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Abstract 

Objective  To explore the dynamic impacts of simulated microgravity (SM) on different vital brain 
regions of rats. 

Methods  Microgravity was simulated for 7 and 21 days, respectively, using the tail-suspension rat 
model. Histomorphology, oxidative stress, inflammatory cytokines and the expression of some key 
proteins were determined in hippocampus, cerebral cortex and striatum. 

Results  21-day SM decreased brain derived neurotrophic factor and induced neuron atrophy in the 
cerebral cortex. Strong oxidative stress was triggered at day 7 and the oxidative status returned to 
physiological level at day 21. Inflammatory cytokines were gradually suppressed and in striatum, the 
suppression was regulated partially through c-Jun/c-Fos. 

Conclusion  The results revealed that the significant impacts of SM on rat brain tissue depended on 
durations and regions, which might help to understand the health risk and to prevent brain damage for 
astronauts in space travel. 
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INTRODUCTION 

icrogravity is a basic physical factor in 
the space environment. Numerous 
studies have demonstrated that 

microgravity dramatically affects the physiological 
functions of human body inducing impairments in 
cardiovascular, musculoskeletal, endocrine and 
immune systems[1]. Besides, it was also suggested 
that cerebral malfunction occurred during or after 
spaceflight. For example, Roberts and Alperin 
reported the narrowing of central sulcus, the upward 
transfer of brain and periventricular white matter 
hyperintensity in astronauts[2-3]. Meanwhile, cerebral 

electrical activities and functional connectivity 
among brain regions were suggested to be disrupted 
by microgravity[4-6]. Moreover, many other 
investigations also revealed that microgravity 
strongly affected the structure and physiology of 
brain[7-10]. Considering the irreplaceable role of brain 
in human activities, it is of great importance to 
further explore the impacts of microgravity and 
underlying mechanism on brain. 

Due to the high cost, low frequency and 
technical difficulties of space experiments, 
ground-based simulated microgravity (SM) models 
have been established. Rodent tail-suspension (TS) is 
a validated one to mimic multiple effects of real 
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microgravity on organism and used to investigate 
the involved mechanism[11]. To date, the TS model is 
widely used in the study of microgravity-related 
impacts including those on bone[12-14], muscle[15-17], 
endocrine[18-20], and hepatic function[21-23]. Meanwhile, 
the TS model is well accepted for investigating the 
effects of microgravity on brain. For instance, Yoon 
found that 14-day TS up-regulated the expression of 
neuronal nitric oxide synthase in rat brain[24]. Several 
cerebral proteins involved in sleep/wake cycle, 
drinking behavior and endocrine were differentially 
regulated by 7-day TS[25,26]. Other studies also suggested 
that transmitter metabolism, eletrical physiology and 
vascular tension in rat brain were significantly changed 
by TS[27-30]. However, most experiments were 
performed for single period; and investigations 
regarding the dynamic impacts of SM are relatively less. 
Moreover, the impacts of SM on individual vital brain 
regions, such as hippocampus, cerebral cortex and 
striatum have not been compared yet. 

The aim of this study was to explore the 
dynamic impacts and underlying mechanism of SM 
on 3 vital brain regions. Rats were tail-suspended for 7 
and 21 days, respectively, to mimic short and 
long-term microgravity. Histomorphology, oxidative 
stress markers, inflammatory cytokines and the 
expression of some key proteins were determined in 
hippocampus, cerebral cortex and striatum. The 
results might provide neurological insight of SM, which 
might help to understand the health risk and to 
prevent brain damage for astronauts in space travel. 

MATERIALS AND METHODS 

Reagents 

Hematoxylin-eosin staining kit was purchased 
from Beyotime Biotechnology (Shanghai, China). 
Hydrogen peroxide (H2O2), malonaldehyde (MDA), 
superoxide dismutase (SOD) and glutathione (GSH) 
biochemical kits were obtained from Nanjing 
Jiancheng Bioengineering Institute (Nanjing, China). 
Interleukin-6 (IL-6), interferon-γ (IFN-γ) and tumor 
necrosis factor-α (TNF-α) ELISA kits were supplied by 
Neo Bioscience Technology Co., Ltd (Guangzhou, 
China). RIPA buffer and protein loading buffer were 
obtained from Solarbio Life Sciences (Beijing, China). 
Cocktail protease inhibitor and phosphatase 
inhibitor were from Roche Diagnostics (Indianapolis, 
USA). BCA Protein Assay Kit was purchased from 
Thermo Fisher Scientific Inc. (Waltham, USA). 
Primary antibodies of brain derived neurotrophic 

factor (BDNF), c-Jun, c-Fos and glyceraldehydes-3- 
phosphate dehydrogenase (GAPDH) were supplied 
by Abcam PLC (Cambridge, UK). HRP-conjugated 
secondary antibody was from ComWin Biotech Co., 
Ltd (Beijing, China). All other chemicals and solvents 
were of analytical grade. 

Animals 

The present study complied with the Guide for 
the Care and Use of Laboratory Animals published by 
the National Institutes of Health (NIH publication no. 
85-23, revised in 1985), and all the animal 
experiments were approved by Beijing Institute of 
Technology Animal Care and Use Committee. A total 
of 24 SD rats (male, SPF, 180-220 g) were obtained 
from Academy of Military Medical Sciences (Beijing, 
China). Rats were raised in a temperature and 
humidity controlled room (temperature 25 °C, 
humidity 55%) with an artificial 12-h light-dark cycle 
and had free access to water and normal standard 
chow diet. All the animals were adapted to the 
environment for one week prior to the study. 

The rats were randomly divided into 4 groups (6 
rats per group): Group 1, 7-day control group, rats 
were kept normally without TS for 7 days; Group 2, 
7-day SM group, rats were tail-suspended for 7 days; 
Group 3, 21-day control group, rats were kept 
normally without TS for 21 days; and Group 4, 21-day 
SM group, rats were tail-suspended for 21 days. TS was 
performed as previously described with little 
modification[11]. Briefly, sterilized rat tail was 
connected to a pulley using surgical tape and then 
suspened by a metal bar. The tilt angle was about -30 ° 
in relation to the horizontal. Rats could freely move in 
TS cages and had free access to water and food. 

Sample Collection 

Sample collection was performed after TS for 7 
and 21 days, respectively. Briefly, rats were sacrificed 
by heart perfusion with ice-cold saline under deep 
anesthesia with pentobarbital sodium. Brain was 
harvested and divided into 2 hemispheres: one was 
immediately immersed in 4% formaldehyde solution; 
hippocampus, cerebral cortex and striatum of the 
other hemisphere were collected and stored at -80 °C. 

Hematoxylin and Eosin Staining 

The tissue preserved in 4% formaldehyde solution 
was taken, cropped and made into wax pattern, 
thereafter sliced up (5 μm) and dyed with 
hematoxylin-eosin. Tissue structure and cellular 
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morphology were observed with high power field 
microscope. 

Biochemical Tests 

Markers of oxidative stress (H2O2, MDA, SOD 
and GSH) and inflammatory cytokines (IL-6, IFN-γ 
and TNF-α) were detected using reagent kits 
according to the supplier’s instructions. 

Western Blot Assay 

Frozen brain tissue was put into 100 μL of 
ice-cold RIPA buffer (containing cocktail protease 
inhibitor and phosphatase inhibitor), homogenized 
and then centrifuged at 12,000 × g for 10 min at 4 °C 
to extract total protein. Protein concentration was 
determined by BCA protein assay. Equal amount of 
total protein was seperated by 12% SDS-PAGE and 
transferred to a PVDF membrane. After blocking the 
non-specific binding sites for 2 h with 5% non-fat 
milk in TBST buffer at room temperature, the 
membranes were incubated with primary antibodies 
(antibodies were 1,000 times diluted with TBST buffer) 
of BDNF, c-Jun, c-Fos and GAPDH overnight at 4 °C. 
Later, the membranes were subjected to 4-time wash 
with TBST buffer and then incubated with 
HRP-conjugated secondary antibody for 2 h at room 
temperature. After another 4-time wash with TBST 
buffer, target proteins were visualized using ECL plus 
western blot detection system. GAPDH protein levels 
were used as a loading control. The relative expression 
levels of target proteins were expressed as the ratio of 
their band gray value to that of GAPDH (the gray 
values were analyzed by software ImageLab 4.0). 

Statistical Analysis 

Statistical analysis was performed using SPSS 
20.0 software (IBM, USA). Data was expressed as 
mean ± standard deviation (SD). Difference between 
groups was determined by independent-samples t 
test. P-values of less than 0.05 were considered 
statistically significant. 

RESULTS 

General Data 

The body weight of 21-day groups was 
measured consecutively, which was illustrated in 
Figure 1. Though the 2 groups both gained weight at 
last, 21-day SM group experienced weight lose 
during the initiation of TS and thus presented 
significant lower body weight from day 7, as compared 
with 21-day control group (P < 0.05 or 0.01).  

Histomorphology 

After 7-day TS, no obvious morphological 
alterations were observed in hippocampus, cerebral 
cortex or striatum. Cellular structures of brain tissue in 
both groups were normal (Figure 2). However, 21-day 

 

 
Figure 1. Body weight of rats. 21-day SM group 
presented significant lower body weight from 
day 7. Values represented the mean ± SD. *P < 
0.05, **P < 0.01, compared with 21-day control 
group. SM: simulated microgravity. 

 

 

Figure 2. Histomorphology of rat brain 
regions after 7-day TS. Cellular structures of 
(A) hippocampus, (B) cerebral cortex, and (C) 
striatum in both groups were normal. 
Magnification was shown in each photo. SM: 
simulated microgravity. TS: tail-suspension. 
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TS induced atrophy of regional neurons in cerebral 
cortex of 21-day SM group (3 out of 6 rats), as shown 
in Figure 3B. 

Oxidative Stress 

As shown in Figure 4, H2O2 concentration was 
marked 20.73, 26.00 and 21.25 mmol/gprot in 
hippocampus, cerebral cortex and striatum of 7-day 
SM group, respectively, showing sharp increase as 
compared with 7-day control group (P < 0.01, Figure 
4A). MDA levels of 7-day SM group dramatically 
increased to 2.63, 2.53, and 1.87 nmol/mgprot in the 
3 regions (compared with 7-day control group, P < 
0.05 or 0.01, Figure 4B). However, few obvious 
changes were observed in SOD or GSH level of 7-day 
SM group (except GSH in cerebral cortex showing 
significant decrease, compared with 7-day control 
group, P < 0.05, Figure 4C and D). 

After 21-day TS, H2O2 and MDA in brain regions 
of 21-day SM group almost returned to physiological 

levels (MDA in cerebral cortex was even lower as 
compared with 21-day control group, P < 0.05, 
Figure 5B). However, remarkable down-regulation  
of SOD and GSH was observed (compared with 
21-day control group, P < 0.05 or 0.01, Figure 5C  
and D). 

Inflammatory Cytokines 

Expression of inflammatory cytokines was 
illustrated in Figures 6 and 7. 7-day TS induced 
dramatical decrease of TNF-α in hippocampus and 
striatum of 7-day SM group (compared with 7-day 
control group, P < 0.01, Figure 6C). Tests of IL-6 and 
IFN-γ showed similar results in hippocampus or 
striatum, respectively (compared with 7-day control 
group, P < 0.05 or 0.01, Figure 6A and B). Moreover, 
21-day TS triggered comprehensive reduction of 
inflammatory cytokines in all regions of 21-day SM 
group (compared with 21-day control group, P < 0.05 
or 0.01, Figure 7). 

 

Figure 3. Histomorphology of rat brain regions after 21-day TS. Cellular structures of (A) hippocampus 
and (C) striatum in both groups were normal. The black loop in (B) illustrated the area where neuron 
atrophy in cerebral cortex was observed and 200× photo of atrophy was shown as well. magnification 
was shown in each photo. SM: simulated microgravity. TS: tail-suspension. 
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Protein Expression 

Representative bands of western blot assay 
were shown in Figure 8. 
BDNF    Relative level of BDNF was shown in Figure 9. 

Though 7-day TS caused no statistical variations of 
BDNF, 21-day TS significantly decreased the 
expression in cerebral cortex by about 81% 
(compared with 21-day control group, P < 0.01, 
Figure 9B).

 
Figure 4. Content of oxidative stress markers in rat brain regions after 7-day TS. Excessive (A) H2O2 and 
(B) MDA were generated in all regions. However, endogenous antioxidants (C) SOD and (D) GSH were 
barely affected. Values represented the mean ± SD. *P < 0.05, **P < 0.01, compared with 7-day control 
group. SM: simulated microgravity. TS: tail-suspension. 

 
Figure 5. Content of oxidative stress markers in rat brain regions after 21-day TS. (A) H2O2 and (B) MDA 
returned to physiological levels. However, endogenous antioxidants (C) SOD and (D) GSH were sharply 
down-regulated. Values represented the mean ± SD. *P < 0.05, **P < 0.01, compared with 21-day control 
group. SM: simulated microgravity. TS: tail-suspension. 
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c-Jun and c-Fos    Figure 10 illustrated the relative 
level of c-Jun and c-Fos. The most remarkable 
changes of c-Jun/c-Fos expression occurred in 
striatum. 7-day TS significantly suppressed the 
expression of c-Fos in striatum of 7-day SM group 

(compared with 7-day control group, P < 0.05, Figure 
10B). After 21-day TS, both c-Jun and c-Fos were 
sharply down-regulated in striatum of 21-day SM 
group (compared with 21-day control group, P < 0.01, 
Figure 10C and D).

 

 

Figure 6. Content of inflammatory cytokines in rat brain regions after 7-day TS. Concentration of (A) IL-6, 
(B) IFN-γ and (C) TNF-α began to decrease in some of the regions. Values represented the mean ± SD. *P < 
0.05, **P < 0.01, compared with 7-day control group. SM: simulated microgravity. TS: tail-suspension. 

 

Figure 7. Content of inflammatory cytokines in rat brain regions after 21-day TS. Production of (A) IL-6, 
(B) IFN-γ, and (C) TNF-α was comprehensively suppressed. Values represented the mean ± SD. *P < 0.05, 
**P < 0.01, compared with 21-day control group. SM: simulated microgravity. TS: tail-suspension. 

 

Figure 8. Representative bands of western blot assay. (A) hippocampus, (B) cerebral cortex, and (C) 
striatum were results after 7-day TS; while (D) hippocampus, (E) cerebral cortex, and (F) striatum were 
results after 21-day TS. SM: simulated microgravity. TS: tail-suspension. 
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DISCUSSION 

According to the duration of missions, 
astronauts may undergo short or long-term 
microgravity. Short-term microgravtiy usually 
induces acute stress response[31-34]. We tested the 
content of H2O2 and MDA in rat brain after 3, 5, 7 
and 9-day TS, respectively, and found that 7 days 
was the best duration for oxidative stress induction. 

On the other hand, 21 days was the well-accepted 
duration for long-term SM[35-37]. Therefore, in the 
current study, 7 and 21-day TS were performed to 
mimic the two term types. 

The Decrease of BDNF might Contribute to Neuron 
Atrophy in Cerebral Cortex Induced by 21-day SM 

We first used hematoxylin-eosin staining to 
observe morphological alterations. Results revealed 

 
Figure 9. Relative level of BDNF in rat brain regions after (A) 7-day TS and (B) 21-day TS. Expression of 
BDNF was significantly inhibited by 21-day TS in cerebral cortex. **P < 0.01, compared with 21-day 
control group. SM: simulated microgravity. TS: tail-suspension. 

 
Figure 10. Relative level of (A) c-Jun and (B) c-Fos after 7-day TS; (C) c-Jun and (D) c-Fos after 21-day TS 
in rat brain regions. The most remarkable changes of c-Jun/c-Fos expression occurred in striatum. *P < 
0.05, **P < 0.01, compared with respective control groups. SM: simulated microgravity. TS: 
tail-suspension.
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that cerebral cortex was the exclusive region where 
obvious neuron morphologic changes were induced 
only by long-term SM. A consistent pattern was also 
suggested in Bi’s study: the ultrastructure of rat 
cerebral cortex was normal after 7-day SM, but 
showed significant changes after 14 and 21-day 
SM[38]. BDNF is a key neurotrophic factor supporting 
neurons in the nervous system[39]. The reduction of 
BDNF level is a common pathological factor in many 
neurodegenerative diseases and it was 
demonstrated that neuron necrosis was directly 
associated with the lack of BDNF[40,41]. Therefore, the 
expression of BDNF was tested. Significant decrease 
of BDNF content was observed in cerebral cortex of 
21-day SM group. Hence, we inferred that neuron 
atrophy was induced partially through the 
down-regulation of BDNF[42,43]. 

The correlation between microgravity/SM and 
the expression of BDNF was seldom studied and 
results showed great contradiction. Data about the 
mRNA or protein level of BDNF in several regions of 
mouse brain after long-term spaceflight (30 or 91 
days) indicated that BDNF was not sensitive to 
microgravity[44,45]. However, using TS model, Wu 
reported notable down-regulation of BDNF in rat 
cerebral cortex after 48 days, which was in line with 
the present study[42]. Nevertheless, our data 
revealed that the impacts of SM depended on brain 
region and time course. Cerebral cortex is the 
superior center that governs the sensation, motion, 
learning and memory of body[46-51]; and vulnerable to 
chronic stress[42]. Therefore, impairments of 
cognitive[52-54] and motor[8,10] functions in astronauts 
undergoing long-term microgravity might be partially 
caused by the dysregulation of BDNF in cerebral 
cortex and exogenous supplement of neurotrophins 
might be needed accordingly. 

Oxidative Stress was Triggered after Short-term SM, 
but was Quenched after Long-term SM 

When the generation of reactive oxygen species 
(ROS), such as H2O2, exceeds the potential of 
anti-oxidative cascades, oxidative stress is 
triggered[55]. Under this condition, ROS can interact 
with metal ions producing highly reactive radicals, 
which can heavily oxidize biomacromolecules[56]. 
Lipids are the most sensitive cellular components to 
oxidative stress-associated damage and lipids 
peroxidation leads to the production of MDA, 
recognized as the marker of oxidative stress[57]. The 
sharp increase of H2O2 after 7-day SM indicated that 
excessive ROS was generated in rat brain tissue. 

Meanwhile, the accumulation of MDA verified the 
oxidative damage. Usually, H2O2 can be converted to 
H2O by catalase, but we did not find evident catalase 
activity in any of the brain regions. Therefore, SOD and 
GSH were selected as the representative enzymatic 
and non-enzymatic anti-oxidative molecules. Our 
data revealed that neither SOD nor GSH was affected 
by short-term SM and hence, oxidative stress 
observed in 7-day SM group might be simply 
attributed to the excessive ROS. On the contrary, 
long-term SM strongly down-regulated the 
expression of SOD and GSH. Interestingly, no 
excessive H2O2 was detected in any of the brain 
regions and MDA also returned to physiological level 
in 21-day SM group. These phenomena probably 
implied an adaptive mechanism of rat brain to 
long-term SM. 

Brain is rich in lipids (especially polyunsaturated 
fatty acids), oxygen (due to its high metabolic 
activities), metal ions, but lack of anti-oxidative 
enzymes (especially catalase)[58,59]. Therefore, brain 
is prone to oxidative stress, which is observed in 
several neurodegenerative diseases, such as 
Parkinson’s disease, Huntington’s disease, and 
Alzheimer’s disease[60]. However, few studies have 
linked oxidative stress to cerebral impairments in 
microgravity with inconsistent and even contradictory 
outcomes. Wise demonstrated that increase of ROS 
and MDA, coupled with decrease of GSH were 
induced in mouse brain after 7-day SM[61]. Chowdhury 
and Soulsby reported the accumulation of MDA in rat 
brain after 14 and 21-day SM, respectively[62,63]. Wang 
simply showed decrease of SOD level in rat 
hippocampus after 28-day SM[64]. Recently, a study 
regarding the dynamic impacts of SM on oxidative 
stress was conducted, in which increase of MDA and 
decrease of SOD and catalase were suggested to be 
significant only after 14-day SM[65]. Our data indicated 
an ‘induction-attenuation’ pattern of ROS and a 
‘stabilization-inhibition’ pattern of endogenous 
antioxidants. In spite of the inconformity, oxidative 
stress is believed to be triggered during SM. Thus, 
anti-oxidative therapies should be taken into 
consideration for manned spaceflight. 

SM Suppressed the Production of Inflammatory 
Cytokines and in Striatum, the Suppression was 
Regulated Partially through c-Jun/c-Fos 

The absence of gravity in the space would impair 
the function of immune system[66,67] and lead to 
various infections during missions[68]. Studies about 
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immune function under microgravity condition were 
mainly centered on plasma or immune organs, 
including thymus and spleen. For example, Kaur 
found that the ability of human innate immune 
system to phagocytise bacteria and to initiate 
oxidative burst was crippled after spaceflight[69,70]. 
An in vitro study using RAW 264.7 cells indicated 
that SM suppressed the LPS-induced generation of 
TNF family proteins[71]. Novoselova also reported 
that microgravity lowered the content of IL-6 and 
IFN-γ in mouse plasma[72]. It might be the first time 
in the present study that immune molecules in SM 
brain tissue were evaluated. Our data doubtless 
suggested that SM suppressed the production of 
inflammatory cytokines in rat brain and this 
inhibitory effect strengthened with the extension of 
SM duration. 

The regulation of inflammatory cytokines is very 
complicated and several kinds of transcription 
factors may participate in the pathway, including 
NF-κB, PI-3K/Akt, MEK/Erk and AP-1[73-75], among 
which AP-1 is the most studied one[76-79]. AP-1 consists 
of proteins from Jun/Fos family, such as c-Jun, JunB, 
c-Fos and FosB and functions as a dimer binding to 
enhancer sequence of target genes[76,77,79]. In a 
previous study of our group, AP-1 components c-Jun 
and c-Fos showed good positive correlation with 
inflammatory cytokines levels in rat brain[80]. Therefore, 

we analyzed the relative content of  c-Jun and c-Fos 
using western blot method. However, only results 
acquired from striatum supported     the hypothesis 
that SM inhibited the expression of  IL-6, IFN-γ and 
TNF-α through AP-1 pathway. The dominant regulating 
mechanism in hippocampus and cerebral cortex of TS 
rat brain needed further investigations. 

A Proposed Mechanism of SM in Affecting Rat Brain 

BDNF in brain is primarily synthesised by 
neurons and astrocytes[59]. Additionally, cerebral 
inflammatory cytokines are mainly secreted by 
activated microglia[73,81,82]. So the reduction of BDNF, 
inflammatory cytokines and antioxidants after 
long-term SM probably resulted from the decreased 
activity of brain cells. This repression initiated by  
SM might affect the physiological functions of  
brain indeed. However, the activated neurogliocytes 
can also exhibit cytotoxic effects through the  
release of ROS and nitric oxide[74]. Hence, the 
decreased activity might be an adaption mechanism 
to restrain the production of ROS and in this way 
restore the oxidative status in 21-day SM group 
(Figure 11). 

CONCLUSION 

Collectively, SM showed obvious impacts on rat 
 

 

Figure 11. A possible mechanism of SM in affecting rat brain. Short-term SM triggered strong oxidative 
stress in all studied regions. Long-term SM inhibited the activity of brain cells. On one hand, the 
inhibition down-regulated the levels of inflammatory cytokines in all studied regions and BDNF in 
cerebral cortex, which resulted in neuron atrophy, but on the other, the inhibition attenuated the 
oxidative stress induced by SM. BDNF, brain derived neurotrophic factor. ROS, reactive oxygen species. 
SM: simulated microgravity. 
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brain tissue in a duration and region-dependent 
manner. It induced atrophy of regional neurons, 
oxidative stress, together with repression of 
inflammatory cytokines. The results might provide 
further neurological insight of SM with a clue to 
assess the risk and to prevent brain damage for 
astronauts in space travel. 

AUTHOR CONTRIBUTIONS 

DENG Yu Lin and LI Yu Juan designed this work. 
CHEN Bo and ZHANG Yu Shi performed the 
experiments and analyzed the data. CHEN Bo, LI 
George and CHO Jun-Lae wrote the manuscript. 

CONFLICT OF INTEREST 

The authors declare that there are no conflicts 
of interest. 

 
Received: December 10, 2018; 
Accepted: April 10, 2019 

REFERENCES 

1. Taibbi G, Cromwell RL, Kapoor KG, et al. The effect of 
microgravity on ocular structures and visual function: a review. 
Surv Ophthalmol, 2013; 58, 155-63. 

2. Alperin N, Bagci AM, Lee SH. Spaceflight-induced changes in 
white matter hyperintensity burden in astronauts. Neurology, 
2017; 89, 2187-91. 

3. Roberts DR, Albrecht MH, Collins HR, et al. Effects of 
Spaceflight on Astronaut Brain Structure as Indicated on MRI. 
N Engl J Med, 2017; 377, 1746-53. 

4. Cheron G, Leroy A, De Saedeleer C, et al. Effect of gravity on 
human spontaneous 10-Hz electroencephalographic 
oscillations during the arrest reaction. Brain Res, 2006; 1121, 
104-16. 

5. Cheron G, Leroy A, Palmero-Soler E, et al. Gravity influences 
top-down signals in visual processing. PLoS One, 2014; 9, 
e82371. 

6. Demertzi A, Van Ombergen A, Tomilovskaya E, et al. Cortical 
reorganization in an astronaut's brain after long-duration 
spaceflight. Brain Struct Funct, 2016; 221, 2873-6. 

7. Brummer V, Schneider S, Vogt T, et al. Coherence between 
brain cortical function and neurocognitive performance during 
changed gravity conditions. J Vis Exp, 2011; 51. 

8. De Saedeleer C, Vidal M, Lipshits M, et al. Weightlessness 
alters up/down asymmetries in the perception of self-motion. 
Exp Brain Res, 2013; 226, 95-106. 

9. Marusic U, Meeusen R, Pisot R, et al. The brain in micro- and 
hypergravity: the effects of changing gravity on the brain 
electrocortical activity. Eur J Sport Sci, 2014; 14, 813-22. 

10. Mulavara AP, Feiveson AH, Fiedler J, et al. Locomotor function 
after long-duration space flight: effects and motor learning 
during recovery. Exp Brain Res, 2010; 202, 649-59. 

11. Morey-Holton ER, Globus RK. Hindlimb unloading rodent 
model: technical aspects. J Appl Physiol (1985), 2002; 92, 
1367-77. 

12. Li WY, Li XY, Tian YH, et al. Pulsed electromagnetic fields 
prevented the decrease of bone formation in 
hindlimb-suspended rats by activating sAC/cAMP/PKA/CREB 
signaling pathway. Bioelectromagnetics, 2018; 39, 569-84. 

13. He JP, Feng X, Wang JF, et al. Icariin prevents bone loss by 
inhibiting bone resorption and stabilizing bone biological 
apatite in a hindlimb suspension rodent model. Acta 
Pharmacol Sin, 2018; 39, 1760-7. 

14. Yang PF, Huang LW, Nie XT, et al. Moderate tibia axial loading 
promotes discordant response of bone composition 
parameters and mechanical properties in a hindlimb unloading 
rat model. J Musculoskelet Neuronal Interact, 2018; 18, 
152-64. 

15. Marzuca-Nassr GN, Vitzel KF, Murata GM, et al. Experimental 
Model of HindLimb Suspension-Induced Skeletal Muscle 
Atrophy in Rodents. Methods Mol Biol, 2019; 1916, 167-76. 

16. Oliveira JRS, Mohamed JS, Myers MJ, et al. Effects of hindlimb 
suspension and reloading on gastrocnemius and soleus muscle 
mass and function in geriatric mice. Exp Gerontol, 2019; 115, 
19-31. 

17. Zhang S, Yuan M, Cheng C, et al. Chinese Herbal Medicine 
Effects on Muscle Atrophy Induced by Simulated Microgravity. 
Aerosp Med Hum Perform, 2018; 89, 883-8. 

18. Feng L, Liu XM, Cao FR, et al. Anti-stress effects of ginseng total 
saponins on hindlimb-unloaded rats assessed by a 
metabolomics study. J Ethnopharmacol, 2016; 188, 39-47. 

19. Zhang H, Zhao G, Wang D, et al. Effect of electroacupuncture 
at different acupoints on hormones and neurotransmitters of 
hypotha- lamic-pituitary-adrenal axis in rats under simulated 
weightlessness. Chin Acup Moxib, 2015; 35, 1275-9. (In 
Chinese) 

20. Chowdhury P, Soulsby ME, Jayroe J, et al. Pressure 
hyperalgesia in hind limb suspended rats. Aviat Space Environ 
Med, 2011; 82, 988-91. 

21. Chen Y, Xu J, Yang C, et al. Upregulation of miR-223 in the rat 
liver inhibits proliferation of hepatocytes under simulated 
microgravity. Exp Mol Med, 2017; 49, e348. 

22. Cavey T, Pierre N, Nay K, et al. Simulated microgravity 
decreases circulating iron in rats: role of inflammation-induced 
hepcidin upregulation. Exp Physiol, 2017; 102, 291-8. 

23. Song Y, Zhao GZ, Zhao BX, et al. Effect of Electroacupuncture 
Intervention at Different Time-points on Levels of HSP 70, MDA, 
SOD and GSH-PX of Liver in Rats with Simulated 
Weightlessness. Acupuncture Research, 2015; 40, 383-7. (In 
Chinese) 

24. Yoon N, Na K, Kim HS. Simulated weightlessness affects the 
expression and activity of neuronal nitric oxide synthase in the 
rat brain. Oncotarget, 2017; 8, 30692-9. 

25. Iqbal J, Li W, Hasan M, et al. Distortion of homeostatic 
signaling proteins by simulated microgravity in rat 
hypothalamus: A(16) O/(18) O-labeled comparative integrated 
proteomic approach. Proteomics, 2014; 14, 262-73. 

26. Iqbal J, Li W, Hasan M, et al. Differential expression of specific 
cellular defense proteins in rat hypothalamus under simulated 
microgravity induced conditions: comparative proteomics. 
Proteomics, 2014; 14, 1424-33. 

27. Krasnov IB, Krasnikov GV, Chel'naia NA. Effect of intermittent 
hypergravity on cerebellum Purkinje's cells in suspended rats. 
Aviakosm Ekolog Med, 2009; 43, 39-43. 

28. Wang Y, Iqbal J, Liu Y, et al. Effects of simulated microgravity 
on the expression of presynaptic proteins distorting the 
GABA/glutamate equilibrium--A proteomics approach. 
Proteomics, 2015; 15, 3883-91. 

29. Xue JH, Chen LH, Zhao HZ, et al. Differential regulation and 
recovery of intracellular Ca2+ in cerebral and small mesenteric 



506 Biomed Environ Sci, 2019; 32(7): 496-507 

arterial smooth muscle cells of simulated microgravity rat. 
PLoS One, 2011; 6, e19775. 

30. Zhang R, Ran HH, Ma J, et al. NAD(P)H oxidase inhibiting with 
apocynin improved vascular reactivity in tail-suspended 
hindlimb unweighting rat. J Physiol Biochem, 2012; 68, 99-105. 

31. Nelson ES, Mulugeta L, Feola A, et al. The impact of ocular 
hemodynamics and intracranial pressure on intraocular 
pressure during acute gravitational changes. J Appl Physiol 
(1985), 2017; 123, 352-63. 

32. Yi B, Matzel S, Feuerecker M, et al. The impact of chronic stress 
burden of 520-d isolation and confinement on the 
physiological response to subsequent acute stress challenge. 
Behav Brain Res, 2015; 281, 111-5. 

33. Strewe C, Feuerecker M, Nichiporuk I, et al. Effects of parabolic 
flight and spaceflight on the endocannabinoid system in 
humans. Rev Neurosci, 2012; 23, 673-80. 

34. Lathers CM, Diamandis PH, Riddle JM, et al. Acute and 
intermediate cardiovascular responses to zero gravity and to 
fractional gravity levels induced by head-down or head-up tilt. 
J Clin Pharmacol, 1990; 30, 494-523. 

35. Rai B, Kaur J. Salivary stress markers and psychological stress in 
simulated microgravity: 21 days in 6 degrees head-down tilt. J 
Oral Sci, 2011; 53, 103-7. 

36. Symons TB, Sheffield-Moore M, Chinkes DL, et al. Artificial 
gravity maintains skeletal muscle protein synthesis during 21 
days of simulated microgravity. J Appl Physiol, 2009; 107, 34-8. 

37. Sun LW, Blottner D, Luan HQ, et al. Bone and muscle structure 
and quality preserved by active versus passive muscle exercise 
on a new stepper device in 21 days tail-suspended rats. J 
Musculoskelet Neuronal Interact, 2013; 13, 166-77. 

38. Bi L, Li YX, He M, et al. Ultrastructural changes in cerebral 
cortex and cerebellar cortex of rats under simulated 
weightlessness. Space Med Med Eng (Beijing), 2004; 17, 180-3. 

39. Huang EJ, Reichardt LF. Neurotrophins: roles in neuronal 
development and function. Annu Rev Neurosci, 2001; 24, 
677-736. 

40. Bathina S, Das UN. Brain-derived neurotrophic factor and its 
clinical implications. Arch Med Sci, 2015; 11, 1164-78. 

41. Chang J, Yao X, Zou H, et al. BDNF/PI3K/Akt and 
Nogo-A/RhoA/ROCK signaling pathways contribute to 
neurorestorative effect of Houshiheisan against cerebral 
ischemia injury in rats. J Ethnopharmacol, 2016; 194, 1032-42. 

42. Wu X, Li D, Liu J, et al. Dammarane Sapogenins Ameliorates 
Neurocognitive Functional Impairment Induced by Simulated 
Long-Duration Spaceflight. Front Pharmacol, 2017; 8, 315. 

43. Xiang S, Zhou Y, Fu J, et al. rTMS pre-treatment effectively 
protects against cognitive and synaptic plasticity impairments 
induced by simulated microgravity in mice. Behav Brain Res, 
2018. 

44. Naumenko VS, Kulikov AV, Kondaurova EM, et al. Effect of 
actual long-term spaceflight on BDNF, TrkB, p75, BAX and 
BCL-XL genes expression in mouse brain regions. Neuroscience, 
2015; 284, 730-6. 

45. Santucci D, Kawano F, Ohira T, et al. Evaluation of gene, 
protein and neurotrophin expression in the brain of mice 
exposed to space environment for 91 days. PLoS One, 2012; 7, 
e40112. 

46.Rolls ET. Memory systems in the brain. Annu Rev Psychol, 2000; 
51, 599-630. 

47. Plakke B, Romanski LM. Neural circuits in auditory and 
audiovisual memory. Brain Res, 2016; 1640, 278-88. 

48. Weinberger NM. New perspectives on the auditory cortex: 
learning and memory. Handb Clin Neurol, 2015; 129, 117-47. 

49. Zimmermann JF, Moscovitch M, Alain C. Attending to auditory 
memory. Brain Res, 2016; 1640, 208-21. 

50. Acuna C, Pardo-Vazquez JL, Leboran V. Decision-making, 
behavioral supervision and learning: an executive role      
for the ventral premotor cortex? Neurotox Res, 2010; 18, 
416-27. 

51. Brown MW, Warburton EC, Aggleton JP. Recognition memory: 
material, processes, and substrates. Hippocampus, 2010; 20, 
1228-44. 

52. Grabherr L, Mast FW. Effects of microgravity on cognition: The 
case of mental imagery. J Vestib Res, 2010; 20, 53-60. 

53. Eddy DR, Schiflett SG, Schlegel RE, et al. Cognitive performance 
aboard the life and microgravity spacelab. Acta Astronaut, 
1998; 43, 193-210. 

54. Koppelmans V, Erdeniz B, De Dios YE, et al. Study protocol to 
examine the effects of spaceflight and a spaceflight analog on 
neurocognitive performance: extent, longevity, and neural 
bases. BMC Neurol, 2013; 13, 205. 

55. Persson T, Popescu BO, Cedazo-Minguez A. Oxidative stress in 
Alzheimer's disease: why did antioxidant therapy fail? Oxid 
Med Cell Longev, 2014; 2014, 427318. 

56. Gutteridge JM. Biological origin of free radicals, and 
mechanisms of antioxidant protection. Chem Biol Interact, 
1994; 91, 133-40. 

57. Pisoschi AM, Pop A. The role of antioxidants in the chemistry 
of oxidative stress: A review. Eur J Med Chem, 2015; 97, 55-74. 

58. Reed TT. Lipid peroxidation and neurodegenerative disease. 
Free Radic Biol Med, 2011; 51, 1302-19. 

59. Sakr HF, Abbas AM, El Samanoudy AZ. Effect of vitamin E on 
cerebral cortical oxidative stress and brain-derived 
neurotrophic factor gene expression induced by hypoxia and 
exercise in rats. J Physiol Pharmacol, 2015; 66, 191-202. 

60. Andersen JK. Oxidative stress in neurodegeneration: cause or 
consequence? Nat Med, 2004; 10, S18-25. 

61. Wise KC, Manna SK, Yamauchi K, et al. Activation of nuclear 
transcription factor-kappaB in mouse brain induced by a 
simulated microgravity environment. In Vitro Cell Dev Biol 
Anim, 2005; 41, 118-23. 

62. Soulsby ME, Phillips B, Chowdhury P. Brief communication: 
Effects of soy-protein diet on elevated brain lipid peroxide 
levels induced by simulated weightlessness. Ann Clin Lab Sci, 
2004; 34, 103-6. 

63. Chowdhury P, Soulsby M. Lipid peroxidation in rat brain is 
increased by simulated weightlessness and decreased by a 
soy-protein diet. Ann Clin Lab Sci, 2002; 32, 188-92. 

64. Wang T, Chen H, Lv K, et al. Activation of HIF-1alpha and its 
downstream targets in rat hippocampus after long-term 
simulated microgravity exposure. Biochem Biophys Res 
Commun, 2017; 485, 591-7. 

65. Zhang Y, Wang Q, Chen H, et al. Involvement of Cholinergic 
Dysfunction and Oxidative Damage in the Effects of Simulated 
Weightlessness on Learning and Memory in Rats. Biomed Res 
Int, 2018; 2018, 2547532. 

66. Cervantes JL, Hong BY. Dysbiosis and Immune Dysregulation in 
Outer Space. Int Rev Immunol, 2016; 35, 67-82. 

67. Crucian B, Simpson RJ, Mehta S, et al. Terrestrial stress analogs 
for spaceflight associated immune system dysregulation. Brain 
Behav Immun, 2014; 39, 23-32. 

68. Taylor PW, Sommer AP. Towards rational treatment of 
bacterial infections during extended space travel. Int J 
Antimicrob Agents, 2005; 26, 183-7. 

69. Kaur I, Simons ER, Castro VA, et al. Changes in      
neutrophil functions in astronauts. Brain Behav Immun, 2004; 
18, 443-50. 

70. Kaur I, Simons ER, Castro VA, et al. Changes in       
monocyte functions of astronauts. Brain Behav Immun, 2005; 
19, 547-54. 



Nervous impacts of simulated microgravity 507 

71. Wang C, Luo H, Zhu L, et al. Microgravity inhibition of 
lipopolysaccharide-induced tumor necrosis factor-alpha 
expression in macrophage cells. Inflamm Res, 2014; 63, 91-8. 

72. Novoselova EG, Lunin SM, Khrenov MO, et al. Changes in 
immune cell signalling, apoptosis and stress response functions 
in mice returned from the BION-M1 mission in space. 
Immunobiology, 2015; 220, 500-9. 

73. Suzumura A, Sawada M, Marunouchi T. Selective induction of 
  interleukin-6 in mouse microglia by granulocyte-macrophage 

colony-stimulating factor. Brain Res, 1996; 713, 192-8. 
74. Chao CC, Hu S, Peterson PK. Modulation of human microglial 

cell superoxide production by cytokines. J Leukoc Biol, 1995; 
58, 65-70. 

75. Chen L, Tao Y, Jiang Y. Apelin activates the expression of 
inflammatory cytokines in microglial BV2 cells via PI-3K/Akt 
and MEK/Erk pathways. Sci China Life Sci, 2015; 58, 531-40. 

76. Cloutier A, Ear T, Borissevitch O, et al. Inflammatory cytokine 
expression is independent of the c-Jun N-terminal kinase/AP-1 
signaling cascade in human neutrophils. J Immunol, 2003; 171, 
3751-61. 

77. Chun SY, Lee KS, Nam KS. Refined Deep-Sea Water Suppresses 
Inflammatory Responses via the MAPK/AP-1 and NF-kappaB 

Signaling Pathway in LPS-Treated RAW 264.7 Macrophage Cells. 
Int J Mol Sci, 2017; 18. 

78. Lee WS, Lee EG, Sung MS, et al. Kaempferol inhibits 
IL-1beta-stimulated, RANKL-mediated osteoclastogenesis via 
downregulation of MAPKs, c-Fos, and NFATc1. Inflammation, 
2014; 37, 1221-30. 

79. Patil RH, Babu RL, Naveen Kumar M, et al. Anti-Inflammatory 
Effect of Apigenin on LPS-Induced Pro-Inflammatory Mediators 
and AP-1 Factors in Human Lung Epithelial Cells. Inflammation, 
2016; 39, 138-47. 

80. Xin N, Li YJ, Li X, et al. Dragon’s blood may have radioprotective 
effects in radiation-induced rat brain injury. Radiat Res, 2012; 
178, 75-85. 

81. Floden AM, Li S, Combs CK. Beta-amyloid-stimulated microglia 
induce neuron death via synergistic stimulation of tumor 
necrosis factor alpha and NMDA receptors. J Neurosci, 2005; 
25, 2566-75. 

82. Hartlage-Rubsamen M, Lemke R, Schliebs R. Interleukin-1beta, 
inducible nitric oxide synthase, and nuclear factor-kappaB are 
induced in morphologically distinct microglia after rat 
hippocampal lipopolysaccharide/interferon-gamma injection. J 
Neurosci Res, 1999; 57, 388-98.

 


