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Complex space environments, including microgravity and radiation, affect the body's central nervous
system, endocrine system, circulatory system, and reproductive system. Radiation-induced aberration in
the neuronal integrity and cognitive functions are particularly well known. Moreover, ionizing radiation is
a likely contributor to alterations in the microbiome. However, there is a lacuna between radiation-
induced memory impairment and gut microbiota. The present study was aimed at investigating the
effects of simulated space-type radiation on learning and memory ability and gut microbiota in mice.
Adult mice were irradiated by 80Co-y rays at 4 Gy to simulate spatial radiation; behavioral experiments,
pathological experiments, and transmission electron microscopy all showed that radiation impaired
learning and memory ability and hippocampal neurons in mice, which was similar to the cognitive
impairment in neurodegenerative diseases. In addition, we observed that radiation destroyed the colonic
structure of mice, decreased the expression of tight junction proteins, and increased inflammation levels,
which might lead to dysregulation of the intestinal microbiota. We found a correlation between the brain
and colon in the changes in neurotransmitters associated with learning and memory. The 16S rRNA
results showed that the bacteria associated with these neurotransmitters were also changed at the genus
level and were significantly correlated. These results indicate that radiation-induced memory and
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1. Introduction

In the context of ongoing human Mars exploration missions and
deep space programs, participants will be exposed to large
amounts of ionizing radiation in space, and the health risks of
these exposures need to be assessed. Exposure of living cells and
tissues to ionizing radiation, forms of radiation that can remove
electrons from the atoms in these cells or tissues, may result in
molecular damage, which can eventually lead to early or late
injury. Radiation has been shown to have deleterious effects such
as increasing the risk of heart disease, mutations, and accelerated
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cognitive impairment can be linked to gut microbiota through neurotransmitters.

bone loss."? In particular, space radiation can produce neuro-
logical and behavioral effects. Ionizing radiation widely exists in
our daily lives and has been hazardous to human health due to
overexposure from natural and artificial sources, such as diag-
nostic and therapeutic medical usage.® Patients undergoing long-
term radiotherapy usually experience cognitive impairment due to
the brain being sensitive to radiation, which is often manifested
as deficits in the hippocampal-dependent functions of learning
and memory, including spatial information processing.*® Park
et al. reported that y-irradiation as a long-term effect can trigger
biological responses resulting in the inhibition of hippocampal
neurogenesis.” Kumar et al. found that the hippocampus is one of
the sensitive regions affected by whole-body exposure to gamma
rays, leading to profound immediate alterations in cognitive
functions.? Because of the uncertainty in extrapolating dose
thresholds from rodents to humans, we should find a proper dose
that significantly impacts the CNS. In our previous study, we
found that ®°Co-y ray irradiation at 4 Gy induced brain injury.*
Therefore, in this study, we chose *°Co-y ray irradiation at 4 Gy to
simulate spatial radiation-induced neurological damage. Cogni-
tive impairment is an early manifestation of neurodegenerative
diseases; however, it remains to be further studied whether
radiation-induced impairment is associated with the onset of
neurodegenerative diseases.

This journal is © The Royal Society of Chemistry 2020
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The human gastrointestinal tract is colonized by trillions of
microorganisms. Recently, there has been emerging interest in
how the microbiome may predispose an individual to radiation
injury and how the microbiome affect the individual's overall
response to radiation."'> Researchers have shown that expo-
sure to heavy ions (°°Fe) causes oxidative stress and dysregu-
lated prostanoid biosynthesis in the mouse intestinal
metabolome.™ Moreover, gut microbiota play a critical role in
brain development. It has been demonstrated that the gut-
brain axis, a bidirectional communication system, integrates
the host gut and brain activities." On the one hand, the brain
influences gastrointestinal functions as well as immune func-
tions.” On the other hand, emotional factors such as stress or
depression influence chronic gastrointestinal illnesses via the
gut-brain axis.” The gut microbiota have been found to
communicate with the brain through various mechanisms. For
example, intestinal microbes directly produce neurotransmit-
ters that regulate learning and memory as well as cognitive
function.’™® Intestinal microbial metabolites stimulate endo-
crine cells to produce neuropeptides and gastrointestinal
hormones, which play an important role in the visceral sensory
and cognitive functions of the central nervous system.'®*"
Besides, gut microbiota or their metabolites directly stimulate
the intestinal immune system and produce interferons that
interfere with the brain's immune response.”"** Recent studies
have shown that compared to SPF mice, germ-free mice exhibit
more exploratory and risk-taking behaviours as well as more
locomotion, which can be normalized by bacterial coloniza-
tion.**** Several research efforts have demonstrated that healthy
gut microbiota may shift some pathological circumstances such
as depression and neurodegenerative diseases that can affect
the intestinal system.>**” The relationship between radiation,
neurodegenerative diseases and intestinal microbiota remains
unclear.

Given that radiation exposure impairs memory and cognitive
performance, we hypothesize that this effect is due to gut dys-
biosis, alterations in gut microbiota-brain communication via
microbial metabolites, and/or the dysregulation of neuronal
signaling systems in the brain. To this end, we examined the
effects of simulated space-type radiation (*°Co-y ray irradiation)
on learning and memory, spatial discrimination, hippocampal
morphology and ultrastructure, gut microbial community,
colon pathology and the expression of the tight junction
proteins, and neurotransmitters in brain and colon tissues.
Through this systematic investigation, we found that simulated
space-type radiation-induced memory and cognitive impair-
ment can be linked to gut microbiota through neurotransmit-
ters, which can be considered as a valid approach to
understanding gut microbiota-brain relationships, and provide
a basis for new drug research aimed at improving gut dysbiosis-
associated brain dysfunction.

2. Materials and methods
2.1 Animals

Adult Kunming mice (males: n = 10, females: n = 10) weighing
22 + 2 g were obtained from the Animal Experimental Center of
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the 2nd Affiliated Hospital of Harbin Medical University (Har-
bin, Heilongjiang, China). The certification number was SCXK-
(HEID)2019-001. All of the animal experimental procedures fol-
lowed the National Institutes of Health guidelines for the care
and use of laboratory animals and were evaluated and approved
by the local ethics committee of the 2nd Affiliated Hospital of
Harbin Medical University. All animals were maintained in an
environmentally controlled breeding room with a regular 12 h
light cycle at 22 £ 2 °C. After a normal diet for one week, the
animals were divided into 2 groups (n = 10 of each group, half
male and half female) including a radiation group and a control
group. The mice in the radiation group were exposed to *°Co-y
ray irradiation at 4 Gy (0.9 Gy min~ ') (Corn Research Institute of
Heilongjiang Academy of Agricultural Sciences). The control
group was exposed to a normal environment without any irra-
diation treatment.

2.2 Behavioral test

2.2.1 Water maze. The effect of radiation on the spatial
learning and memory performance of mice was tested by the
water maze. The rectangular water maze contains many dead
zones and we marked different values in the dead zone to
represent the first arrival position score (location score). At the
same time, we recorded the time that the mouse reached the
platform to exit and the times the mice hit the maze wall. Before
the formal test, all the mice were trained for 5 days and then
tested on the sixth day.

2.2.2 Sucrose preference test. The anhedonia of mice was
tested by the sucrose preference test. Before the test, two bottles
of sucrose water were provided to the mice for 24 h, and this was
changed to a bottle of sucrose water and a bottle of distilled
water for 24 h. After 24 h of water deprivation, the distilled water
and sucrose water were provided to the mice for 4 h and the
location of the bottle was changed during the test to avoid the
effect of memory. Sucrose partiality was defined as the ratio of
the volume of sucrose vs. water consumed during the test and
using the equation: Sucrose preference% = (Vgycrose/Vsucrose *
Vwater) X 100, where Vgyerose iS the volume of sucrose
consumption, and Vsyerose T Viwater 1S the summation volume of
sucrose consumption and water consumption.

2.3 Hematoxylin and eosin staining

Hippocampus and colon tissue were fixed in 4% poly formal-
dehyde for 4-6 hours. After fixation, the tissues were dehydrated
and embedded in paraffin. Tissues were cut at a thickness of 4
pum on a microtome and stained with Hematoxylin & Eosin (HE).
The morphology was observed under the light microscope. Cell
morphology changes in the hippocampal DG region of mice
were evaluated under a light microscope (200 magnification),
and the cell number of this area was calculated by the following
formula: cell counts per mm hippocampal DG area = normal
DG cell counts/DG length. Cells with morphological features of
pyknosis or nuclear fragmentation will be excluded.

The histological damage to the colon was evaluated by light
microscopy and the extent of damage was scored as follows:** (0)
normal histological appearance; (1) histological damage limited
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to the surface epithelium with mild inflammatory cell infiltra-
tion; (2) focal ulcer changes and tissue destruction limited to
the mucosa, abnormal intestinal glandular structure, and mild
inflammatory cell infiltration; (3) focal and transmural inflam-
mation and ulceration with mild to moderate infiltration of
inflammatory cells; (4) large transmural ulcers and inflamma-
tion, moderate infiltration of inflammatory cells; (5) large ulcer
and inflammation, lesions from mucosal immersion to the
serous membrane, severe infiltration of inflammatory cells.

2.4 Transmission electron microscopy

After being deeply anaesthetized, the hippocampus and colon
were removed and fixed in 2.5% glutaraldehyde in cold (4 °C)
PBS. The fixed tissues were then cut into 1 mm® and fixed again
in 2.5% glutaraldehyde. The samples were subsequently fixed
with 1% OSO, in PBS for 2 h, dehydrated and embedded in
resin. Ultrathin sections were cut, stained with lead citrate and
observed with a transmission electron microscope (H-7650;
Hitachi; Tokyo, Japan).

2.5 Elisa

The contents of y-aminobutyric acid (GABA), serotonin (5-HT),
norepinephrine (NE) and acetylcholine (ACH) in the hippo-
campus and colon were measured using commercially available
ELISA kits (Shanghai Lengton Bioscience Co., LTD, Shanghai,
China). The concentrations of serum IL-6, TNF-o. and IL-10 were
determined using ELISA kits (Quanzhou Kenuodi Bioscience
Co., LTD, Quanzhou, China).

2.6 RNA preparation and real-time qPCR analysis

Total RNA was isolated from the hippocampus and colon
tissues by using the TaKaRa MiniBEST Universal RNA Extrac-
tion Kit (TaKaRa; Dalian, China) according to the manufac-
turer's instruction. RNA was reverse transcribed to cDNA using
PrimeScript™ RT reagent kit (Perfect Real Time) (TaKaRa;
Dalian, China) according to the manufacturer's instruction.
gPCR assays were performed in each 25 pL reaction containing
cDNA corresponding to 100 ng of total RNA and gene-specific
primers (Table 1) supplied by Ruibiotech (Ruibiotech Ltd.,
Beijing, China) and using TB Green® Premix Ex Taq™ II (Tli
RNaseH Plus) (TaKaRa; DaLian, China). Reactions were per-
formed by a CFX96 Real-time PCR Detection System (Bio-Rad,
America) with initial denaturation at 95 °C for 30 s, followed
by 40 cycles of 95 °C for 5 s, 60 °C for 30 s. All samples were
analyzed in duplicate and the results are expressed as relative
values after normalization to f-actin mRNA.

2.7 Analysis of gut microbiota composition

The colonic contents were collected and stored at —80 °C for
further detection. Total genomic DNA was extracted using
a DNA Extraction Kit following the manufacturer's instructions.
The quality and quantity of DNA were verified with NanoDrop
and agarose gel. Extracted DNA was diluted to a concentration
of 1 ng pl™* and stored at —20 °C until further processing. The
diluted DNA was used as a template for PCR amplification of
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Table 1 The PCR primer sequences

Genes Primer sequences (5'-3')

B-actinF ATCACTATTGGCAACGAGCGGTTC
B-actinR CAGCACTGTGTTGGCATAGAGGTC
TNF-oF GTCCGGGCAGGTCTACTTTG
TNF-aR GGGGCTCTGAGGAGTAGACA
IL1-BF TGCCACCTTTTGACAGTGATG
IL1-BR ATGTGCTGCTGCGAGATTTG

IL-6 TGATGGATGCTACCAAACTGGA
IL-6 TGTGACTCCAGCTTATCTCTTGG
OccludinF GTCCTCCTGGCTCAGTTGAA
OccludinR AGAGTACGCTGGCTGAGAGA
Claudin-3F ACTGCGTACAAGACGAGACG
Claudin-3R TCCCTGATGATGGTGTTGGC
Z0O-1F TCTTGCAAAGTATCCCTTCTGT
ZO-1R GAAATCGTGCTGATGTGCCA

bacterial 16S rRNA genes with barcoded primers and Takara Ex
Taq (Takara). For bacterial diversity analysis, V3-V4 variable
regions of 16S rRNA genes were amplified with universal
primers 343F 5-TACGGRAGGCAGCAG-3' and 798R 5'-AGGG-
TATCTAATCCT-3'. Amplicon quality was visualized using gel
electrophoresis, purified with AMPure XP beads (Agencourt),
and amplified for another round of PCR. After being purified
again with the AMPure XP beads, the final amplicon was
quantified using a Qubit dsDNA assay kit. Equal amounts of
purified amplicon were pooled for subsequent sequencing.

Paired-end reads were then preprocessed using Trimmo-
matic software to detect and cut off ambiguous bases (N). It also
cut off low-quality sequences with average quality scores below
20 using the sliding window trimming approach. After trim-
ming, the paired-end reads were assembled using FLASH soft-
ware. Parameters of the assembly were as follows: 10 bp of
minimal overlapping, 200 bp of maximum overlapping and 20%
of the maximum mismatch rate. Sequences were subjected to
further denoising as follows: reads with ambiguous, homolo-
gous sequences or sequences below 200 bp were abandoned.
Reads with 75% of bases above Q20 were retained. Then, reads
with chimera were detected and removed.

Clean reads were subjected to primer sequence removal and
clustering to generate operational taxonomic units (OTUs)
using the Vsearch software with a 97% similarity cutoff. The
representative read of each OTU was selected using the QIIME
package. All representative reads were annotated and blasted
against the Greengens database using the RDP classifier
(confidence threshold was 70%). All representative reads were
annotated and blasted against the Unite database (ITSs rDNA)
using blast.

2.8 Statistical analysis

All data are presented as mean + standard deviation (S.D).
Statistical comparisons were made using the statistical software
package SPSS 19.0. Significant differences between the groups
were tested by analysis of the independent sample t-tests with
levels of significance of P < 0.05 and P < 0.01.

This journal is © The Royal Society of Chemistry 2020
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3. Results

3.1 The effects of radiation on the behavioral performance
in behavior tests

After °°Co-v irradiation, all the mice were trained for 5 days in
the water maze and then tested on the fifth day. As shown in
Fig. 1A, the platform arrival time of the radiation group was
significantly longer as compared to the control group (P < 0.01).
The number of times that the maze was hit and the location
score respectively reflected the spatial discrimination and
adaptability to stress. Compared to the control group, the
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number of times the maze was hit increased and the location
score decreased in the radiation group (Fig. 1B and C). The
sucrose preference test also demonstrated that the radiation
caused anhedonia in the mice (Fig. 1D). Therefore, the behavior
test indicated that radiation decreased learning and memory in
mice and affected nervous system function.

3.2 Radiation destroyed the neuronal cell morphology and
ultrastructures in the hippocampus

Considering that changes in the cell morphology and the
number of the hippocampal neurons are closely associated with
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Fig.1 Behavioral performance. (A) Platform arrival time; (B) number of times the maze wall was hit; (C) the location score. (D) Sugar partiality of
different groups (significant differences between the groups were tested by analysis of the independent samples t-test, *P < 0.05 vs. control

group, **P < 0.01 vs. control group, n = 10).
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learning and memory functions, the histological features of the
mice were determined by H&E staining. As shown in Fig. 2A, we
observed a large number of neuron cells in the hippocampus of
the mice in the control group, which were arranged neatly.
However, in the radiation group, the number of neurons
decreased and many pyknotic cells could be observed in the
hippocampi of the mice. Meanwhile, the ultrastructural
features of the hippocampi were detected using transmission
electron microscopy. The cytoplasm of the neurons in the
control group was abundant and replete with mitochondria,
Golgi bodies, and endoplasmic reticuli. The morphology of the
nucleus in the control group was normal and the nuclear
membrane was clear and complete (Fig. 2C). In the radiation
group, the nuclear membrane was unclear and mitochondrial
swelling, reduced cristae and vacuolar degeneration were also
observed (Fig. 2C). No significant changes were observed in the
synaptic structures in the two groups (Fig. 2C).

3.3 The effects of radiation on the neurotransmitters in the
hippocampus and colon

Neurotransmitters are not only closely related to learning and
memory but are also affected by the gut microbiota. Therefore,
we measured the levels of neurotransmitters in the brain and
colon. After radiation, the levels of 5-HT and NE were signifi-
cantly decreased in the hippocampus (P < 0.01, Fig. 3A) and
colon (P < 0.05, Fig. 3B). We found the same trend in the levels
of acetylcholine, which is a cholinergic neurotransmitter

Radiation 200x

A Control 200x

Control
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(Fig. 3A and B). However, compared to the control group, the
GABA levels in both the hippocampus and colon of the radiation
group mice increased significantly (P < 0.01, Fig. 3A and B).
From these results, we not only observed a consistent trend in
the neurotransmitter content in the hippocampus and colon,
but we also found a significant correlation between the two
groups of data (Table 2).

3.4 Radiation destroyed the morphology and ultrastructure
of the colon

In order to determine the effects of radiation on the colon, the
histological features of the colon were determined by H&E
staining and the ultrastructures of the colon were determined
by transmission electron microscopy. As shown in Fig. 4A
(Control), the structure of the colon is normal with the epithe-
lium intact and the glands arranged neatly. In the radiation
group (Fig. 4A-Radiation), there was a large number of detached
pyknotic epithelial cells in the colonic lumen. The glandular
arrangement was slightly disordered, and the lamina propria
showed inflammatory hyperplasia. Moreover, the nucleus was
deeply stained. The damage to the intestinal epithelium caused
by radiation was mainly due to the loss of proliferative capacity
of the stem cells at the bottom of the crypt, which led to the loss
of villi, mucosal damage, ulcer formation, perforation, bleeding
and necrosis. In acute radiation intestinal injury, the intestinal
lamina propria was infiltrated by plasma cells and granulocytes
with intestinal mucosa atrophy. Moreover, research has
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Fig.2 Effects of radiation on the neuronal cell morphology and ultrastructural features in the hippocampus. (A) The result of H&E staining 200x;
(B) statistical analyses of the cell number in the hippocampal DG region (significant differences between the groups were tested by analysis of the
independent samples t-test, **P < 0.01 vs. control group). (C) The ultrastructural features in the hippocampus (TEM 20 000x and 30 000 x); (four
mice were used in this analysis and the representative pictures are shown).
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Fig. 3 The levels of neurotransmitters in the hippocampi and colons of different groups. (A) The levels of neurotransmitters in the hippocampus.
(B) The levels of neurotransmitters in the colon (significant differences between the groups were tested by analysis of the independent samples t-

test, *P < 0.05 vs. control group **P < 0.01 vs. control group, n = 6).

Table 2 The Pearson correlation coefficient between neurotrans-
mitters of the colon and hippocampus®

Object Pearson R Pvalue
ACH 0.981%* P <0.01
GABA 0.896** P<0.01
5-HT 0.856** P<0.01
NE 0.789 P = 0.069

¢ **Significant at P < 0.01.

demonstrated that radiation can directly cause the recombina-
tion or breakage of tight junction proteins, increase the cell gap
and cell permeability, and eventually cause the intestinal
epithelial barrier to be destroyed.> From the TEM (Fig. 4B-
Control), we found that the tight junctions between the colonic
epithelium of the mice showed a dense band with intact
structure and clear desmosomes. The microvilli on the surface
of the epithelial cells were smooth and well-aligned, and the
mitochondria were intact. Conversely, in the radiation group,
the mitochondria were swollen and the nucleus showed

This journal is © The Royal Society of Chemistry 2020

pyknosis. Furthermore, the microvilli were reduced and even
disappeared, and parts of the tight junctions were broken
(Fig. 4B-Radiation). In short, the radiation changed the struc-
ture of the colon.

3.5 The cytokine levels and tight junction proteins in the
colon

As we observed, the morphology of colon changed in the radi-
ation group, and the mRNA expression of three tight junction
proteins in the colons of the mice were detected. We found that
the expressions of claudin and ZO-1 in the radiation group
significantly decreased as compared to the control group
(Fig. 4C, P < 0.01). This was consistent with the morphological
results. At the same time, after radiation, the expressions of
inflammatory cytokines (TNF-a, IL-1B, IL-6) were significantly
increased (Fig. 5B, P < 0.01). This demonstrated that radiation
induced the over-expression of inflammation in the colon,
which could lead to the disorder of gut microbiota. From the
cytokine levels in the serum, we found that radiation caused
a significant increase in the levels of inflammation (TNF-a, IL-6)

RSC Adv, 2020, 10, 16196-16208 | 16201
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Fig. 4 Effects of radiation on the colon. (A) The results of H&E staining on the colon (200x). (B) The ultrastructural features in the colon (TEM
20 000x and 30 000x). (Four mice were used in this analysis and the representative pictures are shown).

in the serum, which might be related to the imbalance in the
gut microbiota and neuroinflammation (P < 0.05, Fig. 5A).
Furthermore, radiation inhibited the anti-inflammatory medi-
ator IL-10 (Fig. 5A).

3.6 The effect of radiation on the gut microbiota
composition

3.6.1 Differential microbiota compositions and function-
ality. The overall microbial compositions were examined at
different taxonomic levels. Bacteroidetes, Firmicutes, Proteobac-
teria, and Actinobacteria were the dominant bacteria (Fig. 6A).
Proteobacteria in the radiation group significantly decreased as
compared with the control group (P < 0.05). At the class level,
Bacteroidia, Clostridia, Bacilli, and Epsilonproteobacteria were
the dominant bacteria. Compared with the control group, the
relative abundance of Deltaproteobacteria in the radiation group
was significantly decreased (Fig. 6B, P < 0.05). Meanwhile, the
relative abundance of Desulfovibrionales in the radiation group
was significantly higher than that in the control group at the
order level (Fig. 6C, P < 0.05). At the family level, Desulfovi-
brionaceae in the radiation group significantly decreased as
compared with the control group. Conversely, after radiation,
Clostridiaceae_1 and Enterococcaceae significantly increased
(Fig. 6D, P < 0.05).

PICRUSt functional predictive analysis is based on 16S
sequencing data annotated in the Greengenes database. The
PICRUSt software is used to analyze the functional composition
of known microorganism genes, to calculate the functional
differences between different samples and groups. The heat-
map showed significantly different pathways between the

16202 | RSC Adv, 2020, 10, 16196-16208

radiation group (RC) and the control group (NC). Compared to
the control group, 3 pathways (neurodegenerative disease,
nervous system, excretory system) were obviously enriched in
the radiation group, while the other twelve pathways (signal
transduction, environmental adaptation, immune system,
biosynthesis of other secondary metabolites, cell growth and
death, cellular processes and signaling, carbohydrate metabo-
lism, enzyme families, folding, sorting and degradation, genetic
information processing, energy metabolism, amino acid
metabolism) were less abundant (Fig. 6E, P < 0.01). This indi-
cated that ®°Co-y irradiation may lead to diseases related to the
nervous system.

3.6.2 The relative abundance of bacteria related to neuro-
transmitters. Bacteria have been found to have the capability to
produce a range of major neurotransmitters. We found that the
relative abundance of lactobacillus, which was related to ACH
and GABA, was significantly decreased in the radiation group
(Fig. 6F, P < 0.05). Meanwhile, after radiation, the abundance of
Bifidobacterium was also significantly decreased (Fig. 6F, P <
0.05).  Candidatus_Arthromitus, Escherichia_Shigella, and
Enterococcus, which are related to 5-HT, were increased in the
radiation group (Fig. 6F, P < 0.05). The abundance of Strepto-
coccus, which is associated with 5-HT and GABA, was signifi-
cantly increased (Fig. 6F, P < 0.05). From the results of the
Pearson correlation analysis, it was seen that the content of
ACH was positively correlated with the relative abundance of
Lactobacillus (R = 0.948, P < 0.01 in the hippocampus and R =
0.895, P < 0.01 in the colon, Tables 3 and 4). The content of
GABA in the hippocampus was negatively correlated with the
relative abundance of Lactobacillus (R = —0.919, P < 0.01, Table

This journal is © The Royal Society of Chemistry 2020
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Fig. 5 Effects of radiation on inflammatory cytokines in mice. (A) The level of cytokines in serum (*P < 0.05 vs. control group, n = 6). (B) The
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the independent samples t-test.

3) and positively correlated with the relative abundance of
Streptococcus (R = 0.943, P < 0.01, Table 3). The content of GABA
in the colon was negatively correlated with the relative abun-
dance of Bifidobacterium (R = 0.952, P < 0.01, Table 4) and
positively correlated with the relative abundance of Strepto-
coccus (R = 0.958, P < 0.01, Table 4). For the 5-HT content in the
colon, it was only significantly correlated with the relative
abundance of Candidatus_Arthromitus (R = —0.918, P < 0.01,
Table 4). However, the level of 5-HT in the brain was negatively
correlated with the relative abundance of Streptococcus (R =
—0.934, P<0.01, Table 3) and Enterococcus (R = —0.857, P<0.01,
Table 3), but positively correlated with the relative abundance of
Escherichia_Shigella (R = 0.857, P < 0.01, Table 3).

3.6.3 The diversity of the gut microbiota of mice. The
Shannon and Simpson indices reflect the diversity of the
microorganism. As shown in Table 5, compared with the control

This journal is © The Royal Society of Chemistry 2020

group, the Shannon and Simpson indices were all increased in
the radiation group. However, there was no significant differ-
ence. This indicated that ®**Co-y irradiation at 4 Gy changed the
relative abundance of microbiota but did not change the
diversity of the gut microbiota in mice.

4. Discussion

Radiation induces brain neuropathological changes that could
induce cognitive impairment in humans and animals. Extensive
animal experimental data support the findings. C57BL/J6 mice
exposed to the X-rays at 2, 5, 10 Gy showed hippocampal-
dependent memory deficits.** Son et al. demonstrated that
mice displayed significant depression-like behaviors after y-ray
irradiation at 10 Gy.** To our knowledge, water maze can be
used as a tool to study neurological diseases, learning and

RSC Adv, 2020, 10, 16196-16208 | 16203
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analysis).

memory in mice. In this article, platform arrival time, the
number of hits to the maze and the location score respectively
reflect the spatial memory, discrimination and adaptability of
the mice to stress. The results demonstrated radiation-induced
neurobehavioral impairments by ®°Co-y irradiation at 4 Gy
(Fig. 1). In addition, rodents, including mice, are very sensitive
to sweets, which are effective rewards. Therefore, sugar

16204 | RSC Adv, 2020, 10, 16196-16208

partiality was measured to analyze the CNS sensitivity of the
mice. It was observed that mice exposed to a dose of 4 Gy
showed weak spatial CNS sensitivity (Fig. 1B). Interestingly,
similar deficits in spatial memory are an initial sign of
a progressive cognitive decline, observed in Alzheimer's disease-
related models;**** whether this will progress to become far
more serious remains to be proven. In mammals, the

This journal is © The Royal Society of Chemistry 2020
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Table 3 The Pearson correlation coefficient between neurotrans-
mitters of the hippocampus and the corresponding intestinal bacteria®

Object Pearson R Pvalue
Lactobacillus vs. ACH 0.948%* P<0.01
Lactobacillus vs. GABA —0.919%** P<0.01
Streptococcus vs. GABA 0.943** P<0.01
Streptococcus vs. 5-HT —0.934%* P<0.01
Escherichia_Shigella vs. 5-HT 0.857* P <0.05
Enterococcus vs. 5-HT —0.857* P<0.05

¢ **Significant at P < 0.01; *significant at P < 0.05.

Table 4 The Pearson correlation coefficient between neurotrans-
mitters of the colon and the corresponding intestinal bacteria®

Object Pearson R Pvalue
Lactobacillus vs. ACH 0.895** P<0.01
Bifidobacterium vs. GABA —0.952%* P<0.01
Streptococcus vs. GABA 0.958%* P<0.01
Candidatus_Arthromitus vs. 5-HT —0.918%* P<0.01
¢ **Significant at P < 0.01.

Table 5 The Shannon and Simpson index

Group Shannon Simpson
Control group 6.77 + 0.19 0.97 + 0.01
Radiation group 6.79 £ 0.35 0.98 £ 0.01

hippocampus is the key brain region responsible for encoding
and consolidating information, and transforming short-term
memory into long term memory.*** In particular, the CA1
and DG regions of the hippocampus are critical for spatial
learning and memory.*® Several studies have revealed that
radiation exposures reduce hippocampal neurogenesis.***”° In
the present study, we observed not only the decreased neurons
but also the mitochondrial and nuclear defects by TEM (Fig. 2).
Mitochondria support diverse cellular functions such as the
formation of reactive oxygen species, ATP generation and
apoptosis.*® Mitochondrial dysfunction is a common feature in
neurodegenerative disease, including Alzheimer's and Parkin-
son's disease.”*™** Therefore, the observed ultrastructural
defects in the hippocampus may be related to the deficits in
learning and memory induced by °°Co-y irradiation. Other rays
at different doses have also been observed to cause similar
hippocampal deficits in mice and rats.**** Our study has found
that the ®°Co-y ray irradiation impacted learning and memory
ability with alterations in the neuromorphology, and we also
observed the dysbiosis of gut microbiota in irradiated mice
(Fig. 6A).

The gut microbiota consist of more than one trillion
microorganisms, including bacteria, viruses, fungi and proto-
zoans. The dominant bacteria comprise four main phyla: Bac-
teroidetes, Firmicutes, Actinobacteria and Proteobacteria.*® The
intestinal epithelium, together with the mucus layer, represents

This journal is © The Royal Society of Chemistry 2020
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a barrier interposed between the luminal contents and the
underlying immune, neuronal and muscular compartments
that directly interact with enteric bacteria.*” The epithelial
barrier integrity was maintained by several subsets of epithelial
cells, which are tightly bound together by intercellular junc-
tional complexes (e.g., tight junction proteins such as occludin,
zonulin-1 and claudins, gap junctions, adherent junctions, and
desmosomes). Besides the intestinal epithelium, gut microbiota
interact directly with the enteric immune system, contributing
to the maintenance of immune tolerance and shaping the
immune responses during inflaimmation. The morphological
results showed that ®°Co-y irradiation destroyed the histolog-
ical features of the colon (Fig. 4A) and the tight junctions
between the colonic epithelium of the mice in the radiation
group were broken (Fig. 4B). From the results of PCR, we also
observed that the mRNA expression of tight junction proteins
significantly decreased in the colons of irradiated mice (Fig. 5C)
and the inflammatory cytokines increased (Fig. 5B). However,
the impairments of the colon may have a major impact on the
composition and diversity of the gut microbiota. *°Co-y rays
induced disorder in the gut microbiota of exposed mice as
compared to the control mice. The relative abundance of some
bacteria significantly changed at different levels (Fig. 6A).
Notably, the ratio of Firmicutes/Bacteroidetes, which was re-
ported in neurodegenerative disease increased from 0.58
(radiation group) to 0.69 (control group). Moreover, the diversity
of the gut microbiota changed (Table 1). After exposure to
radiation, neuroinflaimmatory responses have been well
demonstrated to be involved in brain injury, radiation somno-
lence syndrome, cognitive impairment and aging.***° The
current findings reveal that the levels of proinflammation
increased (Fig. 5A). The gut microbiota form a complex
ecosystem and closely interact with the host immune system at
the intestinal mucosal surface.* The effect of ionizing radiation
on the gut microbiota is, therefore, a combined outcome of the
stress responses from the gut microbes and host cells, and the
triangular interactions between the gut microbiota, host, and
radiation.

Radiation causes neurophysiological and cognitive impair-
ments as well as intestinal damage and microbiota distur-
bances. Microbial colonization of the intestine has a significant
impact on neurophysiology and behavior.*>>* Experiment
confirmed that germ-free (GF) mice exhibited substantial
alterations in behaviors and neuropathologies that are relevant
to neurodevelopmental, psychiatric and neurodegenerative
disorders.> In our study, the results of PICRUSt functional
predictive analysis indicated that the pathway of neurodegen-
erative disease and the nervous system was significantly
enriched in the radiation group (Fig. 6E). There are many
potential communication pathways between the gut microbiota
and the brain, from complex innervation and highly adjustable
neuronal pathways to elusive and difficult-to-measure small
molecule information delivery systems.'>'® Microbial endocri-
nology is becoming an important concept in advancing our
knowledge of the microbiota-gut-brain axis. It is well known
that some neurotransmitters are related to the nervous system

and learning and memory abilities. For example,
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norepinephrine is historically known for its role in arousal and
alertness in the waking state as well as in sensory signal
detection, while more recent work has found it is also involved
in behavior and cognition, like memory, learning, and atten-
tion.>® Serotonin is involved in regulating numerous physio-
logical processes, including gastrointestinal secretion and
peristalsis, respiration, vasoconstriction, behavior, and neuro-
logical function.***” Acetylcholine acts as a neurotransmitter in
the central nervous system and is involved in hippocampus-
mediated memory function. Meanwhile, GABA is the most
widely distributed inhibitory neurotransmitter in the central
nervous system. Substantial research supports the link between
altered GABAergic neurotransmission and many CNS disorders,
including behavioral disorders, pain, and sleep.’®* We also
examined the neurotransmitter levels in order to investigate the
effects of radiation on the nervous system (Fig. 3). The levels of
these neurotransmitters have significantly changed due to the
stimulation of radiation. It has been further proved that radia-
tion damages the nervous system of mice. A great deal of
evidence has demonstrated that it is the gut microbiota that
influence brain development, neurogenesis, and interact with
the enteric and central nervous systems (ENS and CNS,
respectively) via communication along the “gut-brain-axis”.****
Several different pathways of communication have been iden-
tified along the “gut-brain-axis” including those driven by the
immune system, by the vagus nerve, by modulation of neuro-
active compounds, or by the microbiota. The microbiota have
been shown to synthesize and respond to several key neuro-
chemicals including dopamine, norepinephrine, serotonin, or
gamma-aminobutyric acid, which are involved in host mood,
behavior, and cognition. Many of these host- and microbial-
derived neuroactive molecules are also important signaling
molecules in host-microbiota interactions at the intestinal
interface.'® Several bacteria have also been shown to produce
dopamine and norepinephrine, such as Escherichia coli,
Escherichia coli (K-12) and Bacillus subtilis.*> Wikoff et al. found
that the levels of serotonin were significantly reduced in the
blood and colon of germ-free mice as compared to control mice,
which can be restored via recolonization with microbiota.®
Based on Matsumoto's research, germ-free animals have
substantially reduced luminal and serum levels of GABA, which
confirms that the microbiota seem to influence circulating
GABA levels.®* At the same time, several bacteria have been re-
ported to produce GABA, including members of the Bifido-
bacterium and Lactobacillus genera.*>*® Likewise, bacteria
express receptors capable of sensing extracellular GABA.*” 1t is
therefore likely that host production of GABA can influence the
microbiota. How GABA produced by the microbiota may be
involved in human health and disease remains to be deter-
mined. In our study, we not only observed the changes in ACH,
NE, GABA and 5-HT in the colon and brain of irradiated mice
(Fig. 3), but also found the changes in gut microbiota in the
genus associated with neurotransmitters (Fig. 6, Tables 3 and
4). This suggests that radiation may affect the behavior and gut
microbiota of mice through the “gut-brain axis”.

Indeed, accumulating evidence has shown a link between
the gut microbiome and AD.®**® The cognitive impairments we

16206 | RSC Adv, 2020, 10, 16196-16208
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saw here are only the very beginning of cognitive deficits.
However, whether the radiation-induced intestinal bacterial
disorder associated with neurodegenerative disease and gut
microbes can influence brain function via the gut-brain axis
needs to be further studied.

5. Conclusions

We have shown that exposure to *°Co-y rays at 4 Gy impairs
learning and memory ability and even destroys neuronal cell
morphology as well as ultrastructures in the hippocampus,
specifically disrupting the bacterial community in the colon.
Moreover, gut dysbiosis is related to changes in the expression
of tight junction proteins and inflammation in the colon as well
as the radiation-induced impairment in the histological
features and ultrastructures. It also causes distinct alterations
in neurotransmitter (ACH, NE, 5-HT, GABA) levels in the brain
and colon. Profound alterations in the neurotransmitters of the
colon and brain may be relevant to the communication between
the gut and the brain. Several of the behavioral and biochemical
alterations brought about by radiation are similar to those
found in mice with neurodegenerative disease although differ-
ences have also been noted. Our findings add to the under-
standing of the microbiota-gut-brain axis and highlight the
potential and limitations of radiation-induced gut dysbiosis as
a model system to explore possible mechanisms in the inter-
action between gut microbiota and the brain.
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