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Despite the development and great progress in the field of space biology, the astronauts are still facing many challenges in space.
The space environment in which astronauts stay includes microgravity, noise, circadian rhythms disorder, and confinement,
which has deep effect both on the physiology and psychology of astronauts. It was reported that long-term flight could cause the
astronauts’ anxiety and depression. However, the underlying mechanism is not yet fully understood. Therefore, in the present
study, the rat tail suspension model with noise, circadian rhythms, and confinement was employed to simulate complex space
environment. We found that the rats exhibited the depressive-like behavior by the sucrose preference, forced swimming, and
open-field tests. The membrane proteome of the rat hippocampus was investigated by “SWATH quantitation” technology both
in control and simulated complex space environment (SCSE) groups. Out of 4520 quantified proteins, 244 differentially
expressed membrane proteins were obtained between the SCSE and control rats, which were functionally enriched in a series of
biological processes, such as translation, protein phosphorylation, brain development, endocytosis, nervous system development,
axonogenesis, and vesicle-mediated transport. We found a reduction level of neurexin-2, the light, medium, heavy polypeptide
of neurofilament, rab 18, synaptogyrin 1, and syntaxin-1A and an increase level of neuroligin-1, munc18, snapin, synaptotagmin
XII, complexin-1, etc., which may play a key part in the development of depression. Furthermore, GSK-3β protein was
upregulated in mass spectrometry, which was further validated by western blotting. The results of the study do the favor in
designing the effective countermeasures for the astronauts in the future long-term spaceflight.

1. Introduction

During space travelling, astronauts may come across extreme
environmental conditions such as microgravity, noise, radia-
tion, confinement, and circadian rhythm disorder [1–3]. Previ-
ous studies focused mainly on physiological and psychological
changes such as bone mineral loss [4–6], cardiovascular dis-
ruption [7–9], immune systemmalfunctioning [10–12], cogni-
tive dysfunction [13–16], risky decision making, bad mood
status, and high depression levels [1, 17, 18] under the micro-
gravity [19–21]. Few reports explore how the extreme complex
space environment affects astronauts’ physiological and psy-
chological functions.

There are many significant limitations in conducting
studies in space, including cost and opportunities along with
high health risk. Earth-based simulation studies have been

designed to investigate the physiological responses to micro-
gravity. Tail suspension model has been widely used for the
simulation of microgravity [7, 15, 22–28] and approved by
the National Aeronautics and Space Administration (NASA),
Ames Research Center (ARC), and Institutional Animal Care
and Use Committee on August 8, 2001 [29]. A variety of
studies have investigated cognitive function under simulated
microgravity (SM). 14-day SM-induced cognitive disorder is
associated with cytomorphological changes and loss of
hippocampus CA1 neurons [15]. The hippocampus is a key
brain region for memory storage and retrieval. Previous stud-
ies using traditional 2DE coupled with MALDI-TOF have
shown that 7-day SM induces the downregulation of struc-
tural and metabolic proteins [26]. Our previous study
showed that SM increases SNARE-related proteins in the
hippocampus, leading to impaired learning and memory
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function [30]. Moreover, the effects of long-term exposure
(21 days) to SM on the expression of metabolic proteins
and membrane proteins in the hippocampus were investi-
gated [31, 32]. Lots of evidences have shown that the hippo-
campus might be susceptible to microgravity.

Different from most of the previous studies, a device was
developed to simulate the complex space environment on the
ground. We used sequential window acquisition of all theo-
retical mass spectra (SWATH) technique to analyze expres-
sional changes of hippocampus membrane proteins in
Sprague-Dawley (SD) rats in response to simulated complex
space environment(SCSE). SWATH is a newly developed
data-independent acquisition (DIA) methodology, which
can simply be explained as large-scale MRM combining the
strength of regular shotgun proteomics [33]. It continuously
fragments all the peptides with stepped m/z windows. The
resulting transition ions are matched to a spectral library
obtained by shotgun proteomics and retention time correc-
tion and generate peptide/protein identification and quantifi-
cation results. Previous studies have shown that SWATH not
only provides precise label-free quantification on proteome
scale [34] but also is successfully used for biomarker discov-
ery and verification of esophageal squamous cell [35]. It is
feasible and efficient for the large-scale precise quantification
of rat hippocampus under SCSE.

2. Materials and Methods

2.1. Animal. All experiments were performed with adult,
male SD rats (220 ± 20 g, 10 weeks old) supplied by the
Experimental Animal Institute of the Medical Science Acad-
emy in Beijing, China. Rats were housed individually in cages
in a room under 12 h light/dark cycle and had free access to
food and water. The tail suspension model was applied to
induce simulated microgravity as previously reported [23,
24, 36, 37]. Thirty male SD rats were taken for three indepen-
dent experiments. For each experiment, 10 rats were taken
and divided into two groups. For SCSE, rats were kept sus-
pending their bodies with their tails for 28 days according
to previous reports [23, 24]. Moreover, noise (65 db), 1.5 h
light/dark cycle, and separate cages were ensured for SCSE.
The control rats were kept in normal cages with free access
to food and water. After 28 days of simulation, the rats were
sacrificed by cardioperfusion. The hippocampus tissues were
then dissected from the control and SCSE groups and pre-
served at -80°C for further experiments. All experimental
procedures were approved by the Ethics Committee of the
Beijing Institute of Technology.

2.2. Behavioral Tests. Forced swim test (FST), sucrose prefer-
ence test, and open-field test (OFT) were performed as previ-
ously reported [38–41]. Rats were divided into experimental
groups based on their baseline sucrose intake. Too high or
too low baselines were excluded from the experiment.

2.3. Isolation of Crude Membrane Fractions. The hippocam-
pal proteins were prepared as previously reported [42, 43].
The tissue was homogenized with a Teflon-glass dunce
homogenizer (ten strokes in total) in ice-cold buffer contain-

ing 250mM sucrose, 50mM Tris-HCl (pH 7.4), 5mM
MgCl2, 1.0mM dithiothreitol (DTT), 25μg/mL spermine,
25μg/mL spermidine, and a protease inhibitor mixture tablet
(Roche Diagnostics, Germany). The mixture was centrifuged
at 6,000 × g for 15min at 4°C to remove nuclei, cell debris,
and mitochondria. The supernatant was transferred to a
new tube and centrifuged with high speed (10,000 × g for
60min). The pellet was resuspended with 0.5mL buffer
(8M urea, 10mM DTT, 1% TritonX-100, 50mM
NH4HCO3), incubated on ice for 30min, and centrifuged at
16,500 × g at 4°C for 30min, and then, the supernatant was
preserved. Finally, the protein concentration was determined
by Bradford assay.

2.4. The Filter-Assisted Sample Preparation Digestion. The
filter-assisted sample preparation (FASP) method was used
to generate tryptic digests for subsequent LC-MS acquisi-
tions. Dissolved membranes were processed by the FASP
procedure using 10 kDa MWCO filtration tubes (Sartorius).
Each fraction extract (400μg) was reduced with 10mM
DTT for 1 h at 37°C and alkylated with 50mM iodoacetamide
(IAA) in the dark for 30min, subsequently. A total of 200μL
of sample was added to a 1.5mL 10kDa MWCO filtration
tubes. Samples were centrifuged at 14,000 × g until an equal
volume of the buffer was left on each filter. Then, the concen-
trate was diluted with 200μL of 8M urea in 50mM
NH4HCO3 (UA solution) and concentrated again. The wash-
ing procedure was repeated twice in order to remove the
majority of Triton X-100. Next, samples were washed three
times with 200μL of 50mM ammonium bicarbonate to
remove excess urea. Sequencing grade trypsin (Promega,
USA) was added to each vial at 1 : 50 enzyme : substrate ratio
and incubated for overnight at 37°C. Peptides were collected
by centrifugation at 14,000 × g in a clean 1.5mL tube. Finally,
peptide concentration was determined by BCA assay. Pep-
tides were vacuum-dried prior to offline RP-RP analysis
(CHRIST RVC 2-18 CDplus).

2.5. Offline RP-RP Analysis. The peptides were resuspended
in buffer A (98% water, 0.02% ammonium hydroxide
(pH = 10) and separated by an Agilent 1100 HPLC system
with a Durashell column (4:6 × 250mm, 5μm, Agela) at a
flow rate of 0.7mL/min. The linear gradient was 5%-8% B
(98% ACN, 0.02 ammonium hydroxide, pH = 10) for 5min,
followed by 8-22% for 25min, 22-36% for 10min, and
36-80% for 5min. The gradient was then held at 80%
for 5min and finally at 5% B for another 10min. The elu-
tion was collected at every 1min interval. The fractions
were combined to 6 according to the UV spectroscopy
and evaporated to dryness by SpeedVac (CHRIST RVC
2-18 CDplus).

2.6. LC-ESI-DDA. The high RP-fractionated peptides were
measured with a nano-flow Tempo LC system (Eksigent)
coupled to a TripleTOF 6600 mass spectrometer (AB Sciex).
Samples (5μL) were loaded into a 200 μm× 0:5mm (3μm)
C18 column (Eksigent trap column) and separated on
75 μm× 15 cm C18 analytical column packed with 3μm
(Eksigent) at the flow rate of 300nL/min. The mobile phase
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Figure 2: The open-field test in the simulated space environment: (a) the horizontal locomotion of model rats during the open-field test; (b)
the time of rearing of model rats during the open-field test; (c) the time spent in the central during the open-field test; (d) the time of grooming
during the open-field test; (e) the number of fecal pellets during the open-field test (control n = 15, SCSE n = 15). Data are expressed as
mean ± SD, and p value was determined by an unpaired Student t -test. ∗p < 0:05, vs. the control group. ∗∗p < 0:01.
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Figure 1: The sucrose preference test (a) and the forced swimming test (b) in the simulated complex space environment (control n = 15, SCSE
n = 15). Data are expressed as mean ± SD, and p value was determined by an unpaired Student t -test. ∗p < 0:05, vs. the control group.
∗∗p < 0:01.
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of A is 98% water with 0.1% formic acid, and B is 98% ACN
with 0.1% formic acid. The whole gradient is 90min, contain-
ing 5%-22% B over 60min, 22%-30% B for 10min, and 30%-
80% for 5min, kept at 80% for 7min, and then held at 5% for
another 8min. Each cycle of data-dependent acquisition
included a 250ms MS scan (350-1500Da) and a 50ms
MS/MS scan (100-1500Da) for ions with charge state from
+2 to +5, and the total number of MS/MS scans is 40. Selected
ions and their isotopes were dynamically excluded for 20 s.
Collision energy was set to optimum energy for ions with a
15 eV collision energy spread. The mass spectrometer was
always operated in high sensitivity mode.

2.7. LC-SWATH Analysis. The LC parameters of SWATH
analysis is the same as those of the LC-ESI-DDA analysis.
In the mass spectrometer, them/z range of 400-1250 is auto-
matically divided to 60 windows with different widths based
on m/z density. Precursor selection windows had an overlap
of 1Da with each adjacent window to ensure full isotope cov-
erage between SWATH blocks.

2.8. Database Searches and Statistics. DDA spectrum pro-
cessing and database searching were performed with Protein-
Pilot (v5.0, AB Sciex) by using the Paragon algorithm. The
search parameters are as follows: sample type: identification;
cys alkylation: iodoacetamide; digestion: trypsin; instrument:
TripleTOF 6600; special factors: none; and ID focus: biolog-
ical modifications. The database was downloaded from
UniProt (20150407), containing 29,389 sequences of Rattus

norvegicus. The data was imported into Perseus (v.1.6.2.3)
for statistics analysis. The expression values were log-
transformed with base 2 and then used for heat map analysis
and unpaired two-tailed Student’s t-test. Differentially
expressed proteins were identified with a significance thresh-
old set at a p value < 0.05 and fold change of intensities cal-
culated as SCSE/control ratio > 2 or <0.5. DAVID 6.8
bioinformatics tools (https://david.ncifcrf.gov/) [44] were
used for gene ontology (GO) functional annotation and
Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis
of differentially expressed proteins.

2.9. Western Blot Analysis. Hippocampus membrane from
control and SCSE rats were dissolved in RIPA lysis buffer.
The supernatants were collected after centrifugation at
16,500 × g for 20min at 4°C. Protein concentrations were
measured using the BCA protein assay kit (Thermo Scientific
Pierce, USA). Proteins were separated using 8% SDS-PAGE
gel and transferred by electroblotting onto a 0.22μm PVDF
membrane (Bio-Rad, USA). After blocking in 5% skim milk
for 2 h at room temperature, the membrane was incubated
with primary antibody raised against GSK-3β (Abcam,
USA) or GAPDH (ZSGB-BIO, China) at 4°C overnight.
The membrane was then washed three times with TBST
buffer followed by the addition of the appropriate secondary
antibodies labeled with HRP at room temperature for 2 h.
GAPDH was detected using anti-GAPDH antibody as an
internal control. The membrane was further washed with
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Figure 3: Volcano plot of the 1107 differentially expressed proteins in simulated complex space environment. A significant up- or
downregulation at the protein level is characterized by SCSE/control ratio cutoff of ±2 with p value < 0.05. The upregulated proteins and
downregulated proteins are shown in blue and red, respectively. The nonsignificant proteins are shown in gray.
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TBST buffer three times and detected using ECL reagents
(Millipore, USA).

3. Results

To test whether the SCSE rats exhibit the depression symp-
tom, the sucrose preference and forced swimming and
open-field tests were measured both in control and SCSE
groups. Compared with the control group, the sucrose con-
sumption level was significantly decreased in the SCSE group
(Figure 1(a)). The reduction of partiality for sucrose is imple-
mented as an indicator for appetite lack. The immobility time
in SCSE rats increased remarkably by the forced swimming
test (Figure 1(b)). The increase of the immobility time in
FST is a sign of behavioral desperation. The open-field test
was used to examine the motivation level of the SCSE rats.
Compared with control rats, SCSE rats showed a significant
decrease in crossings and rears of open-field activity, which
indicated that SCSE rats had low interest in moving. And
the same trend was shown in the central stop, whereas the
grooming and fecal pellet were significantly elevated in the
SCSE group (Figure 2). Taken together, these results indi-
cated that the rats in the SCSE group exhibited the
depression-like behavior.

We used SWATH to perform MS/MS-based label-free
quantification. The results may demonstrate the high repro-

ducibility of MS/MS-based quantification using SWATH of
rat hippocampal membrane proteins. The samples were first
analyzed using a DDA method to perform traditional data-
base searching and build the hippocampal protein database.
The analysis was performed using the same nLC gradient
as the following SWATH analysis. The obtained spectral
library was loaded into Peakview together with the
SWATH runs to map the peptides in all the replicates.
We identified and mapped 4520 proteins in all SWATH
runs by merging the results of both the samples. A total
of 810 proteins were upregulated while 297 proteins were
downregulated in SCSE rats (p < 0:05), which was viewed
visually in Figure 3.

The 1107 differentially expressed proteins were analyzed
using DAVID to extract the GO annotation terms and KEGG
clusters. As shown in Figures 4(a) and 4(b), the enrichment
of GO biological process (BP) and GO molecular function
(MF) was assessed in the hippocampus proteome under
SCSE. GO-BP terms with the top 5 enrichment were for-
mation of translation preinitiation complex, receptor inter-
nalization, translational initiation, endocytosis, and ER to
Golgi vesicle-mediated transport. Enriched GO-MF terms
with top 5 were U1snRNP binding, calcium-dependent
protein binding, actin filament binding, cadherin binding
involved in cell-cell adhesion, and poly(A) RNA binding.
The enriched KEGG clusters involved in synaptic
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Figure 4: Functional enrichment of 1107 differential expressed proteins in simulated complex space environment: (a) GO biological process
terms, (b) GO molecular function terms, and (c) KEGG pathways. The enriched pathways are shown with the p value and gene number. The
color represents the significance of enrichment.
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Table 1: Differentially expressed proteins of endocytosis, glutamatergic synapse, and synaptic vesicle cycle.

Pathway name
Database
accession

Gene name Protein name
Fold change

(SCSE/control)

Endocytosis

B1WBS4 Vps26b
Similar to vacuolar protein sorting 26 homolog
(VPS26 protein homolog), isoform CRA_a

5.16

D3ZL11 Rbsn Rabenosyn, RAB effector 2.66

G3V8J5 Psd PH and SEC7 domain-containing protein 1 0.29

P18484 Ap2a2 AP-2 complex subunit alpha-2 3.26

F1LMX1 Bin1 Myc box-dependent-interacting protein 1 2.05

F1LUA1 Eea1 Early endosome antigen 1 0.25

E9PSY8 Eps15 Epidermal growth factor receptor pathway substrate 15 2.26

P26819 Grk3 Beta-adrenergic receptor kinase 2 7.09

P62332 Arf6 ADP-ribosylation factor 6 2.38

P08081 Clta Clathrin light chain A 0.35

B2RZ72 Arpc4 Actin-related protein 2/3 complex subunit 4 3.86

D3ZXP7 Arpc1a Actin-related protein 2/3 complex subunit 1A 2.67

P26817 Grk2 Beta-adrenergic receptor kinase 1 4.27

Q66HM2 Ap2a2 AP-2 complex subunit alpha 3.24

F1LQP0 Cyth3 Cytohesin-3 2.91

Q99PD4 Arpc1a Actin-related protein 2/3 complex subunit 1A 3.07

B5DEY8 Snx6 Sorting nexin 2.33

A0A0A0MY49 Dnm2 Dynamin GTPase 0.45

G3V8A5 Vps35 Vacuolar protein sorting-associated protein 35 2.53

B2RYP4 Snx2 Sorting nexin-2 2.18

B2RZ78 Vps29 Vacuolar protein sorting-associated protein 29 5.12

D3ZD48 Rab11fip2
RAB11 family interacting protein 2
(class I) (predicted), isoform CRA_a

2.27

B1WBX6 Smap2 Small ArfGAP2 4.65

F1M8B7 Chmp2b Charged multivesicular body protein 2B 0.48

P29067 Arrb2 Beta-arrestin-2 7.41

G3V8M6 Folr1 Folate receptor 1 (adult), isoform CRA_b 0.42

O08839 Bin1 Myc box-dependent-interacting protein 1 2.91

Q6AY86 Vps26a Vacuolar protein sorting-associated protein 26A 8.65

B2RZB5 Chmp2a Charged multivesicular body protein 2A 2.65

B1H248 Vps36 Vacuolar protein-sorting-associated protein 36 3.82

Q8R491 Ehd3 EH domain-containing protein 3 3.10

Q99N27 Snx1 Sorting nexin-1 2.74

G3V9U1 Agap1 ArfGAP with GTPase domain, ankyrin repeat and PH domain 1 3.15

D3ZSI8 Pip5k1a Phosphatidylinositol 4-phosphate 5-kinase type-1 alpha 2.64

Q8R3Z7 Ehd4 EH-domain-containing 4 6.05

F1LMA4 Grk2 G protein-coupled receptor kinase 4.98

Q4KLL7 Vps4b Vesicle-fusing ATPase 5.29

M0RC57 Smap1 Small ArfGAP 1 3.33

B2GV73 Arpc3 Actin-related protein 2/3 complex subunit 3 5.92

B2GUV0 Cyth1 Cyth1 protein 3.27

F1LSU6 Cyth2 Cytohesin-2 0.07

P0C0A1 Vps25 Vacuolar protein-sorting-associated protein 25 2.57

B2GUZ5 Capza1 F-actin-capping protein subunit alpha-1 3.49

D3ZKX1 Washc3 Coiled-coil domain-containing protein 53 2.81

D3ZJR1 Eps15l1 Epidermal growth factor receptor pathway substrate 15-like 1 2.66

Q9Z1Z3 Epn2 Epsin-2 3.10
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transmission, such as endocytosis (p value, 3.44e-09), glu-
tamatergic synapse (p value, 1.47e-03), and synaptic vesicle
cycle (p value, 3.81e-03), are shown in Figure 4(c). The
proteins associated with these three pathways are listed
in Table 1 and shown as the heat map in Figure 5. It is
well known that proteins interact with each other and per-
form the function together.

To validate mass spectrometry results, western blot was
used to analyze the upregulated protein GSK-3β with
GAPDH as internal standard. As shown in Figure 6, the
abundance of GSK-3β significantly increased in the SCSE
model, which was consistent with the mass spectrometry
results.

GSK-3β is a protein hub linking numerous signaling
pathways in a cell. The activity of GSK 3β affects energy
metabolism, cell survival, proliferation, apoptosis, membrane

polarity, internalization of the synaptic receptors, neuroplas-
ticity, neurotransmission, amyloid processing, and many
other processes. A previous study showed that specific
GSK3β inhibitors have antidepressant effects and decrease
depressive-like behavior in animal models of depression.
Therefore, GSK3β is suggested to be engaged in the path-
ogenesis of major depressive disorder and to be a target
and/or modifier of antidepressants’ action. The increase
on GSK3β activity has also been found in platelets of
depressed patients. So GSK3β was selected for the western
blotting verification.

4. Discussion

The present study is unique and of utmost importance
regarding step towards safe space travelling as well as

Table 1: Continued.

Pathway name
Database
accession

Gene name Protein name
Fold change

(SCSE/control)

P21575 Dnm1 Dynamin-1 3.99

B5DF55 Stam RCG55706 2.26

Glutamatergic
synapse

P19492 Gria3 Glutamate receptor 3 2.73

P10824 Gnai1 Guanine nucleotide-binding protein G(i) subunit alpha-1 0.32

Q63273 Grik5 Glutamate receptor ionotropic, kainate 5 0.30

D4A3N4 Adcy1 Adenylate cyclase type 1 2.31

G3V846 Slc1a3 Amino acid transporter 4.14

P43425 Gng7
Guanine nucleotide-binding protein
G(I)/G(S)/G(O) subunit gamma-7

4.63

P63100 Ppp3r1 Calcineurin subunit B type 1 3.14

P26819 Grk3 Beta-adrenergic receptor kinase 2 7.09

D4AE68 Gnaq
Guanine nucleotide binding protein,
alpha q polypeptide, isoform CRA_a

2.74

G3V6R0 Slc1a2 Amino acid transporter 0.17

M0RBJ0 Gng2 Guanine nucleotide-binding protein subunit gamma 2.13

P26817 Grk2 Beta-adrenergic receptor kinase 1 4.27

Q9Z2X5 Homer3 Homer protein homolog 3 0.35

F1LS42 Prkcb Protein kinase C 0.44

Q9JHZ9 Slc38a3 Sodium-coupled neutral amino acid transporter 3 2.44

Q3KRE3 Gng10 Guanine nucleotide-binding protein subunit gamma 3.24

M0R809 Gng4 Guanine nucleotide-binding protein subunit gamma 3.24

Synaptic vesicle cycle

P08081 Clta Clathrin light chain A 0.35

P63041 Cplx1 Complexin-1 39.73

P62815 Atp6v1b2 V-type proton ATPase subunit B, brain isoform 3.13

Q5FVI6 Atp6v1c1 V-type proton ATPase subunit C 1 2.66

P18484 Ap2a2 AP-2 complex subunit alpha 3.26

P63081 Atp6v0c V-type proton ATPase 16 kDa proteolipid subunit 2.03

A0A0A0MY49 Dnm2 Dynamin GTPase 0.45

P32851 Stx1a Syntaxin-1A 0.37

Q8R2H0 Atp6v1g2 V-type proton ATPase subunit G 3.25

B2GUV5 Atp6v1g1 V-type proton ATPase subunit G 2.07

P21575 Dnm1 Dynamin-1 3.99
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establishment of space stations for future research purposes.
It helps to uncover the mechanisms of biological effects of
extreme environmental conditions. Astronauts face distur-
bance in their mental and physical health during prolonged
stay in space. This compels them to limit their stay in space
affecting not only their health but also their capability to con-
duct experiments in space. The present study is an effort to
establish a proteomic approach to find the key proteins

involved in cognitive imbalances and to develop the future
preventive strategies.

A previous study showed that simulated weightlessness
may cause depression, anxiety, and nervous symptom
occurred by emotional behavior test. However, the action
mechanism of these side effects is unclear.

Our results showed the SCSE rat depression symptoms
by the sucrose consumption, the open-field, and forced
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Figure 5: The heat map depicting the Z-score of the abundance of differentially expressed proteins related to endocytosis, glutamatergic
synapse and synaptic vesicle cycle between the control group and SCSE group.
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swimming tests. Here, we employed SWATH label-free
quantitative proteomics approach to quantify the expression
of hundreds of membrane proteins in the hippocampus in
response to depression symptom. Out of 4520 quantified
proteins, 244 differentially expressed membrane proteins
were obtained between the SCSE and control rats, which
were functionally enriched in a series of biological processes,
such as translation, protein phosphorylation, brain develop-
ment, endocytosis, nervous system development, axonogen-
esis, and vesicle-mediated transport. These biological
processes may affect the cognition and emotion; large pro-
portions of protein alterations were found involved in cogni-
tive dysfunction, bad mood states, and risky decision making.

Among the enriched pathways, endocytosis, RNA trans-
port, ribosome, phosphatidylinositol signaling system,
glutamatergic synapse, protein processing in endoplasmic
reticulum and dopaminergic synapse, and so on are signifi-
cantly activated.

We found different levels of light neurofilament subunit
(NF-L), Ubiquitin C-terminal hydrolase-L1 (UCHL1), calre-
ticulin, synaptojanin-1, Munc18-1, synaptotagmin, AP180,
the plasma membrane Ca2+-ATPase (PMCA), snapin, neur-
exin-2, neuroligin-1, rab 18, synaptogyrin 1, syntaxin-1A,
and complexin-1, which were associated with nervous system
development, axonogenesis, vesicle-mediated transport, etc.
All the proteins were involved in depression and account
for depression induced by the complex space environment.

It is reported that depression is associated with hippo-
campal protein changes. NFL decreased in both CA3 and
dentate gyrus in the depressed model. A similar trend is
found in our results. It is located in the core of mature neuro-
filament, which is downregulated indicating that neurofila-
ment assembly was disturbed in the hippocampal
depression-associated rat model [44, 45]. UCHL1 as a
neuron-specific deubiquitinase is a potential biomarker of
cerebrospinal fluid (CSF) for neuronal loss. The result
showed that this protein was downregulated suggesting a fail-
ure of axonal transport in SCSE rats [46–48]. Calreticulin is a
lectin chaperone of the endoplasmic reticulum (ER) [46–48].
Activation of calreticulin may contribute to mood stability in
the rat brain. It was downregulated in our model indicating a
mood instability [49, 50].

Synaptojanin-1 is a polyphosphoinositide inositol phos-
phatase that is concentrated in presynaptic nerve endings,
where it is dephosphorylated by calcineurin. Moreover, it

also participated in clathrin-mediated endocytosis and astro-
gliogenesis of neural precursor cells [51–53]. Its downregula-
tion indicates that clathrin-mediated endocytosis may be
affected.

Munc18-1 is essential for soluble N-ethylmaleimide-
sensitive factor attachment protein receptor- (SNARE-)
mediated membrane fusion/exocytosis via binding to
SNARE complex. Moreover, it is key regulatory protein in
synaptic transmission and controls every step in the exocy-
totic pathway in the central nervous system [54–57].
Munc18 is upregulated in the SCSE rat model as compared
to control. The disruption of munc18 binding to syntaxin-1
had a significant effect on the behavior of secretory vesicles
and the possibility fusion [58]. Synaptotagmin (Syt) func-
tions as a Ca2+ sensor on the membrane of secretory vesi-
cles of neurons [59–61]. Clathrin coat assembly protein
(SNAP91 or AP180) is a key protein in synaptic vesicle
recycling [51, 52] and may be related to psychiatric disor-
ders [53, 54, 60]. It plays a key role in establishing the
polarity and controlling the growth of axons and dendrites
in embryonic hippocampal neurons [62]. Overexpressed
AP180 generating multiple axons is a compensation adap-
tion during stressed conditions [62].

CaMKII-delta is required for the CaMKII-dependent
regulation of ASK1, affecting the apoptosis of a biologically
important cell type under spinal cord injury. Activation of
CaMKII reduces the deactivation of the voltage-gate outward
K+ current [63, 64]. The PMCA is a calcium pump specially
used for neurons, where it may regulate the Ca2+ transients
in somatic and dendritic cells [65].

The upregulation of snapin may cause the reduction of
the number of primary dendrites and increase the branches
in primary culture hippocampal neurons. However, it has
no effect on the release of a neurotransmitter [66, 67].
EHD1 may cause the inhibition of exocytosis by affecting
the binding of the SNARE complex, SNAP-25, and snapin
and coupling of synaptotagmin-1 [68, 69].

The nervous system development may be disturbed
under the SCSE, mainly displaying in the formation of syn-
apse and neuron regeneration. The downregulation of
neurexin-2 (NRX2), the light, medium, heavy polypeptide
of neurofilament, and upregulation of neuroligin-1 all indi-
cated the abnormal development of axon and neurons.
Moreover, some downregulated proteins were found
involved in synaptic transmission including rab 18,
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Figure 6: Quantification of upregulated protein GSK-3β with GAPDH as internal standard. The results show that the GSK-3β level
determined by western blotting analysis was consistent with mass spectrometry. Data are expressed as mean ± SD, and p value was
determined by an unpaired Student t -test. ∗p < 0:05, vs. the control group.
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synaptogyrin 1, and syntaxin-1A. On the other hand,
munc18, snapin, synaptotagmin XII, and complexin-1 were
upregulated. All the proteins may play a key part in the devel-
opment of depression. These differentially expressed proteins
will be used as biomarkers for future space research and
might provide some helpful clues for formulating strategies
to improve or maintain the mental and physical health of
astronauts during space travel.
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