modulate yH2AX foci
formation after exposure to X-rays and the subsequent repair
of DNA DSBs by primary murine astrocytes. The question
whether microgravity modulates the DNA damage response and
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FIGURE 11

Gene expression of astrocytes 24 h after exposure to 2 Gy X-rays. Gene expression of primary murine astrocytes was analyzed using RNA sequencing
(n = 4). (A) In this volcano plot, the logyo of the adjusted P-value [logjg (pad))] is plotted against the log, Fold Change in expression of each gene. The
two upregulated genes (pink dots) are annotated as well as some of the most significantly downregulated genes (green dots). (B) Gene ontology
(GO) terms that were significantly enriched with an adjusted P-value <0.05 in the differentially expressed gene sets are listed (up to 40 terms). The full
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TABLE 6 Significantly upregulated genes in murine astrocytes 24 h after exposure to 2 Gy X-rays.

Gene ID Gene name log, fold change P adj Function
ENSMUSG00000042078 ‘ Svop ‘ 1.40 ‘ 2.61E-03 ‘ Synaptic vesicle transport
ENSMUSG00000085042 ‘ Abhdllos ‘ 1.45 ‘ 5.85E-03 ‘ Unknown

P adj, adjusted P-value.

more specifically, DNA repair, was addressed in several space
experiments (97-100) and ground-based studies (52, 101) and
they led to conflicting results. A growth-stimulating effect of
microgravity and changes in gene expression might be contributors
to microgravity effects on the DNA damage response, while DNA
repair itself was mostly unaffected (52), which is in line with the
results of this study. As a clear dose-dependent radiation response
of astrocytes was observed only for DNA DSB induction and repair,
simulated microgravity was incorporated in these experiments
only and not extended to other biological endpoints investigated
in this work.

The number of YH2AX foci that were induced by the same
energy dose of iron ions was lower compared to X-rays. This
finding is expected for high-LET radiation, as ionization occurs
along tracks, resulting in a lower number of foci, which can contain
more complex DNA damage and/or several DNA DSBs (85, 102).
With higher LET, a lower number of average hits (and thereby,
YH2AX foci) was expected after heavy ion exposure (Table 3).
Furthermore, after °°Fe ion exposure, YH2AX foci formation and
removal was delayed when compared to X-rays. This delayed
repair is generally explained by the complexity of the heavy ion-
induced DNA damage, requiring the coordination of several repair
pathways (103).

To gain time for this DNA repair, cell cycle can be arrested
at different checkpoints after ionizing radiation exposure. In
murine astrocytes, no significant cell cycle changes were observed
after exposure to X-rays. A clear G2 arrest which is usually
induced in strongly proliferating mammalian cells after ionizing
radiation exposure was not observed. Due to the low proliferation
rate of primary astrocytes (a cell population doubling occurred
after ~180h in passage 1), accumulation in G2 phase may
be negligible or completely absent. Gene expression profiling
indicated downregulation of proliferation, cell cycle and mitosis
genes. In RT-qPCR of selected target genes, no significant effects
on the cell cycle regulation genes Cdknla (encoding p21WAF/CIPLy
and Cdkn2a (encoding p16) which are involved in cell cycle arrests
after ionizing radiation exposure and in senescence induction were
observed after X-rays and Fe ions exposure. This is in line with
the absence of a G2 arrest. Relative quantification of mRNA levels
in RT-qPCR might obscure already high gene expression levels of
Cdknla and Cdkn2a as indicators of senescence, but the presence
of S-phase and G2-phase cells under all treatment conditions does
not suggest a complete G1 cell cycle arrest in the primary murine
astrocytes investigated in this work. A general downregulation of
the DNA damage response signaling in astrocytes was described
previously (22) additionally attributing to the absence of radiation-
induced cell cycle arrest. The baseline cell cycle distribution in
mock-irradiated cells was as follows: 40-50% of cells were in
GO/GI and 50-60 % in S or G2 phase. For each experiment, new
astrocytes were isolated and some variation for different isolates
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might be attributed to such isolate batch effects and to different
timelines in the preparation of the beamtimes at the heavy ion
accelerator. Therefore, mock-irradiated controls were generated
for each experiment to account for such batch variations. The
cells in GO/G1 might reside in a quiescent state (GO) that permits
subsequent cell division upon stimulation (e.g., withdrawal and
re-addition of FBS) or in G1 as part of the actively cycling
cells (104).

Astrocyte reactivity (105) was evaluated by proliferation,
GFAP and cytokine expression. Proliferation of astrocytes usually
increases upon reactivity, inducing cell infiltration to damage sites
in the CNS (23). As Ki-67 is the most cited proliferation marker that
can be determined by immunofluorescence staining with highest
levels during G2 phase and mitosis (106, 107), the fraction of
Ki-67 positive cells after exposure of astrocytes to X-rays was
quantified and found to be largely unaffected by X-irradiation at
around 10%. A similar low percentage of proliferating cells of
10-25% was also observed in primary rat astrocytes (66) and in
adult mouse astrocytes (108). As the proliferation rate decreased
in higher passages (108), only passage 1 astrocytes were used in this
work. A higher proliferation of murine astrocytes could be achieved
by adding 20 % FBS instead of 10 % (108). Also, in presence of TNF-
a, the percentage of Ki-67" cells increased to 25-30 %, although
this effect was not significant due to large standard errors. Increased
astrocyte proliferation in response to the cytokines TNF-o and
IL-1P increase was described previously, supporting the results of
this work (79). As X-ray doses up to 8 Gy did not significantly
change Ki-67 expression, this marker was not used in the heavy
ion experiments.

In this work, astrocytes basally expressed GFAP without
significant changes after exposure to low-LET radiation up to a
dose of 8 Gy. In the context of research to improve radiotherapy
of brain tumors, reactive gliosis after irradiation with higher doses
(10 Gy) and in systemic context (whole-body X-irradiation of mice)
was observed based on upregulation of GFAP in the brain (109).
Increased GFAP expression was also documented 6h and 24h
after head-only X-irradiation (15Gy) of rats (15) and of mice
(20 Gy) (110). As absence of serum response factor (SRF) resulted
in increased GFAP expression in SRF knockout mice, the isolated
culture of primary astrocytes in presence of serum-containing
medium could be an explanation for suppressed GFAP expression
and absence of increase after irradiation (111). While isolated
culture of astrocytes offers the advantage that the specific radiation
response of this cell type can be analyzed by methods not suitable
for co-cultures or brain slices, responses that occur only in the
multicellular context of brain tissue cannot be addressed. Here, it
has to be considered that astrocytes’ responses to CNS insults are
a multicellular process in which the reaction of all cell types in the
brain including microglia, oligodendrocytes or neurons and their
release of signaling molecules is integrated to activate astrocytes
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TABLE 7 Significantly downregulated genes in murine astrocytes 24 h after exposure to 2 Gy X-rays.

10.3389/fpubh.2023.1063250

Gene ID Gene name log, fold change P adj Function
ENSMUSG00000024056 Ndc80 —1.27 2.47E-09 Proliferation
ENSMUSG00000027715 Ccna2 —1.35 6.41E-09 Proliferation
ENSMUSG00000040204 Pclaf —1.37 6.41E-09 Proliferation
ENSMUSG00000051220 Ercc6l —1.41 1.96E-08 Mitosis
ENSMUSG00000019773 Fbxo5 —1.44 8.43E-07 Proliferation
ENSMUSG00000022033 Pbk —1.14 9.89E-07 Cell cycle
ENSMUSG00000026683 Nuf2 —1.13 2.20E-06 Mitosis
ENSMUSG00000027306 Nusapl —1.25 2.96E-06 Mitosis
ENSMUSG00000035455 Fignll —1.25 5.25E-06 DNA repair
ENSMUSG00000035683 Melk —1.37 6.40E-06 Cell cycle
ENSMUSG00000034311 Kif4 —1.09 1.30E-05 Mitosis
ENSMUSG00000046179 E2f8 —1.42 1.30E-05 Cell cycle
ENSMUSG00000020914 Top2a —1.25 1.67E-05 Proliferation
ENSMUSG00000048922 Cdca2 —1.17 2.81E-05 Mitosis
ENSMUSG00000023940 Sgol —1.35 3.67E-05 Mitosis
ENSMUSG00000029910 Mad2l1 —1.05 3.67E-05 Mitosis
ENSMUSG00000032254 Kif23 —1.00 4.60E-05 Cytokinesis
ENSMUSG00000042489 Clspn —1.24 9.07E-05 Cell cycle
ENSMUSG00000022034 Esco2 —2.04 1.10E-04 DNA replication
ENSMUSG00000036223 Skal —1.68 1.33E-04 Mitosis
ENSMUSG00000024989 Cep55 —1.12 1.44E-04 Mitosis & Cytokinesis
ENSMUSG00000025001 Hells —1.26 3.15E-04 Proliferation
ENSMUSG00000048327 Ckap2l —1.27 3.48E-04 Mitosis
ENSMUSG00000041498 Kif14 —1.16 4.06E-04 Proliferation
ENSMUSG00000017499 Cdc6 —1.34 6.07E-04 Cell cycle
ENSMUSG00000026669 Mcml10 —1.17 7.00E-04 DNA replication
ENSMUSG00000027379 Bubl —1.37 8.14E-04 Mitosis
ENSMUSG00000032783 Troap —1.01 8.56E-04 Proliferation
ENSMUSG00000007080 Pole —1.03 9.90E-04 DNA repair
ENSMUSG00000022322 Shebpl —1.13 1.05E-03 Proliferation
ENSMUSG00000028212 Ccne2 —1.58 1.08E-03 Cell cycle
ENSMUSG00000031004 Mki67 —1.60 1.25E-03 Mitosis
ENSMUSG00000024795 Kif20b —1.31 1.33E-03 Cytokinesis
ENSMUSG00000034329 Bripl —1.33 1.46E-03 DNA repair
ENSMUSG00000037474 Dtl —1.07 1.46E-03 DNA repair
ENSMUSG00000015880 Ncapg —1.21 1.52E-03 Mitosis
ENSMUSG00000038379 Ttk —1.35 1.62E-03 Mitosis
ENSMUSG00000047534 Mis18bpl —1.51 1.88E-03 Mitosis
ENSMUSG00000039748 Exol —1.44 3.77E-03 DNA repair
ENSMUSG00000026196 Bardl —1.01 3.88E-03 DNA repair
ENSMUSG00000046591 Ticrr —1.13 5.52E-03 Cell cycle
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TABLE 7 (Continued)
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Gene ID Gene name log; fold change P adj Function
ENSMUSG00000020897 Aurkb —1.03 5.85E-03 Mitosis
ENSMUSG00000039396 Neil3 —1.46 5.85E-03 DNA replication
ENSMUSG00000028175 Depdcla —1.61 6.44E-03 Transcriptional regulation
ENSMUSG00000031629 Cenpu —1.26 6.76E-03 Mitosis
ENSMUSG00000028718 Stil —1.37 7.37E-03 Mitosis
ENSMUSG00000045328 Cenpe —1.19 8.46E-03 Mitosis
ENSMUSG00000027326 Knll —1.57 1.09E-02 Mitosis
ENSMUSG00000034023 Fancd2 —1.30 1.13E-02 DNA repair
ENSMUSG00000021714 Cenpk —1.12 1.25E-02 Mitosis
ENSMUSG00000036768 Kif15 —1.34 1.36E-02 Mitosis
ENSMUSG00000020330 Hmmr —1.14 1.37E-02 Cell motility
ENSMUSG00000020493 Prrll —1.18 1.51E-02 Cell cycle
ENSMUSG00000036777 Anin —1.06 1.53E-02 Cytokinesis
ENSMUSG00000022360 Atad2 —1.24 1.65E-02 Proliferation
ENSMUSG00000027699 Ect2 —1.21 1.65E-02 Cytokinesis
ENSMUSG00000026605 Cenpf —1.09 1.68E-02 Mitosis
ENSMUSG00000051235 Genl —1.44 2.14E-02 DNA repair
ENSMUSG00000017146 Breal —1.20 2.36E-02 DNA repair
ENSMUSG00000030528 Bim —1.34 2.74E-02 DNA repair
ENSMUSG00000023919 Cenpq —1.00 2.81E-02 Mitosis
ENSMUSG00000025758 Plk4 —1.11 2.87E-02 Cell cycle
ENSMUSG00000029414 Kntcl —1.12 3.16E-02 Mitosis
ENSMUSG00000020185 E2f7 —1.26 3.72E-02 Cell cycle
ENSMUSG00000012443 Kifl1 —1.31 4.19E-02 Mitosis
ENSMUSG00000031262 Cenpi —1.07 4.19E-02 Mitosis

(23). For increased proliferation of astrocytes in response to injury,
crosstalk of astrocytes with macrophages is required (112). In
cultured rat brain astrocytes incubated with media supernatants
from X-irradiated (2 and 10 Gy) microglia, GFAP expression was
increased after 24 h (15), indicating an important role of microglia
in astrogliosis induction by ionizing radiation exposure. Also, in
co-culture with endothelial cells in an organ-on-a-chip-model,
exposure to 0.3 Gy and 0.82 Gy *°Fe ions (600 MeV/n, LET 170
keV/pm) increased GFAP expression in astrocytes 3 days after
exposure (113).

Immunostaining of p65 and IL-6 ELISA revealed that in
primary murine astrocytes, basal activity of the NF-kB pathway
was present resulting in continuous IL-6 expression and secretion
which was not further enhanced by exposure to X-rays or C ions.

The absence of radiated-induced NF-kB activation correlates
well with the absence of radiation-induced GFAP expression as
GFAP expression is regulated by NF-kB by a kB binding site in
the GFAP promoter region (114). In this context, the previously
observed downregulation of DNA damage response signaling
including ATM activity in astrocytes (22) is of interest as ATM is a
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key player in ionizing radiation-induced NF-kB pathway activation
(70), possibly explaining the absence of NF-kB activation by the
radiation qualities investigated in this work.

In the CNS, cytokine IL-6 is
predominantly produced by astrocytes and is involved in cell-cell

the proinflammatory

communication and reactivity of astrocytes. IL-6 could exert some
autocrine actions in astrocytes (74, 115, 116). Both, proliferative
(117) and antiproliferative actions (118) of IL-6 in astrocytes have
been described. Transient local cytokine secretion might promote
the brain’s recovery after injury, but long-term upregulation
might result in damage (76). IL-6 expression is expected to be
found in a senescence-associated secretory profile (SASP), a
phenotypic shift leading to premature or stress-induced cellular
senescence (119-121). An irreversible cell cycle arrest is a major
characteristic of cellular senescence (49, 50). In human fibroblasts,
cell populations with <10% proliferative cells were designated
as non-dividing senescent cultures (51). Here, no significant
reductions in Ki-67" astrocytes were observed. Therefore, this
finding of basal IL-6 secretion suggests that these cells quickly
adopt an only partially senescent phenotype in isolated culture,
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A X-rays, 200 kV, LET 0.3-3 keV/um
Time 2h 6h 16h
Dose| 0Gy 1Gy 4Gy 8 Gy 0Gy 1Gy 4Gy 8 Gy 0Gy 1Gy 4Gy 8 Gy
Cdknla
Cdkn2a
Gfap
Tnf
b
0 H
Tafb 20-22x
12-13x
B  5%Fe ions, 996.5 MeV/n, LET 151 keV/um 9-10x
e h Sh %h 7-8x upregulated
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Cdkn2a 1-2x
Gfap not regulated
Tnf 1-2x
e — Fﬁ =
16
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. 9-10x
C 'Cions, 7 MeV/n, LET 220 keV/pm 16-17x
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FIGURE 12
Radiation exposure of astrocytes discretely regulates the expression of some selected target genes without clear dose- and time-dependency.
Expression of selected target genes in primary murine astrocytes at different time points after exposure to X-rays (n = 4) (A), Fe ions (n = 4) (B) and C
ions (n = 4) (C) was analyzed using RT-gPCR (n = 4) as described in Section 2.6.2. The samples were compared by one-way-ANOVA. Expression of
significantly regulated target genes (p < 0.05) is shown by a color code for each gene, dose and time point.

which is not further enhanced by in vitro exposure to ionizing
radiation. TP53 was reported to regulate cellular senescence in
astrocytes induced by ionizing radiation exposure (119). The
absence of a decided TP53 gene expression signature (including
e.g., the expression of Cdknla—p21) in the RNA sequencing
data after X-rays exposure might explain why the radiation
response of primary astrocytes was so reluctant. While TP53 in
astrocytes was related to various disease processes (122), its role
in the DNA damage response of astrocytes remains elusive. In
astrocytes that were differentiated from murine embryonic stem
cell-derived neural stem cells and exposed to 10 Gy or even 50 Gy
X-rays, no TP53 activation occurred 1h and 24 h after irradiation,
and the expression levels of the TP53 target genes GADD45a,
BAX and PUMA remained largely unchanged, only CDKNIA
expression was upregulated (22). This absence of a TP53-mediated
transcriptional response after exposure to X-rays was also observed
in cortical astroglia cell cultures from 1-d old mouse pups (123)
and might be an important factor for the observed radioresistance
of astrocytes (22). However, in activated proliferating astrocytes,
exposure to 4Gy X-rays activated TP53 (124), indicating
that the reactivity status might influence the TP53 response
of astrocytes.

Another possibility is that a senescent phenotype is present
because of high basal expression of Cdknla and Cdkn2a, the major
mediators of senescence-associated proliferation arrest (121), that
did not further increase after treatment. In vivo, cellular senescence
describes a state in which astrocytes do not replicate but remain
alive in the tissue, producing pro-inflammatory and neurotoxic
factors, and contributing to CNS damage (119, 125). Such aging of
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astrocytes was associated with a smaller pool of synaptic vesicles
in co-cultured neurons and decreased neuroprotective capacity
(126, 127).

The data acquired in this work provide an indication that
exposure of primary murine astrocytes in isolated culture to X-
rays or heavy ions did not result in astrocyte reactivity. Therefore,
further experiments were not performed to characterize reactivity
in more detail by including various markers (vimentin, leucine
zipper kinase, and nestin) (23, 111, 128) and pathways involved in
reactivity such as STATS3, cyclic adenosine monophosphate (cAMP)
or C-Jun-N-terminal kinase (JNK) (23, 129).

Sequencing of mRNA isolated from X-irradiated murine
astrocytes revealed that a low dose of 0.1 Gy had no effect
on global gene expression 6 and 24h after irradiation. Gene
expression changes were observed only at the late time point 24 h
after irradiation, and for the higher dose of 2 Gy. The number
of affected genes was low, the majority being downregulated.
This downregulation was moderate and affected mostly genes
involved in proliferation and DNA repair. As both processes
were not significantly affected after irradiation of astrocytes, the
biological role of these downregulations remains unclear. The
downregulation was not observed at the 6h time point while
DNA DSB repair was still ongoing. The majority of the nine
downregulated DNA repair genes is involved in homologous
recombination (Fignll, Bripl, Fancd2, Genl, Brcal, Blm) which is
not expected to be the prominent DNA DSB repair pathway in
astrocytes. Therefore, at the current stage, no strong indications of
a high functional relevance of the small reduction in expression
of DNA repair genes can be derived. No overlap of the profiles
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was observed when comparing this gene expression profile to the
expression profile of reactive astrocytes in two mouse brain injury
models, in which several hundreds of genes were upregulated
(105). This suggests that the expression profile observed in
this work is not indicative of reactive astrogliosis, although
it has to be considered that the gene expression profile of
reactive astrocytes was described to be specific for a given
injury (105).

Only two genes were upregulated in response to 2Gy X-
rays: Svop and Abhdllos. The synaptic vesicle protein SVOP
is described as a 548-aa protein of ~60 kDa (130) with 12
transmembrane regions (131) capable of binding nucleotides
[e.g., nicotinamide adenine dinucleotide (NAD)] (132) and of
transporting nicotinate (133). Its expression was described to
be limited to the CNS (134); in the adult mouse brain it was
predominantly found in hippocampus and cerebellum (130).
Based on its structure as a transporter-like protein (135) and
functional studies performed so far, a possible role in synaptic
vesicle uptake/transport is assumed that is not required for
survival under normal conditions (136). In humans, abnormal
methylation of the SVOP gene located on chromosome 12
(137) was correlated with prognosis of glioblastoma (138). Not
much is known on the function of long non-coding RNA
(IncRNA) Abhdllos (139) in astrocytes. The human homolog
ABHDI11 antisense RNA 1 (ABHD11-AS1) was found to be highly
expressed in gastric, lung, breast, colorectal, thyroid, pancreas,
ovary, endometrium, cervix, and bladder cancer and was therefore
suggested as biomarker for diagnosis and prognosis (140). In
mouse models of Huntington’s disease, expression of Abhdllos
was reduced (139) or dysregulated (141) and its overexpression
had neuroprotective effects in mice against mutant huntingtin-
induced toxicity (139). Besides these findings in cancer and
Huntington’s disease models, the role of AbhdIllos expression
in myocardial infarction was addressed: Increased Abhdllos
expression was found in a rat myocardial ischemia/reperfusion
injury model and hypoxia/reoxygenation-treated cardiomyocytes
(142). This upregulation of Abhdllos inhibited proliferation of
cardiomyocytes but promoted cell apoptosis, while downregulation
of Abhdllos inhibited apoptosis of cardiomyocytes thereby
attenuating the injury (142). Interestingly, after whole-body
irradiation of mice, the expression of the Abhdllos increased
dose-dependently in heart tissue (143), in line with the X-
rays-induced upregulation observed in murine astrocytes in
this study.

To assess whether gene expression might be more modulated
after exposure to higher doses or other radiation qualities (Fe
and C ions), or only transiently affected, several genes of interest
were analyzed by RT-qPCR: Cdknla and Cdkn2a, that are involved
in cell cycle progression Gfap as marker for astrocyte reactivity;
the cytokines Tnf, Il15 and II6, being involved in inflammation,
proliferation and apoptosis; Tgfp 1, which acts in anti-inflammatory
and anti-apoptotic manner. For these genes, no clear dose
dependence of up- or downregulation was observed, and some
regulations were transient. For example, X-irradiation with 8 Gy
caused only a transient upregulation of I6 at the time point 6 h.

Due to the limited availability of beamtimes at heavy ion
accelerators, the heavy ion experiments could not be repeated in
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independent beamtimes, but biological replicates isolated from
different animals were included and the sample size of each
biological replicate contained several thousand cells. Batch effects
of different isolates were observed for example in terms of the
higher basal IL-6 secretion in the C ion (7 MeV/n) experiments
at GSI compared to the experiments with X-rays at DLR.
Furthermore, not all biological endpoints could be analyzed for
all four radiation qualities due to beamtime time restrictions.
Nonetheless, the results of the heavy ion experiments were
interpreted only as possible trends if statistical tests were not
possible. Also, due to the low energy of the carbon ions, the
UNILAC beamtime required a different experimental setting where
astrocytes were seeded in petri dishes and kept in a reservoir with
cell culture medium for irradiation.

The choice of radiation doses used in this work was based
on the average mission doses on ISS [6 months ~ 90-150 mSv
(144, 145)] and a 1,000-days Mars mission [~340-1,000 mSv,
depending on solar activity and shielding (146)]. Higher doses
up to 8 Gy were added to generate dose response curves. As
the relative biological effectiveness (RBE) for the investigated
biological endpoints in astrocytes is not known, we used mostly
the same dose range for X-rays and heavy ions to generate
data from which the RBE could be derived. As in most of
the space radiobiological in vitro experiments, the effects of
an acute radiation exposure were investigated—a protracted
radiation exposure of cultured cells with heavy ions over 6
months to 3 years, imitating the mission durations, is simply
not feasible. The extrapolation of the effects of this acute high-
dose rate exposure to chronic low-dose rate exposure requires
some assumptions that are usually considered in terms of a dose-
and dose-rate reduction factor (DDREF) (147-150), which, in
worst case where a lower dose rate does not alleviate the damage,
is 1.

In conclusion, primary murine astrocytes were shown to be
fully repair-proficient for DNA DSBs induced by low- and high-
LET radiation. They seemed to be quite radioresistant and a
comprehensive DNA damage response also including cell cycle
arrests and cell death was absent. In isolated culture, they did
not shift toward astrocyte reactivity but the indicators of a
senescent phenotype warrant further investigation. Also, based on
the findings of this work, it seems that the question of astrogliosis
or astrosenescence cannot be answered when astrocytes are isolated
from their natural microenvironment in the brain. More complex
systems such as co-cultures, multicellular culture models (59),
organ-on-a-chip models (113), brain slices or brain organoids
could be interesting models to study astrocytes’ response to space-
relevant radiation qualities embedded in the cellular crosstalk
within the brain.

Data availability statement

The RNA Seq datasets presented in this study can be found
in online repositories. The name of the repository and accession
number is NCBI Gene Expression Omnibus (GEO) GSE215383 -
Astrocytes’ Radiation Response to be found under the link https://
www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE215383.

frontiersin.org


https://doi.org/10.3389/fpubh.2023.1063250
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE215383
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org

Roggan et al.

Ethics statement

The animal study was reviewed and approved by Landesamt
fur Natur, Umwelt und Verbraucherschutz Nordrhein-Westfalen,
LANUYV, Germany on 4 December, 2017, Nr. 84-02.04.2017.A319.

Author contributions

Conceptualization and writing—original draft: CEH, JK, and
MDR. Data curation: MDR, SH, and EW. Formal analysis and
visualization: CEH, MDR, SH, EW, and JK. Funding acquisition:
CEH and SD. Investigation: CEH, BK, MDR, SH, EW, JK, SD,
and HN. Methodology: CEH, MDR, SH, EW, JK, and SD. Project
administration: CEH and JK. Resources: CEH. Supervision: CEH,
JK, SD, and CL. Writing- review and editing: HN, CEH, MDR, BK,
SH, and CL. All authors have read, agreed to the published version
of the manuscript, approved the submitted version, agree to be
personally accountable for the author’s own contributions and for
ensuring that questions related to the accuracy or integrity of any
part of the work, even ones in which the author was not personally
involved, are appropriately investigated, resolved, and documented
in the literature.

Funding

The project was supported by DLR internal funds (FuW
475 NeuroSpace). HN received a Ph.D. fellowship of the
Higher Education Commission of Pakistan (HEC)—HRDI-
UESTP’s/UET’s-Faculty Training in
Deutscher Akademischer Austauschdienst—German Academic

cooperation with the

Exchange Service (DAAD). The Fe ion beamtime was partially
supported by the (ESA) grant
Investigations into Biological Effects of Radiation (IBER) to
GSI. The GSI UNILAC beamtime (UBio08_Diegeler) was
enabled by the Program Advisory Committee for Biophysics and
Radio-Biology (8th Bio-PAC). Both beamtimes were within the
FAIR Phase-0 Research Program of the GSI Helmholtzzentrum
fiir Schwerionenforschung.

European Space Agency

References

1. Durante M, Cucinotta FA. Heavy ion carcinogenesis and human space
exploration. Nat Rev Cancer. (2008) 8:465-72. doi: 10.1038/nrc2391

2. Chancellor JC, Scott GB, Sutton JP. Space
one risk to astronaut health beyond low earth
4:491-510. doi: 10.3390/1ife4030491

3. Hellweg CE, Baumstark-Khan C. Getting ready for the manned mission to
Mars: the astronauts’ risk from space radiation. Naturwissenschaften. (2007) 94:517-
26. doi: 10.1007/s00114-006-0204-0

4. Cucinotta FA, Schimmerling W, Wilson JW, Peterson LE, Badhwar GD,
Saganti PB, et al. Space radiation cancer risks and uncertainties for Mars missions.
Radiat Res. (2001) 156:682-8. doi: 10.1667/0033-7587(2001)156[0682:SRCRAU]2.
0.CO;2

5. Zeitlin C, Hassler DM, Cucinotta FA, Ehresmann B, Wimmer-Schweingruber
RE Brinza DE, et al. Measurements of energetic particle radiation in transit to Mars
on the Mars Science Laboratory. Science. (2013) 340:1080-4. doi: 10.1126/science.
1235989

number
(2014)

radiation: the
orbit.  Life.

Frontiersin Public Health

10.3389/fpubh.2023.1063250

Acknowledgments

We thank our liaison scientists at GSI Insa Schroder and Denise
Eckart for their excellent technical assistance in preparation of and
during the beamtimes. Ulrich Weber and Thomas Friedrich at GSI
are acknowledged for their dedicated and precise irradiation of
our samples at GSI. Our thanks also go to the beam operators
at GSI for operating the accelerator during our experiments.
Furthermore, we thank Peter Tuschy for excellent advice for the
hygiene plans required to enable travel to heavy ion accelerators
during the SARS-CoV-2 pandemic. The authors would like to
thank Thomas Urlings for help with RNA Seq data download
and conversion and Claudia Schmitz for her commitment
to ensure duly delivery of consumable supplies in times of
supply difficulties.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fpubh.2023.
1063250/full#supplementary-material

6. Hassler DM, Zeitlin C, Wimmer-Schweingruber RE, Ehresmann B,
Rafkin S, Eigenbrode JL, et al. Mars’ surface radiation environment measured
with the Mars Science Laboratory’s Curiosity rover. Science. (2014)
343:1244797. doi: 10.1126/science.1244797

7. Simonsen LC, Slaba TC, Guida P, Rusek A. NASASs first ground-based galactic
cosmic ray simulator: enabling a new era in space radiobiology research. PLoS Biol.
(2020) 18:€3000669. doi: 10.1371/journal.pbio.3000669

8. Jandial R, Hoshide R, Waters JD, Limoli CL. Space-brain: the negative
effects of space exposure on the central nervous system. Surg Neurol Int. (2018)
9:9. doi: 10.4103/sni.sni_250_17

9. Parihar VK, Allen BD, Caressi C, Kwok S, Chu E, Tran KK, et al
Cosmic radiation exposure and persistent cognitive dysfunction. Sci Rep. (2016)
6:34774. doi: 10.1038/srep34774

10. Rola R, Fishman K, Baure J, Rosi S, Lamborn KR, Obenaus A, et al. Hippocampal
neurogenesis and neuroinflammation after cranial irradiation with (56)Fe particles.
Radiat Res. (2008) 169:626-32. doi: 10.1667/RR1263.1

frontiersin.org


https://doi.org/10.3389/fpubh.2023.1063250
https://www.frontiersin.org/articles/10.3389/fpubh.2023.1063250/full#supplementary-material
https://doi.org/10.1038/nrc2391
https://doi.org/10.3390/life4030491
https://doi.org/10.1007/s00114-006-0204-0
https://doi.org/10.1667/0033-7587(2001)156[0682:SRCRAU]2.0.CO;2
https://doi.org/10.1126/science.1235989
https://doi.org/10.1126/science.1244797
https://doi.org/10.1371/journal.pbio.3000669
https://doi.org/10.4103/sni.sni_250_17
https://doi.org/10.1038/srep34774
https://doi.org/10.1667/RR1263.1
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org

Roggan et al.

11. Whoolery CW, Walker AK, Richardson DR, Lucero MJ, Reynolds RP, Beddow
DH, et al. Whole-body exposure to (28)Si-radiation dose-dependently disrupts dentate
gyrus neurogenesis and proliferation in the short term and new neuron survival
and contextual fear conditioning in the long term. Radiat Res. (2017) 188:532-
51. doi: 10.1667/RR14797.1

12. Pariset E, Malkani S, Cekanaviciute E, Costes SV. Ionizing radiation-induced
risks to the central nervous system and countermeasures in cellular and rodent models.
Int ] Radiat Biol. (2021) 97:5132-50. doi: 10.1080/09553002.2020.1820598

13. Cucinotta FA, Alp M, Sulzman FM, Wang M. Space radiation risks to the central
nervous system. Life Sci Space Res. (2014) 2:54-69. doi: 10.1016/j.1ssr.2014.06.003

14. Constanzo J, Midavaine E, Fouquet ], Lepage M, Descoteaux M, Kirby K, et al.
Brain irradiation leads to persistent neuroinflammation and long-term neurocognitive
dysfunction in a region-specific manner. Prog Neuropsychopharmacol Biol Psychiatry.
(2020) 102:109954. doi: 10.1016/j.pnpbp.2020.109954

15. Hwang SY, Jung JS, Kim TH, Lim SJ, Oh ES, Kim JY, et al. Ionizing radiation
induces astrocyte gliosis through microglia activation. Neurobiol Dis. (2006) 21:457-
67. doi: 10.1016/j.nbd.2005.08.006

16. Ung M-C, Garrett L, Dalke C, Leitner V, Dragosa D, Hladik D, et al. Dose-
dependent long-term effects of a single radiation event on behaviour and glial cells.
Int ] Rad Biol. (2021) 97:156-69. doi: 10.1080/09553002.2021.1857455

17. Roos WP, Kaina B. DNA damage-induced cell death by apoptosis. Trends Mol
Med. (2006) 12:440-50. doi: 10.1016/j.molmed.2006.07.007

18. Cortese F, Klokov D, Osipov A, Stefaniak J, Moskalev A, Schastnaya J, et al. Vive
la radiorésistance!: converging research in radiobiology and biogerontology to enhance
human radioresistance for deep space exploration and colonization. Oncotarget. (2018)
9:14692-722. doi: 10.18632/oncotarget.24461

19. Schmidt-Ullrich RK, Dent P, Grant S, Mikkelsen RB, Valerie K.
Signal transduction and cellular radiation responses. Radiat Res. (2000)
153:245-57. doi: 10.1667/0033-7587(2000)153[0245:STACRR]2.0.CO;2

20. Amundson  SA. Functional genomics in radiation
gateway to cellular systems-level studies. Radiat Environ Biophys.
47:25-31. doi: 10.1007/s00411-007-0140-1

biology: a
(2008)

21. Snyder AR, Morgan WEF. Gene expression profiling after irradiation: clues to
understanding acute and persistent responses? Cancer Metastasis Rev. (2004) 23:259-
68. doi: 10.1023/B:CANC.0000031765.17886.fa

22. Schneider L, Fumagalli M, d’Adda di Fagagna F. Terminally differentiated
astrocytes lack DNA damage response signaling and are radioresistant but retain DNA
repair proficiency. Cell Death Differ. (2012) 19:582-91. doi: 10.1038/cdd.2011.129

23. Sofroniew MV. Astrogliosis. Cold Spring Harb Perspect Biol. (2014)

7:2020420. doi: 10.1101/cshperspect.a020420

24. Sofroniew MYV, Vinters HV. Astrocytes: biology and pathology. Acta
Neuropathol. (2010) 119:7-35. doi: 10.1007/s00401-009-0619-8

25. Cohen J, Torres C. Astrocyte senescence: evidence and significance. Aging Cell.
(2019) 18:€12937. doi: 10.1111/acel.12937

26. Boyd A, Byrne S, Middleton RJ, Banati RB, Liu G-J. Control of
neuroinflammation through radiation-induced microglial changes. Cells. (2021)
10:2381. doi: 10.3390/cells10092381

27. Turnquist C, Harris BT, Harris CC. Radiation-induced brain injury: current
concepts and therapeutic strategies targeting neuroinflammation. Neurooncol Adv.
(2020) 2:vdaa057. doi: 10.1093/noajnl/vdaa057

28. Lang T, LeBlanc A, Evans H, Lu Y, Genant H, Yu A. Cortical and trabecular bone
mineral loss from the spine and hip in long-duration spaceflight. ] Bone Miner Res.
(2004) 19:1006-12. doi: 10.1359/JBMR.040307

29. Sibonga JD, Evans HJ, Sung HG, Spector ER, Lang TF, Oganov VS, et al.
Recovery of spaceflight-induced bone loss: bone mineral density after long-
duration missions as fitted with an exponential function. Bone. (2007) 41:973-
8. doi: 10.1016/j.bone.2007.08.022

30. Capri M, Morsiani C, Santoro A, Moriggi M, Conte M, Martucci M,
et al. Recovery from 6-month spaceflight at the International Space Station:
muscle-related stress into a proinflammatory setting. FASEB J. (2019) 33:5168-
80. doi: 10.1096/1.201801625R

31. West JB. Physiology in microgravity. J Appl Physiol. (1985) (2000) 89:379-
84. doi: 10.1152/jappl.2000.89.1.379

32. Williams D, Kuipers A, Mukai C, Thirsk R. Acclimation during space flight:
effects on human physiology. CMAJ. (2009) 180:1317-23. doi: 10.1503/cmaj.090628

33. Hargens AR, Vico L. Long-duration bed rest as an analog to microgravity. ] Appl
Physiol. (2016) 120:891-903. doi: 10.1152/japplphysiol.00935.2015

34. Leach CS, Dietlein LE Pool SL, Nicogossian AE. Medical considerations
for extending human presence in space. Acta Astronaut. (1990) 21:659-
66. doi: 10.1016/0094-5765(90)90077-X

35. Young LR, Oman CM, Watt DG, Money KE, Lichtenberg BK. Spatial orientation
in weightlessness and readaptation to earth’s gravity. Science. (1984) 225:205-
8. doi: 10.1126/science.6610215

Frontiersin Public Health

10.3389/fpubh.2023.1063250

36. Paul AM, Overbey EG, da Silveira WA, Szewczyk N, Nishiyama NC, Pecaut
MJ, et al. Immunological and hematological outcomes following protracted low
dose/low dose rate ionizing radiation and simulated microgravity. Sci Rep. (2021)
11:11452. doi: 10.1038/s41598-021-90439-5

37. Li K, Guo X, Jin Z, Ouyang X, Zeng Y, Feng J, et al. Effect of simulated
microgravity on human brain gray matter and white matter-evidence from MRI. PLoS
ONE. (2015) 10:€0135835. doi: 10.1371/journal.pone.0135835

38. Rezvyakov PN, Shaimardanova GE Lisukov AN, Kuznetsov MS, Islamov RR,
Nikolskiy EE. Morphological study of myelinated fibers of the sciatic nerve in mice
after space flight and readaptation to the conditions of earth gravity. Dokl Biol Sci.
(2018) 482:174-7. doi: 10.1134/S0012496618050101

39. Kuznetsov MS, Lisukov AN, Rizvanov AA, Tyapkina OV, Gusev OA, Rezvyakov
PN, et al. Bioinformatic study of transcriptome changes in the mice lumbar spinal cord
after the 30-day spaceflight and subsequent 7-day readaptation on earth: new insights
into molecular mechanisms of the hypogravity motor syndrome. Front Pharmacol.
(2019) 10:747. doi: 10.3389/fphar.2019.00747

40. Davet J, Clavel B, Datas L, Mani-Ponset L, Maurel D, Herbuté S, et al. Choroidal
readaptation to gravity in rats after spaceflight and head-down tilt. J Appl Physiol.
(1998) 84:19-29. doi: 10.1152/jappl.1998.84.1.19

41. Moreno-Villanueva M, Feiveson AH, Krieger S, Kay Brinda A, von Scheven G,
Biirkle A, et al. Synergistic effects of weightlessness, isoproterenol, and radiation on
DNA damage response and cytokine production in immune cells. Int ] Mol Sci. (2018)
19:3689. doi: 10.3390/ijms19113689

42. Topal U, Zamur Microgravity C, Stem cells, and cancer: a new hope for cancer
treatment. Stem Cells Int. (2021) 2021:5566872. doi: 10.1155/2021/5566872

43. Gaboyard S, Blanchard MP, Travo C, Viso M, Sans A, Lehouelleur J.
Weightlessness affects cytoskeleton of rat utricular hair cells during maturation in vitro.
Neuroreport. (2002) 13:2139-42. doi: 10.1097/00001756-200211150-00030

44. He ], Zhang X, Gao Y, Li S, Sun Y. Effects of altered gravity on the cell cycle,
actin cytoskeleton and proteome in Physarum polycephalum. Acta Astronautica. (2008)
63:915-22. doi: 10.1016/j.actaastro.2008.03.004

45. Brungs S, Egli M, Wuest SL, Christianen PCM, van Loon JJWA,

Ngo Anh TJ, et al. Faciliies for simulation of microgravity in the
esa ground-based facility programme. Microgravity Sci Technol. (2016)
28:191-203. doi: 10.1007/s12217-015-9471-8

46. Wang M, Li J, Zhang S, You Y, Zhu X, Xiang H, et al. Effects of titanium dioxide
nanoparticles on cell growth and migration of A549 cells under simulated microgravity.
Nanomaterials. (2022) 12:1879. doi: 10.3390/nano12111879

47. Ahn CB, Lee JH, Han DG, Kang HW, Lee SH, Lee J1, et al. Simulated microgravity
with floating environment promotes migration of non-small cell lung cancers. Sci Rep.
(2019) 9:14553. doi: 10.1038/541598-019-50736-6

48. Mao X, Chen Z, Luo Q, Zhang B, Song G. Simulated microgravity inhibits the
migration of mesenchymal stem cells by remodeling actin cytoskeleton and increasing
cell stiffness. Cytotechnology. (2016) 68:2235-43. doi: 10.1007/s10616-016-0007-x

49. Kamal KY, Herranz R, van Loon J, Medina FJ. Simulated microgravity,
Mars gravity, and 2g hypergravity affect cell cycle regulation, ribosome
biogenesis, and epigenetics in Arabidopsis cell cultures. Sci Rep. (2018)
8:6424. doi: 10.1038/s41598-018-24942-7

50. Tan X, Xu A, Zhao T, Zhao Q, Zhang ], Fan C, et al. Simulated microgravity
inhibits cell focal adhesions leading to reduced melanoma cell proliferation and
metastasis via FAK/RhoA-regulated mTORCI and AMPK pathways. Sci Rep. (2018)
8:3769. doi: 10.1038/s41598-018-20459-1

51. Dietz C, Infanger M, Romswinkel A, Strube F, Kraus A. Apoptosis induction and
alteration of cell adherence in human lung cancer cells under simulated microgravity.
Int ] Mol Sci. (2019) 20:3601. doi: 10.3390/ijms20143601

52. Moreno-Villanueva M, Wong M, Lu T, Zhang Y, Wu H. Interplay of space
radiation and microgravity in DNA damage and DNA damage response. NPJ
Microgravity. (2017) 3:14. doi: 10.1038/s41526-017-0019-7

53. Shinde V, Brungs S, Henry M, Wegener L, Nemade H, Rotshteyn T, et al.
Simulated microgravity modulates differentiation processes of embryonic stem cells.
Cell Physiol Biochem. (2016) 38:1483-99. doi: 10.1159/000443090

54. Plett PA, Abonour R, Frankovitz SM, Orschell CM. Impact of
modeled microgravity on migration, differentiation, and cell cycle control
of primitive human hematopoietic progenitor cells. Exp Hematol. (2004)
32:773-81. doi: 10.1016/j.exphem.2004.03.014

55. Hauschild S, Tauber S, Lauber B, Thiel CS, Layer LE, Ullrich O. T cell regulation
in microgravity — the current knowledge from in vitro experiments conducted in
space, parabolic flights and ground-based facilities. Acta Astronautica. (2014) 104:365-
77. doi: 10.1016/j.actaastro.2014.05.019

56. Sarkar P, Sarkar S, Ramesh V, Hayes BE, Thomas RL, Wilson BL, et al. Proteomic
analysis of mice hippocampus in simulated microgravity environment. ] Proteome Res.
(2006) 5:548-53. doi: 10.1021/pr050274r

57. Strauch SM, Grimm D, Corydon TJ, Kriiger M, Bauer J, Lebert M, et al. Current

knowledge about the impact of microgravity on the proteome. Expert Rev Proteomics.
(2019) 16:5-16. doi: 10.1080/14789450.2019.1550362

frontiersin.org


https://doi.org/10.3389/fpubh.2023.1063250
https://doi.org/10.1667/RR14797.1
https://doi.org/10.1080/09553002.2020.1820598
https://doi.org/10.1016/j.lssr.2014.06.003
https://doi.org/10.1016/j.pnpbp.2020.109954
https://doi.org/10.1016/j.nbd.2005.08.006
https://doi.org/10.1080/09553002.2021.1857455
https://doi.org/10.1016/j.molmed.2006.07.007
https://doi.org/10.18632/oncotarget.24461
https://doi.org/10.1667/0033-7587(2000)153[0245:STACRR]2.0.CO;2
https://doi.org/10.1007/s00411-007-0140-1
https://doi.org/10.1023/B:CANC.0000031765.17886.fa
https://doi.org/10.1038/cdd.2011.129
https://doi.org/10.1101/cshperspect.a020420
https://doi.org/10.1007/s00401-009-0619-8
https://doi.org/10.1111/acel.12937
https://doi.org/10.3390/cells10092381
https://doi.org/10.1093/noajnl/vdaa057
https://doi.org/10.1359/JBMR.040307
https://doi.org/10.1016/j.bone.2007.08.022
https://doi.org/10.1096/fj.201801625R
https://doi.org/10.1152/jappl.2000.89.1.379
https://doi.org/10.1503/cmaj.090628
https://doi.org/10.1152/japplphysiol.00935.2015
https://doi.org/10.1016/0094-5765(90)90077-X
https://doi.org/10.1126/science.6610215
https://doi.org/10.1038/s41598-021-90439-5
https://doi.org/10.1371/journal.pone.0135835
https://doi.org/10.1134/S0012496618050101
https://doi.org/10.3389/fphar.2019.00747
https://doi.org/10.1152/jappl.1998.84.1.19
https://doi.org/10.3390/ijms19113689
https://doi.org/10.1155/2021/5566872
https://doi.org/10.1097/00001756-200211150-00030
https://doi.org/10.1016/j.actaastro.2008.03.004
https://doi.org/10.1007/s12217-015-9471-8
https://doi.org/10.3390/nano12111879
https://doi.org/10.1038/s41598-019-50736-6
https://doi.org/10.1007/s10616-016-0007-x
https://doi.org/10.1038/s41598-018-24942-7
https://doi.org/10.1038/s41598-018-20459-1
https://doi.org/10.3390/ijms20143601
https://doi.org/10.1038/s41526-017-0019-7
https://doi.org/10.1159/000443090
https://doi.org/10.1016/j.exphem.2004.03.014
https://doi.org/10.1016/j.actaastro.2014.05.019
https://doi.org/10.1021/pr050274r
https://doi.org/10.1080/14789450.2019.1550362
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org

Roggan et al.

58. Lichterfeld Y, Kalinski L, Schunk S, Schmakeit T, Feles S, Frett T, et al.
Hypergravity attenuates reactivity in primary murine astrocytes. Biomedicines. (2022)
10:1966. doi: 10.3390/biomedicines10081966

59. Goshi N, Morgan RK, Lein PJ, Seker E. A primary neural cell culture model
to study neuron, astrocyte, and microglia interactions in neuroinflammation. J
Neuroinflamm. (2020) 17:155. doi: 10.1186/s12974-020-01819-z

60. Herranz R, Anken R, Boonstra J, Braun M, Christianen PC, de Geest M,
et al. Ground-based facilities for simulation of microgravity: organism-specific
recommendations for their use, reccommended terminology. Astrobiology. (2013) 13:1-
17. doi: 10.1089/ast.2012.0876

61. Hauslage J, Cevik V, Hemmersbach R. Pyrocystis noctiluca represents
an excellent bioassay for shear forces induced in ground-based microgravity
simulators (clinostat and random positioning machine). NPJ Microgravity. (2017)
3:12. doi: 10.1038/541526-017-0016-x

62. Eiermann P, Kopp S, Hauslage J, Hemmersbach R, Gerzer R, Ivanova K.
Adaptation of a 2-D clinostat for simulated microgravity experiments with adherent
cells. Microgravity Sci Technol. (2013) 25:153-9. doi: 10.1007/s12217-013-9341-1

63. Koch CM, Chiu SE, Akbarpour M, Bharat A, Ridge KM, Bartom ET, et al. A
Beginner’s guide to analysis of RNA sequencing data. Am J Respir Cell Mol Biol. (2018)
59:145-57. doi: 10.1165/rcmb.2017-0430TR

64. Zhang T, Zheng YD, Jiao M, Zhi Y, Xu SY, Zhu PY, et al. Nuclear factor-
kB signaling mediates antimony-induced astrocyte activation. Biomed Environ Sci.
(2021) 34:29-39. doi: 10.3967/bes2021.005

65. Martorana F, Foti M, Virtuoso A, Gaglio D, Aprea F Latronico T, et al.
Differential modulation of NF-«B in neurons and astrocytes underlies neuroprotection
and antigliosis activity of natural antioxidant molecules. Oxid Med Cell Longev. (2019)
2019:8056904. doi: 10.1155/2019/8056904

66. Ferrer-Acosta Y, Gonzalez—Vega MN, Rivera-Aponte DE, Martinez-Jimenez SM,
Martins AH. Monitoring astrocyte reactivity and proliferation in vitro under ischemic-
like conditions. J Vis Exp. (2017) 128. doi: 10.3791/55108-v

67. Candido ME Baldissera GC, Medeiros M, Umezawa K, Brassesco MS. NF-
small ka, CyrillicB inhibition by DHMEQ: in vitro antiproliferative effects on
pilocytic astrocytoma and concise review of the current literature. Childs Nerv Syst.
(2020) 36:2675. doi: 10.1007/s00381-020-04625-3

68. Denis-Donini S, Caprini A, Frassoni C, Grilli M. Members of the NF-kappaB
family expressed in zones of active neurogenesis in the postnatal and adult mouse brain.
Brain Res Dev Brain Res. (2005) 154:81-9. doi: 10.1016/j.devbrainres.2004.10.010

69. Guizzetti M, Bordi F, Dieguez-Acuifia FJ, Vitalone A, Madia F, Woods JS, et al.
Nuclear factor kappaB activation by muscarinic receptors in astroglial cells: effect of
ethanol. Neuroscience. (2003) 120:941-50. doi: 10.1016/S0306-4522(03)00401-9

70. Hellweg CE. The nuclear
immune system in the radiation
89. doi: 10.1016/j.canlet.2015.02.019

71. Zhou G, Xu Y, He B, Ma R, Wang Y, Chang Y, et al. Ionizing
radiation modulates vascular endothelial growth factor expression through STAT3
signaling pathway in rat neonatal primary astrocyte cultures. Brain Behav. (2020)
10:01529. doi: 10.1002/brb3.1529

factor kappaB pathway: a link to the
response. Cancer Lett. (2015) 368:275-

72. Janeczko K, Pawlifiski R, Setkowicz Z, Ziaja M, Soltys Z, Ryszka A. Long-term
postnatal effect of prenatal irradiation on the astrocyte proliferative response to brain
injury. Brain Res. (1997) 770:237-41. doi: 10.1016/S0006-8993(97)00873-1

73. Roper SN, Abraham LA, Streit WJ. Exposure to in utero irradiation produces
disruption of radial glia in rats. Dev Neurosci. (1997) 19:521-8. doi: 10.1159/000111249

74. Guillemin G, Boussin FD, Le Grand R, Croitoru J, Coffigny H, Dormont
D. Granulocyte macrophage colony stimulating factor stimulates in vitro
proliferation of astrocytes derived from simian mature brains. Glia. (1996) 16:71-
80. doi: 10.1002/(SICI)1098-1136(199601)16:1&It;71:: AID-GLIA8&gt;3.0.CO;2-E

75. Merrill JE. Effects of interleukin-1 and tumor necrosis factor-alpha on astrocytes,
microglia, oligodendrocytes, and glial precursors in vitro. Dev Neurosci. (1991) 13:130-
7. doi: 10.1159/000112150

76. Morganti-Kossmann ~ MC,
and neuropathology. Trends
91. doi: 10.1016/0165-6147(92)90087-M

77. Oh Y], Markelonis GJ, Oh TH. Effects of interleukin-1 beta and tumor necrosis
factor-alpha on the expression of glial fibrillary acidic protein and transferrin in
cultured astrocytes. Glia. (1993) 8:77-86. doi: 10.1002/glia.440080203

78. Selmaj KW, Farooq M, Norton WT, Raine CS, Brosnan CF. Proliferation of
astrocytes in vitro in response to cytokines. A primary role for tumor necrosis factor. J
Immunol. (1990) 144:129-35. doi: 10.4049/jimmunol.144.1.129

79. Cui M, Huang Y, Tian C, Zhao Y, Zheng J. FOXO3a inhibits TNF-alpha- and IL-
1beta-induced astrocyte proliferation:Implication for reactive astrogliosis. Glia. (2011)
59:641-54. doi: 10.1002/glia.21134

Wahl  SM.
(1992)

Kossmann T,
Pharmacol Sci.

Cytokines
13:286-

80. Trautz F Franke H, Bohnert S, Hammer N, Muller W, Stassart R, et al.
Survival-time dependent increase in neuronal IL-6 and astroglial GFAP expression in
fatally injured human brain tissue. Sci Rep. (2019) 9:11771. doi: 10.1038/s41598-019-
48145-w

Frontiersin Public Health

10.3389/fpubh.2023.1063250

81. Amick JE, Yandora KA, Bell MJ, Wisniewski SR, Adelson PD, Carcillo JA,
et al. The Thl versus Th2 cytokine profile in cerebrospinal fluid after severe
traumatic brain injury in infants and children. Pediatr Crit Care Med. (2001) 2:260-
4. doi: 10.1097/00130478-200107000-00013

82. Ashburner M, Ball CA, Blake JA, Botstein D, Butler H, Cherry JM, et al. Gene
ontology: tool for the unification of biology. The Gene Ontology Consortium. Nat
Genet. (2000) 25:25-9. doi: 10.1038/75556

83. Ransom B, Behar T, Nedergaard M. New roles for astrocytes (stars at last). Trends
Neurosci. (2003) 26:520-2. doi: 10.1016/j.tins.2003.08.006

84. Galland E Seady M, Taday J, Smaili SS, Goncalves CA, Leite MC.
Astrocyte culture models: molecular and function characterization of primary
culture, immortalized astrocytes and C6 glioma cells. Neurochem Int. (2019)
131:104538. doi: 10.1016/j.neuint.2019.104538

85. Oizumi T, Ohno R, Yamabe S, Funayama T, Nakamura AJ. Repair kinetics
of DNA double strand breaks induced by simulated space radiation. Life. (2020)
10:341. doi: 10.3390/1ife10120341

86. Kiihne M, Riballo E, Rief N, Rothkamm K, Jeggo PA, Lobrich M. A double-strand
break repair defect in ATM-deficient cells contributes to radiosensitivity. Cancer Res.
(2004) 64:500-8. doi: 10.1158/0008-5472.CAN-03-2384

87. Kashiwagi H, Shiraishi K, Sakaguchi K, Nakahama T, Kodama S. Repair
kinetics of DNA double-strand breaks and incidence of apoptosis in mouse neural
stem/progenitor cells and their differentiated neurons exposed to ionizing radiation.
J Radiat Res. (2018) 59:261-71. doi: 10.1093/jrr/rrx089

88. Bylicky MA, Mueller GP, Day RM. Radiation resistance of normal human
astrocytes: the role of non-homologous end joining DNA repair activity. ] Radiat Res.
(2019) 60:37-50. doi: 10.1093/jrr/rry084

89. Yong RL, Yang C, Lu J, Wang H, Schlaff CD, Tandle A, et al. Cell transcriptional
state alters genomic patterns of DNA double-strand break repair in human astrocytes.
Nat Commun. (2014) 5:5799. doi: 10.1038/ncomms6799

90. Yamamura Y, Kawamura Y, Oiwa Y, Oka K, Onishi N, Saya H, et al. Isolation
and characterization of neural stem/progenitor cells in the subventricular zone of
the naked mole-rat brain. Inflamm Regen. (2021) 41:31. doi: 10.1186/s41232-021-
00182-7

91. Bunting SE, Callén E, Wong N, Chen HT, Polato F, Gunn A, et al. 53BP1 inhibits
homologous recombination in Brcal-deficient cells by blocking resection of DNA
breaks. Cell. (2010) 141:243-54. doi: 10.1016/j.cell.2010.03.012

92. Kakarougkas A, Ismail A, Katsuki Y, Freire R, Shibata A, Jeggo PA. Co-operation
of BRCA1 and POH1 relieves the barriers posed by 53BP1 and RAP80 to resection.
Nucleic Acids Res. (2013) 41:10298-311. doi: 10.1093/nar/gkt802

93. Chapman JR, Sossick AJ, Boulton SJ, Jackson SP. BRCA1-associated exclusion of
53BP1 from DNA damage sites underlies temporal control of DNA repair. J Cell Sci.
(2012) 125:3529-34. doi: 10.1242/jcs.105353

94. Isono M, Niimi A, Oike T, Hagiwara Y, Sato H, Sekine R, et al. BRCAl
directs the repair pathway to homologous recombination by promoting 53BP1
dephosphorylation. Cell Rep. (2017) 18:520-32. doi: 10.1016/j.celrep.2016.12.042

95. Markova E, Schultz N, Belyaev IY. Kinetics and dose-response
of residual 53BP1/gamma-H2AX foci: co-localization, relationship —with
DSB repair and clonogenic survival. Int ] Radiat Biol. (2007) 83:319-

29. doi: 10.1080/09553000601170469

96. Groesser T, Chang H, Fontenay G, Chen J, Costes SV, Helen Barcellos-Hoff M,
et al. Persistence of y-H2AX and 53BP1 foci in proliferating and non-proliferating
human mammary epithelial cells after exposure to y-rays or iron ions. Int ] Radiat Biol.
(2011) 87:696-710. doi: 10.3109/09553002.2010.549535

97. Horneck G, Rettberg P, Baumstark-Khan C, Rink H, Kozubek S, Schifer
M, et al. DNA repair in microgravity: studies on bacteria and mammalian
cells in the experiments REPAIR and KINETICS. ] Biotechnol. (1996) 47:99-
112. doi: 10.1016/0168-1656(96)01382-X

98. Horneck G, Rettberg P, Kozubek S, Baumstark-Khan C, Rink H, Schifer M, et al.
The influence of microgravity on repair of radiation-induced DNA damage in bacteria
and human fibroblasts. Radiat Res. (1997) 147:376-84. doi: 10.2307/3579347

99. Kiefer J, Pross HD. Space radiation effects and microgravity. Mutat Res. (1999)
430:299-305. doi: 10.1016/S0027-5107(99)00142-6

100. Ohnishi T, Takahashi A, Ohnishi K. Biological effects of space radiation. Biol Sci
Space. (2001) 15(Suppl.):S203-10. doi: 10.2187/bss.15.167

101. Manti L, Does reduced gravity alter cellular response to ionizing radiation?
Radiat Environ Biophys (2006) 45:1-8. doi: 10.1007/s00411-006-0037-4

102. Asaithamby A, Chen DJ. Mechanism of cluster DNA damage repair in response
to high-atomic number and energy particles radiation. Mutat Res. (2011) 711:87-
99. doi: 10.1016/j.mrfmmm.2010.11.002

103. Sridharan DM, Asaithamby A, Blattnig SR, Costes SV, Doetsch PW, Dynan WS,
et al. Evaluating biomarkers to model cancer risk post cosmic ray exposure. Life Sci
Space Res. (2016) 9:19-47. doi: 10.1016/j.1ssr.2016.05.004

104. Li V, Kelly K, Schrot R, Langan TJ. Cell cycle kinetics and commitment
in newborn, adult, tumoral astrocytes. Brain Res Dev Brain Res. (1996) 96:138-
47. doi: 10.1016/0165-3806(96)00109-5

frontiersin.org


https://doi.org/10.3389/fpubh.2023.1063250
https://doi.org/10.3390/biomedicines10081966
https://doi.org/10.1186/s12974-020-01819-z
https://doi.org/10.1089/ast.2012.0876
https://doi.org/10.1038/s41526-017-0016-x
https://doi.org/10.1007/s12217-013-9341-1
https://doi.org/10.1165/rcmb.2017-0430TR
https://doi.org/10.3967/bes2021.005
https://doi.org/10.1155/2019/8056904
https://doi.org/10.3791/55108-v
https://doi.org/10.1007/s00381-020-04625-3
https://doi.org/10.1016/j.devbrainres.2004.10.010
https://doi.org/10.1016/S0306-4522(03)00401-9
https://doi.org/10.1016/j.canlet.2015.02.019
https://doi.org/10.1002/brb3.1529
https://doi.org/10.1016/S0006-8993(97)00873-1
https://doi.org/10.1159/000111249
https://doi.org/10.1002/(SICI)1098-1136(199601)16:1&lt
https://doi.org/10.1159/000112150
https://doi.org/10.1016/0165-6147(92)90087-M
https://doi.org/10.1002/glia.440080203
https://doi.org/10.4049/jimmunol.144.1.129
https://doi.org/10.1002/glia.21134
https://doi.org/10.1038/s41598-019-48145-w
https://doi.org/10.1097/00130478-200107000-00013
https://doi.org/10.1038/75556
https://doi.org/10.1016/j.tins.2003.08.006
https://doi.org/10.1016/j.neuint.2019.104538
https://doi.org/10.3390/life10120341
https://doi.org/10.1158/0008-5472.CAN-03-2384
https://doi.org/10.1093/jrr/rrx089
https://doi.org/10.1093/jrr/rry084
https://doi.org/10.1038/ncomms6799
https://doi.org/10.1186/s41232-021-00182-7
https://doi.org/10.1016/j.cell.2010.03.012
https://doi.org/10.1093/nar/gkt802
https://doi.org/10.1242/jcs.105353
https://doi.org/10.1016/j.celrep.2016.12.042
https://doi.org/10.1080/09553000601170469
https://doi.org/10.3109/09553002.2010.549535
https://doi.org/10.1016/0168-1656(96)01382-X
https://doi.org/10.2307/3579347
https://doi.org/10.1016/S0027-5107(99)00142-6
https://doi.org/10.2187/bss.15.167
https://doi.org/10.1007/s00411-006-0037-4
https://doi.org/10.1016/j.mrfmmm.2010.11.002
https://doi.org/10.1016/j.lssr.2016.05.004
https://doi.org/10.1016/0165-3806(96)00109-5
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org

Roggan et al.

105. Zamanian JL, Xu L, Foo LC, Nouri
et al. Genomic analysis of reactive astrogliosis.
32:6391-410. doi: 10.1523/]NEUROSCIL.6221-11.2012

106. Graefe C, Eichhorn L, Wurst P, Kleiner J, Heine A, Panetas I, et al. Optimized Ki-
67 staining in murine cells: a tool to determine cell proliferation. Mol Biol Rep. (2019)
46:4631-43. doi: 10.1007/s11033-019-04851-2

107. Scholzen T, Gerdes ]. The Ki-67 protein: From the
known and the unknown. J  Cell  Physiol. (2000) 182:311-
22. doi: 10.1002/(SICI)1097-4652(200003)182:3&It;311::AID-JCP1&gt;3.0.CO;2-9

108. Sun X, Hu X, Wang D, Yuan Y, Qin S, Tan Z, et al. Establishment and
characterization of primary astrocyte culture from adult mouse brain. Brain Res Bull.
(2017) 132:10-9. doi: 10.1016/j.brainresbull.2017.05.002

109. Deng Z, Huang H, Wu X, Wu M, He G, Guo J. Distinct expression of various
angiogenesis factors in mice brain after whole-brain irradiation by X-ray. Neurochem
Res. (2017) 42:625-33. doi: 10.1007/s11064-016-2118-3

110. Wilson CM, Gaber MW, Sabek OM, Zawaski JA, Merchant TE.
Radiation-induced ~ astrogliosis and blood-brain barrier damage can be
abrogated using anti-TNF treatment. Int ] Radiat Oncol Biol Phys. (2009)
74:934-41. doi: 10.1016/j.ijrobp.2009.02.035

111. Jain M, Das S, Lu PPY, Virmani G, Soman S, Thumu SCR, et al. SRF is required
for maintenance of astrocytes in non-reactive state in the mammalian brain. eNeuro.
(2021) 8:ENEURO.0447-19.2020. doi: 10.1523/ENEURO.0447-19.2020

112. Haan N, Zhu B, Wang J, Wei X, Song B. Crosstalk between macrophages
and astrocytes affects proliferation, reactive phenotype and inflammatory response,
suggesting a role during reactive gliosis following spinal cord injury. ] Neuroinflamm.
(2015) 12:109. doi: 10.1186/s12974-015-0327-3

113. Verma SD, de la Chapelle EP, Malkani S, Juran CM, Boyko V, Costes
SV, et al. Astrocytes regulate vascular endothelial responses to simulated deep
space radiation in a human organ-on-a-chip model. Front Immunol. (2022)
13:864923. doi: 10.3389/fimmu.2022.864923

114. Brenner M, Messing A. Regulation of GFAP expression. ASN Neuro. (2021)
13:1759091420981206. doi: 10.1177/1759091420981206

115. Van Wagoner NJ, Oh JW, Repovic P, Benveniste EN. Interleukin-6 (IL-6)
production by astrocytes: autocrine regulation by IL-6 and the soluble IL-6 receptor.
J Neurosci. (1999) 19:5236-44. doi: 10.1523/JNEUROSCI.19-13-05236.1999

116. Frei K, Malipiero UV, Leist TP, Zinkernagel RM, Schwab ME, Fontana A. On the
cellular source and function of interleukin 6 produced in the central nervous system in
viral diseases. Eur ] Immunol. (1989) 19:689-94. doi: 10.1002/€ji.1830190418

117. Levison SW, Jiang F-J, Stoltzfus OK, Ducceschi MH. IL-6-type cytokines
enhance epidermal growth factor-stimulated astrocyte proliferation. Glia. (2000)
32:328-37. doi: 10.1002/1098-1136(200012)32:3&1t;328::AID-GLIA110&gt;3.0.CO;2-7

118. He M, Shi X, Yang M, Yang T, Li T, Chen J. Mesenchymal stem cells-
derived IL-6 activates AMPK/mTOR signaling to inhibit the proliferation of reactive
astrocytes induced by hypoxic-ischemic brain damage. Exp Neurol. (2019) 311:15-
32. doi: 10.1016/j.expneurol.2018.09.006

119. Turnquist C, Beck JA, Horikawa I, Obiorah IE, Von Muhlinen N, Vojtesek B,
et al. Radiation-induced astrocyte senescence is rescued by Deltal33p53. Neuro Oncol.
(2019) 21:474-85. doi: 10.1093/neuonc/noz001

120. Lopez-Teros M,  Alarcon-Aguilar A,  Ldpez-Diazguerrero  NE,
Luna-Lopez A, Konigsberg M. Contribution of senescent and reactive
astrocytes on central nervous system inflammaging. Biogerontology. (2022)
23:21-33. doi: 10.1007/s10522-022-09952-3

N, Zhou L, Giffard RG,
J Neurosci. (2012)

121. Schmitt CA, Wang B, Demaria M. Senescence and cancer - role and therapeutic
opportunities. Nat Rev Clin Oncol. (2022) 19:619-36. doi: 10.1038/s41571-022-00668-4

122. Jebelli JD, Hooper C, Garden GA, Pocock JM. Emerging roles of p53 in glial cell
function in health and disease. Glia. (2012) 60:515-25. doi: 10.1002/glia.22268

123. Quintens R, Verreet T, Janssen A, Neefs M, Leysen L, Michaux A,
et al. Identification of novel radiation-induced p53-dependent transcripts
extensively regulated during mouse brain development. Biol Open. (2015)
4:331-44. doi: 10.1242/bio0.20149969

124. Wang Q, Xu Y, Xie MJ, Yu ZY, Qin YY, Wang W, et al. X-irradiation reduces
the proliferation of astrocytes by cell cycle arrest. Neurosci Lett. (2011) 498:78-
83. doi: 10.1016/j.neulet.2011.04.067

125. Ungerleider K, Beck J, Lissa D, Turnquist C, Horikawa I, Harris BT, et al.
Astrocyte senescence and SASP in neurodegeneration: tau joins the loop. Cell Cycle.
(2021) 20:752-64. doi: 10.1080/15384101.2021.1909260

126. Kawano H, Katsurabayashi S, Kakazu Y, Yamashita Y, Kubo N, Kubo
M, et al. Long-term culture of astrocytes attenuates the readily releasable pool

of synaptic vesicles. PLoS ONE. (2012) 7:¢48034. doi: 10.1371/journal.pone.00
48034

127. Pertusa M, Garcia-Matas S, Rodriguez-Farré E, Sanfeliu C, Cristofol R.
Astrocytes aged in vitro show a decreased neuroprotective capacity. J Neurochem.
(2007) 101:794-805. doi: 10.1111/j.1471-4159.2006.04369.x

Frontiersin Public Health

10.3389/fpubh.2023.1063250

128. Liddelow SA, Barres BA. Reactive astrocytes: production, function, therapeutic
potential. Immunity. (2017) 46:957-67. doi: 10.1016/j.immuni.2017.06.006

129. Brenner M, Kisseberth WC, Su Y, Besnard F, Messing A. GFAP promoter
directs astrocyte-specific expression in transgenic mice. J Neurosci. (1994) 14:1030-
7. doi: 10.1523/J]NEUROSCI.14-03-01030.1994

130. Cho EY, Lee CJ, Son KS, Kim YJ, Kim §J. Characterization of mouse synaptic
vesicle-2-associated protein (Msvop) specifically expressed in the mouse central
nervous system. Gene. (2009) 429:44-8. doi: 10.1016/j.gene.2008.10.008

131. Perland E, Bagchi S, Klaesson A, Fredriksson R. Characteristics of 29
novel atypical solute carriers of major facilitator superfamily type: evolutionary
conservation, predicted structure and neuronal co-expression. Open Biol. (2017)
7:170142. doi: 10.1098/rs0b.170142

132. Yao J, Bajjalich SM. SVOP is a nucleotide binding protein. PLoS ONE. (2009)
4:¢5315. doi: 10.1371/journal.pone.0005315

133. Jeanguenin L, Lara-Nufez A, Rodionov DA, Osterman AL, Komarova NY,
Rentsch D, et al. Comparative genomics and functional analysis of the NiaP family
uncover nicotinate transporters from bacteria, plants, and mammals. Funct Integr
Genomics. (2012) 12:25-34. doi: 10.1007/s10142-011-0255-y

134. Logan MA, Steele MR, Vetter ML. Expression of synaptic vesicle two-related
protein SVOP in the developing nervous system of Xenopus laevis. Dev Dyn. (2005)
234:802-7. doi: 10.1002/dvdy.20618

135. Janz R, Hofmann K, Stidhof TC. SVOP, an evolutionarily conserved synaptic
vesicle protein, suggests novel transport functions of synaptic vesicles. ] Neurosci.
(1998) 18:9269-81. doi: 10.1523/J]NEUROSCI.18-22-09269.1998

136. Yao J, H. de la Iglesia O, Bajjalieh SM. Loss of the SV2-like protein
SVOP produces no apparent deficits in laboratory mice. PLoS ONE. (2013)
8:¢68215. doi: 10.1371/journal.pone.0068215

137. Gupta MK, Jayaram S, Madugundu AK, Chavan S, Advani J, Pandey A, et al.
Chromosome-centric human proteome project: deciphering proteins associated with
glioma and neurodegenerative disorders on chromosome 12. J Proteome Res. (2014)
13:3178-90. doi: 10.1021/pr500023p

138. Zhao J, Wang L, Kong D, Hu G, Wei B. Construction of novel DNA
methylation-based prognostic model to predict survival in glioblastoma. ] Comput Biol.
(2020) 27:718-28. doi: 10.1089/cmb.2019.0125

139. Francelle L, Galvan L, Gaillard MC, Petit E Bernay B, Guillermier M,
et al. Striatal long noncoding RNA Abhdllos is neuroprotective against an N-
terminal fragment of mutant huntingtin in vivo. Neurobiol Aging. (2015) 36:1601.e7-
16. doi: 10.1016/j.neurobiolaging.2014.11.014

140. Golla U, Sesham K, Dallavalasa S, Manda NK, Unnam S, Sanapala AK, et al.
ABHD11-AS1: an emerging long non-coding RNA (IncRNA) with clinical significance
in human malignancies. Noncoding RNA. (2022) 8:21. doi: 10.3390/ncrna8020021

141. Park H, Miyazaki H, Yamanaka T, Nukina N. Non-coding RNA Neatl and
Abhdllos expressions are dysregulated in medium spiny neurons of Huntington
disease model mice. Neurosci Res. (2019) 147:58-63. doi: 10.1016/j.neures.2018.10.013

142. Liu X, Hua Y, Hu M, Wu K, Zhao L, Xuan M, et al. Knockdown of
long noncoding RNA Abhdllos attenuates myocardial ischemia/reperfusion injury
by inhibiting apoptosis in cardiomyocytes. | Cardiovasc Pharmacol. (2022) 79:192-
8. doi: 10.1097/FJC.0000000000001074

143. Aryankalayil MJ, Martello S, Bylicky MA, Chopra S, May JM, Shankardass
A, et al. Analysis of IncRNA-miRNA-mRNA expression pattern in heart
tissue after total body radiation in a mouse model. J Transl Med. (2021)
19:336. doi: 10.1186/s12967-021-02998-w

144. Berger T, Burmeister S, Matthid D, Przybyla B, Reitz G, Bilski P, et al. DOSIS
& DOSIS 3D: radiation measurements with the DOSTEL instruments onboard the
Columbus Laboratory of the ISS in the years 2009-2016. ] Space Weather Space Clim.
(2017) 7:A8. doi: 10.1051/swsc/2017005

145. Reitz G, Berger T, Bilski P, Facius R, Hajek M, Petrov V, et al. Astronaut’s organ
doses inferred from measurements in a human phantom outside the international
space station. Radiat Res. (2009) 171:225-35. doi: 10.1667/RR1559.1

146. Horneck G, Facius R, Reichert M, Rettberg P, Seboldt W, Manzey D, et al.
HUMEX, a study on the survivability and adaptation of humans to long-duration
exploratory missions, part II: missions to Mars. Adv Space Res. (2006) 38:752-
9. doi: 10.1016/j.asr.2005.06.072

147. Cucinotta FA, Dicello JF. On the development
models for space radiation risk assessment. Adv Space Res.
25:2131-40. doi: 10.1016/50273-1177(99)01065-0

of biophysical
(2000)

148. Cucinotta FA, To K, Cacao E. Predictions of space radiation fatality risk for
exploration missions. Life Sci Space Res. (2017) 13:1-11. doi: 10.1016/j.1ssr.2017.01.005

149. Mattsson S, Nilsson M. On the estimation of radiation-induced cancer risks
from very low doses of radiation and how to communicate these risks. Radiat Prot
Dosimetry. (2015) 165:17-21. doi: 10.1093/rpd/ncv037

150. Little MP. Evidence for dose and dose rate effects in human and animal
radiation studies. Ann ICRP. (2018) 47:97-112. doi: 10.1177/0146645318756235

frontiersin.org


https://doi.org/10.3389/fpubh.2023.1063250
https://doi.org/10.1523/JNEUROSCI.6221-11.2012
https://doi.org/10.1007/s11033-019-04851-2
https://doi.org/10.1002/(SICI)1097-4652(200003)182:3&lt
https://doi.org/10.1016/j.brainresbull.2017.05.002
https://doi.org/10.1007/s11064-016-2118-3
https://doi.org/10.1016/j.ijrobp.2009.02.035
https://doi.org/10.1523/ENEURO.0447-19.2020
https://doi.org/10.1186/s12974-015-0327-3
https://doi.org/10.3389/fimmu.2022.864923
https://doi.org/10.1177/1759091420981206
https://doi.org/10.1523/JNEUROSCI.19-13-05236.1999
https://doi.org/10.1002/eji.1830190418
https://doi.org/10.1002/1098-1136(200012)32:3&lt
https://doi.org/10.1016/j.expneurol.2018.09.006
https://doi.org/10.1093/neuonc/noz001
https://doi.org/10.1007/s10522-022-09952-3
https://doi.org/10.1038/s41571-022-00668-4
https://doi.org/10.1002/glia.22268
https://doi.org/10.1242/bio.20149969
https://doi.org/10.1016/j.neulet.2011.04.067
https://doi.org/10.1080/15384101.2021.1909260
https://doi.org/10.1371/journal.pone.0048034
https://doi.org/10.1111/j.1471-4159.2006.04369.x
https://doi.org/10.1016/j.immuni.2017.06.006
https://doi.org/10.1523/JNEUROSCI.14-03-01030.1994
https://doi.org/10.1016/j.gene.2008.10.008
https://doi.org/10.1098/rsob.170142
https://doi.org/10.1371/journal.pone.0005315
https://doi.org/10.1007/s10142-011-0255-y
https://doi.org/10.1002/dvdy.20618
https://doi.org/10.1523/JNEUROSCI.18-22-09269.1998
https://doi.org/10.1371/journal.pone.0068215
https://doi.org/10.1021/pr500023p
https://doi.org/10.1089/cmb.2019.0125
https://doi.org/10.1016/j.neurobiolaging.2014.11.014
https://doi.org/10.3390/ncrna8020021
https://doi.org/10.1016/j.neures.2018.10.013
https://doi.org/10.1097/FJC.0000000000001074
https://doi.org/10.1186/s12967-021-02998-w
https://doi.org/10.1051/swsc/2017005
https://doi.org/10.1667/RR1559.1
https://doi.org/10.1016/j.asr.2005.06.072
https://doi.org/10.1016/S0273-1177(99)01065-0
https://doi.org/10.1016/j.lssr.2017.01.005
https://doi.org/10.1093/rpd/ncv037
https://doi.org/10.1177/0146645318756235
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org

	Unraveling astrocyte behavior in the space brain: Radiation response of primary astrocytes
	1. Introduction
	2. Materials and methods
	2.1. Preparation and cultivation of primary murine astrocytes
	2.2. Irradiation
	2.2.1. X-rays
	2.2.2. Heavy ions

	2.3. Simulated microgravity
	2.4. Immunofluorescence staining and fluorescence microscopy
	2.5. Cell cycle analysis by flow cytometry
	2.6. Gene expression analysis
	2.6.1. RNA sequencing
	2.6.2. Reverse Transcriptase quantitative real-time Polymerase Chain Reaction (RT-qPCR)

	2.7. Cytokine detection
	2.8. Statistics

	3. Results
	3.1. DNA damage and repair
	3.2. Cell cycle progression is slow and barely affected by exposure to X-rays
	3.3. Astrocytes' proliferation is largely unaffected by exposure to X-rays
	3.4. Expression of glial fibrillary acidic protein (GFAP)
	3.5. NF-κB activation and cytokine secretion
	3.6. Radiation-induced gene expression
	3.6.1. Global gene expression
	3.6.2. Selected target genes


	4. Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher's note
	Supplementary material
	References


