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Objective To explore the therapeutic effects of ginseng total saponins (GTSs) on cognitive
impairments in astronauts caused by prolonged exposure to microgravity environment.
Methods Fifty specific pathogen-free (SPF) male Wistar rats were randomized into control,
hindlimb suspension (HLS), Huperzine A (HLS-Hup A 0.1 mg/kg), low-dose GTSs (HLS-GTSs
100 mg/kg), and high-dose GTSs (HLS-GTSs 200 mg/kg) groups, based on the completion
time of reward-directed conditioning tasks. Except for rats in the control group, the others
were subjected to HLS and treated with drugs (day 20 - 58), received reflex test under the con-
dition of rewarding, and underwent Nissl body staining and Western blot detection on hip-
pocampal.

Results After modeling, rats in HLS group exhibited a reduction in the number of lever press-
es and an increase in the completion time of the reward-directed operant conditioning
task I (P < 0.05) when compared with the control group, which were not substantially al-
tered in the HLS-GTSs 100 and 200 mg/kg groups (P > 0.05). In the reward-directed operant
conditioning task II, the HLS group rats demonstrated a marked decrease in the number of
lever presses (P < 0.05) and nose pokes (P < 0.01) when compared with the control group rats;
the HLS-GTSs 100 mg/kg showed a significant increase in the number of lever presses and
nose pokes (P < 0.05), while the HLS-GTSs 200 mg/kg demonstrated a significant reduction in
completion time and an elevation in the number of lever presses (P < 0.05) when compared
with the HLS group rats. In visual signal discrimination task, compared with the control group
rats, the HLS group rats showed decrease in the indexes of the visual signal discrimination
(P < 0.01), while HLS-GTSs 100 and 200 mg/kg groups exhibited manifest increase in it (P <
0.01). In reward extinction experiment, the number of lever presses in HLS rats significantly
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increased when compared with the control group (P < 0.01); compared with the HLS group,
HLS-GTSs 100 and 200 mg/kg groups demonstrated a marked descrease (P < 0.05). The ex-
pressions of N-methyl-D-aspartic acid receptor 1 (NR1) and phosophorylated N-methyl-D-
aspartic acid receptor 2B (p-NR2B) proteins were markedly decreased in rats in the HLS
group (P < 0.05 and P < 0.01, respectively), while that of NR2B protein maintained the same
(P> 0.05). GTSs increased the expression levels of p-NR2B (P < 0.01).

Conclusion GTSs improved the learning and memory ability of complex operations by regu-
lating the NR1/NR2B phosphorylation pathways in rats.

1 Introduction

The development of aerospace industry has expanded
short-term space travel into medium- and long-term
journeys. However, this advancement has posed consid-
erable strain on astronaut’s physical loads and cognitive
functions !". During the medium- or long-term orbital
flights, astronauts were constantly exposed to a micro-
gravity environment ¥, which would cause physiological
stress and responses such as damages to cardiovascular
function, weightlessness-incluced bone loss, and muscle
atrophy !, In addition, neurological dysfunction was as-
sociated with decreased decision-making ability . In the
state of weightlessness, the astronaut’s blood rushes to
the head [, resulting in reduced osmotic pressure in the
cerebrovascular colloid, increased overall intracranial
transmural pressure, and a slightly impaired blood-brain
barrier *°l, Changes in hemodynamics disrupt microcir-
culation in the brain, impacting both neural structure and
nerve functions ""'?, A long-term exposure to a micro-
gravity environment resulted in the impairment in learn-
ing and memory ability, further influencing peoples’ ca-
pability of decision-making in the risky and tough space
missions that require high precision, hence endangering
the safety of space crew !'" 1%, To replicate the weightless
environment experienced by astronauts, the hindlimb of
the experimental animals were suspended with head-
down tilt of 30° ', Subsequently, punitive behavioral
tests, such as the Morris water maze and shuttle box, two
widely recognized approaches, were employed for evalu-
ating the learning and memory impairment ['> '°/, The re-
ward-directed instrumental conditioning tests were
deemed a multi-modal approach to evaluate the learning
and memory capabilities of animals ", which was used
to measure the operation-based associative learning and
memory '’ The reward-directed instrumental condition-
ing task was conducted in this study to assess the capaci-
ty for operation-based associative learning and memory.
This task facilitated target-guided behavior and evaluat-
ed the cognitive ability of animals in comprehending the
causal relationship between their behaviors and subse-
quent consequences. It involved conditional stimulus sig-
nals (light), unconditional stimulus signals (sugar water),
and operational behaviors. By discerning the varied

consequences of operant conditioning behaviors trig-
gered by correct or incorrect signals, the task highlighted
the animals’ conditioned and enhanced operational ac-
tivities following habituation "l Therefore, the assess-
ment of reward-directed instrumental conditioning task
reflex in hindlimb suspension (HLS) rats could offer valid
evidence for evaluating the astronauts' decision-making
ability of astronauts in the aerospace environment, and
provide measures for behavioral detection of reward-di-
rected operation-related learning and memory. The HLS
rats were observed to exhibit impairment in operating
learning and memory, as indicated by a multi-modal and
before-and-after-comparison assessment of rewarding-
directed operating tasks 2!,

Renshen (Ginseng Radix et Rhizoma), a plant from
the Araliaceae family, is a representative herb in tradi-
tional Chinese medicine with nootropic effects and is
known as the “king of herbs” in China, from which the
ginseng total saponins (GTSs) are extracted. Previous
studies have demonstrated its efficacy in enhancing
learning and memory ability in multiple animal models
with cognitive impairment ?>?, In the tests conducted on
HLS rats, it was found that GTSs alleviated the learning
and memory impairment caused by HLS using shuttle
box in metabolomics studies. In addition, the results of
Nissl staining suggested that GTSs treatment increased
the number of neurons in HLS rats with improved struc-
tural arrangement %22, According to previous reports,
N-methyl-D-aspartate acid (NMDA) receptor-dependent
synaptic plasticity played an important role in the acqui-
sition, consolidation, and reappearance of spatial memo-
ry in animals. N-methyl-D-aspartate acid receptor 1
(NR1) and phosphorylated N-methyl-D-aspartate acid re-
ceptor 2B (p-NR2B) were reported to also affect the ac-
quisition and reproduction of animal memory ***!, The
phosphorylation state of NR2B regulated the signaling
pathway and mechanism of NMDA receptors presented
in different cellular domain ™!, The expression levels of
NR2B and p-NR2B produced by the onset of nerve in-
flammation and oxidative stress were markedly reduced,
signifying the pathogenesis of cognitive dysfunction £,

In this study, the multi-mode reward operant condi-
tioning was employed to evaluate the protective effects of
GTSs on learning and memory impairment in rats after
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being HLS. The neuron morphology of the rat hippocam-
pus and the expression of synaptic plasticity-related pro-
teins, including NR1, NR2B, and p-NR2B, were measured
to elucidate the mode of action of GTSs on operational
associative learning and memory.

2 Materials and methods
2.1 Animals and environmental conditions

A total of 70 specific pathogen-free (SPF) male Wistar rats
(7 weeks old) with weight ranging from 200 to 220 g were
purchased from Beijing Charles River Experimental Ani-
mal Company [SCXK (Jing) 2016-0006], and housed in a
SPF environment in the Institute of Medicinal Plants,
Chinese Academy of Medical Sciences [SYXK (Jing) 2017-
0020], with 12 h lighting (8:00 am - 8:00 pm) and 12 h
darkness (8:00 pm - 8:00 am) in alternatives, along with
sterile food and ample water supply. All experiments
were conducted in accordance with the Principles of Lab-
oratory Animal Care (National Institutes of Health publi-
cation No. 86-23, revised in 1996), and received approval
from the Animal Care and Use Committee of the Institute
of Medicinal Plants, Chinese Academy of Medical Sci-
ences [2020(5)032].

2.2 Main reagents and instruments

The GTSs used in this study were obtained from the Insti-
tute of Medicinal Plants, Chinese Academy of Medical
Sciences, China, which contained 258.89 mg/g Rbl,
65.77 mg/g Rb2, 12.87 mg/g Rgl, 26.14 mg/g Rg2,
93.72 mg/g Rc, 90.90 mg/g Rd, 105.34 mg/g Re, and
20.87 mg/g Rf. Huperzine A (Hup A) was purchased from
Henan Tailong Pharmaceutical Co., Ltd., China. The re-
ward-directed instrumental conditioning task was con-
ducted in four operant chambers (dimensions: 30 cm x
33 cm x 90 cm). These chambers were developed by the
Institute of Medicinal Plant Development, Chinese
Academy of Medical Sciences, and the Chinese Astro-
naut Research and Training Center . The operant
chambers were situated in sound-attenuated rooms, each
equipped with two recessed food magazines and two re-
tractable levers (4 cm wide, positioned 10 cm from the
side walls). Three color light-emitting diode signal lights
(red, blue, and yellow) were positioned above the lever.
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An infrared photocell, situated just inside the recessed
magazine, was monitored by computer circuitry to record
the duration of time each rat spent with its head in the
magazine.

2.3 Animal grouping and modeling

The 70 rats were acclimated for 10 d before the experi-
ment. After training, 63 rats had acquired the reward op-
erant conditioning, 50 of them performed similarly and
were randomly divided into five groups (10 rats in each
group): (i) control group, with rats received distilled wa-
ter treatment; (ii) HLS group, with rats bound by tape and
iron chain hooks in the hindlimb, 30° between torso and
the floor, and received distilled water; (iii) HLS-Hup A
0.1 mg/kg group as the positive drug group, with HLS rats
treated with Hup A (0.1 mg/kg); (iv) HLS-GTSs 100 and
200 mg/kg groups, with rats orally administered with 100
and 200 mg/kg GTSs for 38 d, respectively, once a day "/,
All animals were housed in separate cages with free ac-
cess to water, except during the periods of controlled di-
etary regulation to maintain 80% - 85% of their free-feed-
ing weight before initiating behavioral tests. This proto-
col ensures optimal performance in the operant cham-
bers, where food reinforcement was employed.

The establishment of reward-directed conditioning
was conducted for 3 d (day 11 - 13), and the reward-di-
rected operant conditioning task I was conducted for 6 d
(day 14 - 19). After screening and grouping according to
the task completion time, the rats received HLS with oral
administration of drugs for 38 d (day 20 - 58). The rats
were food restricted between 80% - 85%, and double-bot-
tle feeding before and during behavioral training and
testing (day 1 - 20 and day 41 - 58 ). The reward-directed
operant conditioning task Il was performed for 3 d (day
48 - 50), and then the visual signal discrimination task
was performed for 6 d (day 51 - 56). The reward extinc-
tion experiment was performed for 2 d (day 57 and 58);
following the behavioral tests, the rats were sacrificed for
Nissl staining and Western blot. The experimental design
setup is shown in Figure 1.

2.4 Behavioral experiments

This method preserves the entire reward detection sta-
ge " In the reward-directed conditioning task, rats

Food restriction and double

[— bottle feeding — bottle feeding —
Dayl 113 14 19 20 41 48 50 51 56 57 58

The establishment Grouping
of reward-directed
conditioning Reward-directed operant
conditioning task I

Figure 1 The experiment design procedure

Reward-directed operant Reward extinction
conditioning task I experiment
Visual signal
discrimination task
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underwent 20 min training tests for 3 d. During the train-
ing sessions, no lever was utilized, and the blue signal
light was the only stimulus signal. The light was periodi-
cally turned on for 10 s, with intervals maintained at
30 + 1 s. When the blue signal light was on, a drop of 20%
sucrose solution was delivered simultaneously. In the re-
ward-directed operant conditioning tasks I and I, the
rats were first subjected to 6 d of training followed by a 3 d
test. A fixed ratio schedule was performed in the test.
When the animal stepped on the pedal, the blue signal
light was turned on for 10 s, and a drop of 20% sucrose so-
lution was delivered as a reward (the maximum number
of rewards per session was 50). In the visual signal dis-
crimination task assisted by blue and yellow lights, the
lights were activated alternatively, with 120 s each time
and a total of 28 min for the entire experimental session.
When the blue signal light was on, the animals could re-
ceive a reward every time they stepped on the unilateral
lever; and the yellow signal light was indicated an incor-
rect response. The two-color signal lights were on alter-
nately for 120 s, and the test lasted for 28 min. In the re-
ward extinction experiment, the setting was the same as
the conditioned reflex of recognizing the reward visual
signal. In this session, rats received no reward substance
even if they performed correct behavior. The regression
of conditioned reflex was recorded.

2.5 Nissl staining

Five rats from each group were randomly selected for
Nissl staining, which was used to observe the hippocam-
pal tissues. The rats in each group were anesthetized by
2% isoflurane (RWD, China), perfused with 4% parafor-
maldehyde to remove their brains, dehydrated with 30%
sucrose, sectioned after embedding of their hippocampal
tissues with the use of paraffin (6 - 8 um thick), deparaf-
finized and immersed in tar violet staining solution for
3 h, followed by differentiation with 95% ethanol. The
Nissl bodies were stained purple, then the tissue sections
underwent dehydration in absolute ethanol (5 min), were
subjected to two rounds of xylene transparency lasting
5 min each, and finally, were sealed with neutral gum.
The morphological changes of neurons in CAl1 and CA3
regions of the rat hippocampus were photographed with
a light microscope (DM3000, Leica), and neuron num-
bers were counted using Image-Pro Plus analysis soft-
ware (V 6.0, Media Cybernetics).

2.6 Western blot analysis

Five rats from each group were randomly selected for the
experiment. The hippocampal tissues of rats were ho-
mogenized in radio immunoprecipitation assay (RIPA)
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lysis buffer, including 50 mmol/L Tris-HCl pH 7.4,
50 mmol/L NaCl, 1% Triton X-100, 1 mmol/L ethyle-
nediamine tetraacetic acid (EDTA), and 100 pg/mL
phenylmethanesulfonyl fluoride (PMSF). The superna-
tants were collected following centrifugation (12 000 rpm,
5 min, 4 °C) and quantified using a bicinchoninic acid
(BCA) assay kit (Multi Sciences, China). The protein was
separated on sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE, Genstar, China) and trans-
formed into polyvinylidene difluoride (PVDF, Absin, Chi-
na) membranes. After blocking with 5% non-fat milk for
1 h, the membranes were incubated with primary anti-
bodies at 4 °C overnight. The antibodies used were anti-
rat pancadherin, anti-rat NR1, anti-rat p-NR2B, and anti-
rat NR2B (1 : 1 000, Abcam, UK). Then, the membranes
were washed thrice with Tris buffered saline + Tween
(TBST, Cwbio, China), and incubated with horseradish
peroxidase-conjugated secondary antibodies for 1 h. The
protein bands were detected using the enhanced chemi-
luminescence (ECL) detection kit (Cwbio, China), and
analyzed via the AlphaEase FC software (V 6.0, Alpha In-
notech Corp).

2.7 Statistical analysis

All data were expressed as mean + standard error (SEM).
The data were analyzed using SPSS software (V 21.0) with
one-way or repeated measures analysis of variance where
statistically appropriate. The data from behavioral tests
were analyzed using repeated measures analysis of vari-
ance (RM ANOVA). When significant effects were detect-
ed, post hoc multiple pairwise comparisons were made
using the least significant difference (LSD) comparisons
test after ANOVA. One-way ANOVA was used to test dif-
ferences between groups in biochemistry and molecular
biology tests. Moreover, P < 0.05 (two-tailed) was consid-
ered statistically significant.

3 Results

3.1 The establishment of the reward-directed operant
conditioning

The number of nose pokes serves as a behavioral indica-
tor, reflecting the rats’ spatial memory and exploration
interest in the drinking water box. It plays a crucial role in
determining whether the animal progresses to the next
stage of training. As shown in Table 1, the number of nose
pokes and its completion time gradually decreased, while
the number of lever presses gradually increased with
each successive training day. Furthermore, there was a
steady rise in the proportion of rats successfully accom-
plishing the task within the designated time frame. By day
6, 63 rats had acquired the reward-directed operant con-
ditioning, constituting 90% of the total number.
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Table 1 The establishment of the reward-directed operant conditioning

Trainingday Number of nose pokes (n) Number of lever presses (n) Completion time (s) Completion number of rats ()

1 137.69 £ 7.27 22.66 = 2.55
2 120.22 +7.51 30.90 + 2.66
3 106.91 £5.95 39.23 +2.33
4 91.89 +£6.07 42.97 +2.04
5 82.48 +4.43 44.44 +1.86
6 71.74 £2.57 4520+ 1.74

1623.51 £ 36.91 22
1303.62 + 66.72 34
957.51 £67.95 53
729.83 + 64.07 59
598.66 + 57.55 62
565.01 + 54.99 63

3.2 GTSs improving the cognitive performance of HLS-
induced spatial learning and memory deficits in rats

3.2.1 Effects of GTSs on the behavior in the reward-di-
rected operant conditioning task I of HLS rats In the
reward-directed operant conditioning task I, compar-
isons were made before and after modeling on the first
day as shown in Figure 2A, the HLS rats showed a reduc-
tion in lever presses, which was restored after GTSs treat-
ment (HLS-GTSs 100 and 200 mg/kg). The rates in HLS-
Hup A 0.1 mg/kg group did not reverse the reduction of
lever presses. In addition, the HLS rats took significantly
longer time to complete the task (P < 0.05, Figure 2B).
However, rats undergoing GTSs treatment exhibited a re-
duction in the task completion time, whereas no effect
was observed in rats receiving Hup A.

oe}

Number of lever
presses (1)
Completion time (s)

Figure 2 Effects of GTSs on the behavior in the reward-
directed operant conditioning task I before and after
modeling in rats

A, the number of lever presses. B, completion time. Left bars in
each graph represent before modeling; right bars in each graph
represent after modeling. Data were represented as mean +*
SEM (n = 10). *P < 0.05, compared indicators before and after
modeling.

3.2.2 Effects of GTSs on the behavior in the reward-
directed operant conditioning task II of HLS rats In
the reward-directed operant conditioning task I, no dif-
ference in the number of lever presses was detected in the
control group for three consecutive days (P > 0.05). In
contrast, a significant reduction was observed in HLS rats
on day 2 (P < 0.05). HLS-GTSs 100 and 200 mg/kg groups
both induced a significant up-regulation in lever presses
when compared with the HLS rats (P < 0.05, Figure 3A).
HLS rats also demonstrated a decrease in the number of
nose pokes on day 1 (P < 0.05) and day 2 (P < 0.01). The
rats in HLS-GTSs 100 mg/kg exhibited a significant im-
provement in the number of nose pokes on day 2 (P <
0.05, Figure 3B). Furthermore, a longer completion time

was detected in HLS rats on day 3 compared with the
control rats (P < 0.05); however, when compared with rats
in the HLS group, those receiving 200 mg/kg GTSs treat-
ment exhibited a significantly reduced task completion
time on day 3 (P < 0.05, Figure 3C). Compared with the
HLS group, the HLS-Hup A 0.1 mg/kg group showed op-
posite changes in the levels of the above indicators, but
there was no significant difference (P > 0.05). The data
suggested that GTSs increased the number of lever press-
es and nose pokes, decreased the task completion time of
HLS rats in the reward-directed operant conditioning
task II.
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Figure 3 Effects of GTSs on the behavior in the reward-
directed operant conditioning task Il of HLS rats

A, the number of lever presses. B, the number of nose pokes. C,
completion time. Data were represented as mean + SEM (n =
10). *P < 0.05 and **P < 0.01, compared with the control group.
*P < 0.05, compared with the HLS group.

3.2.3 Effects of GTSs on the discrimination index in the
visual signal discrimination task of HLS rats As shown
in Figure 4, in the two-color lights visual signal discrimi-
nation task, the discrimination index was calculated as:
(the number of correct lever presses — number of incor-
rect lever presses)/the total number of lever presses. No-
tably, it exhibited a positive correlation with the number
of training days. A significant decrease was observed in
the discrimination index of HLS rats on day 3 when com-
pared with the control group on day 3, 4, and 6 (P <
0.05), while a marked increase was shown in HLS-GTSs
100 mg/kg (P < 0.01, day 6), HLS-GTSs 200 mg/kg (P <
0.05, day 2, 3, and 6), and Hup A 0.1 mg/kg (P < 0.05, day
4 and 6) groups.
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0.6

3 Control &= HLS-Hup A 0.1 mg/kg
@8 HLS 8= HLS-GTSs 100 mg/kg
%2 HLS-GTSs 200 mg/kg

1 2 3 4 5 6
Day

Discrimination index

Figure 4 Effects of GTSs on the discrimination index in
the visual signal discrimination task of HLS rats

Data were represented as mean = SEM (n = 10). *P < 0.05 and
P < 0.01, compared with the control group. *P < 0.05 and *P <
0.01, compared with the HLS group.

3.2.4 Effects of GTSs on the the behavior in the reward
extinction experiment of HLS rats As shown in Figure
5, in the reward extinction experiment, rats received no
reward and gradually decreased the numbers of lever
presses and nose pokes. On day 2, there was a significant
increase in lever presses in HLS rats (P < 0.01), and HLS
rats undergoing 100 and 200 mg/kg GTSs treatment
showed a descrease (P < 0.05, Figure 5A). The ratio of the
number of lever presses/nose pokes also increased in
HLS rats on day 1 and 2 (P < 0.01), and reduced in HLS-
GTSs 100 mg/kg (P < 0.05) and HLS-Hup A 0.1 mg/kg (P <
0.01) rats (Figure 5B).

>

= Control

3 HLS

E3 HLS-Hup A 0.1 mg/kg

) HLS-GTSs 100 mg/kg
B® HLS-GTSs 200 mg/kg

Number of lever
presses (1)

Figure 5 Effects of GTSs on the reward extinction experi-
ment on HLS rats

A, the number of lever presses. B, the ratio of the numbers of
lever presses/nose pokes. Data were represented as mean *
SEM (n = 10). **P < 0.01, compared with the control group. P <
0.05 and **P < 0.01, compared with the HLS group.

3.3 GTSs ameliorating HLS-induced neuronal damage in
the hippocampus

The hippocampal tissues of rats in the control group ex-
hibited abundant Nissl bodies, and the neurons were ar-
ranged neatly and densely, according to observations
(Figure 6A). There was a significant reduction in the
number of Nissl bodies and neurons in the hippocampus
of HLS rats (P < 0.05). In HLS rats, the fibers were partial-
ly dissolved, and the neuron arrangement was messy. Af-
ter the treatment of GTSs, the number of neurons in HLS
rats significantly increased (P < 0.05, Figure 6B and 6C).
NMDA receptors levels were altered after HLS and
drug treatment (Figure 7A). Compared with the control
rats, the expression levels of NR1 and p-NR2B in the HLS
rats were significantly reduced (P < 0.01 and P < 0.05, re-
spectively, Figure 7B and 7D), whereas the NR2B expres-
sion level was not significantly affected (P > 0.05,
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Figure 7C). HLS rats receiving 100 and 200 mg/kg GTSs
treatment induced the increased expression level of p-
NR2B when compared with HLS rats (P < 0.01). In addi-
tion, the proportion of NR2B phosphorylation decreased
in the HLS group, which was elevated by GTSs and Hup
A, without statistically significant differences observed
(P>0.05).

A HLS-Hup A HLS-GTSs HLS-GTSs
200 mg/kg

Control 0.1 mg/kg 100 mg/kg

S Control

EERHLS
ESHLS-Hup A 0.1 mg/kg
HLS-GTSs 100 mg/kg
R HLS-GTSs 200 mg/kg,

Number of neurons
Number of neurons
(n/field)

Group

Figure 6 Nissl staining of the CA1 and CA3 areas in the
rats’ hippocampus

A, the CA1 and CAS3 areas of the hippocampus under a 400 x
microscope. B, the number of neurons in the hippocampus CA1
area. C, the number of neurons in the hippocampus CA3 area.
Data were represented as mean+ SEM (n = 5). *P < 0.05 and
P < 0.01, compared with the control group. *P < 0.05, com-
pared with the HLS group.
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g
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NRI “““““ 120 kDa
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Pan-cadherin | M W G - w— | 135 kDa

Control HLS ~HupA  GTSs  GTS:
0.1

s
meg/kg 100 mg/kg 200 mekg Group
5

= Control

s HLS
# = HLS-Hup A 0.1 mgkg
HLS-GTSs 100 mg/kg
BR HLS-GTSs 200 mg/kg

Relative level
of NR2B

Relative level
of p-NR2B

Figure 7 Effects of GTSs on the expression levels of NR1,
NR2B, and p-NR2B proteins in the hippocampus of rats

A, the protein bands of Western blot of NR1, NR2B, and p-NR2B.
B - D, the quantitative evaluation of the proteins of NR1, NR2B
and p-NR2B, respectively. Data were represented as mean +*
SEM (n = 5). *P < 0.05 and P < 0.01, compared with the control
group. *P < 0.05, P < 0.01, and **P < 0.001, compared with the
HLS group.

4 Discussion

4.1 GTSs reversing the cognitive impairment caused by
HLS

In our study, the multi-mode reward-directed instrumen-
tal conditioning task was carried out to monitor the
changes in behaviors, neuron morphology, and synaptic
plasticity-related expression levels of NR1 and p-NR2B
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proteins in HLS rats as well as GTSs treated HLS rats. The
data showed that HLS caused impairment of cognitive
behaviors and changes in neuron morphology in rats.
GTSs treatment could partially ameliorate the impair-
ment of learning and memory function via the up-regula-
tion of NR1 and p-NR2B expression levels.

To replicate a weightless environment, the hindlimbs
of rats were suspended specifically, resulting in their
hindlimbs being elevated 30° higher than their head
while their forelimbs remained on the ground. In the test,
the observed physiological changes were partially at-
tributed to changes in hemodynamics following expo-
sure to a weightless environment and the absence of
gravitational stimulation in the hindlimbs. It was report-
ed that the physiological changes in the central nervous
system in HLS rats were consistent with changes in actu-
al weightlessness stimulation 'l In addition, the test was
characterized by an extended suspension time and expo-
sure to light stress stimulation. Consequently, the ob-
tained results were not significantly affected by stress-in-
duced interference in the animals.

Many behavioral tests, such as the Morris water maze,
X-maze shutter, and the step-down test, were developed
to evaluate the learning and memory functioning ability
of rats . However, during the tests, animals were ex-
posed to noxious stimuli or punitive damages 2. In the
reward-directed instrumental learning tests, the condi-
tioned memory was formed via acquisition, consolida-
tion, reproduction, and reconsolidation, without or with
little negative impacts on behaviors and cognitive func-
tions P*l, These findings were associated with both the
goal-directed process and the habituation of the stimulus
and response mechanism, representing two distinct
forms of learning %, The findings suggested that the
number of lever presses decreased and the completion
time increased in HLS rats in the reward-directed oper-
ant conditioning reflex test, indicating that HLS affected
the learning ability of memory reconsolidation. Besides,
the number of nose pokes was also counted to measure
the interest of the HLS rats in exploration, which showed
a significant reduction, suggesting reduced interest of the
HLS rats in exploration.

The discrimination index is important for visual sig-
nal recognition in reward-directed operant conditioning
reflexes. It evaluates animals’ ability to discriminate be-
tween correct and incorrect signal lights. These results in-
dicated that HLS severely down-regulated the discrimina-
tion index. In addition, a reward extinction experiment
was performed to monitor the existence of the rat’s con-
ditioned reflex which was not reinforced. The lever press-
es of the HLS rats increased significantly on day 2, indi-
cating that their learning ability was reduced and the
learning and memory function impaired. The ratio of
lever presses to nose pokes serves as a causal judgment of
the operational behavior of rats in the reward extinction
experiment. We found the rate of HLS rats significantly
increased, indicating that they were not sensitive to
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causal connection, with reduced learning ability as well
as impaired learning and memory observed ['"'* ¥, After
GTSs treatment, the operational decision-making capa-
bility was improved in the HLS rats.

4.2 GTSs reversing the neurological damage caused by
HLS through the NR1/p-NR2B pathway

HLS also changed the hemodynamic status and cere-
brospinal fluid’s circulation status in rats’ brains, causing
morphological changes and apoptosis of nerve cells !, In
previous studies, having HLS for 7 or 14 d caused apopto-
sis of hippocampal neurons and reduced neuron num-
bers in the CAl area in rats ** *!. Based on the above
studies, we conducted long-term simulated weightless-
ness experiments, it was found that after HLS in a simu-
lated weightless environment, the number of neurons
and blue-stained Nissl bodies in the hippocampus was
significantly reduced, the nerve fibers were partially dis-
integrated, and the arrangement of the neurons was dis-
organized. In contrast, the hippocampal neurons of rats
in the control group were rich in Nissl bodies and ar-
ranged neatly and densely. In HLS rats undergoing GTSs
treatment, the number of neurons increased, with regu-
lar shapes arranged in a nice order. Hup A, isolated from
the Chinese herb Huperzia serrata, can improve learning
and memory ability, and has neuroprotective effect by in-
fluencing the induction of long-term potentiation (LTP)
in CA1 area [*°!. Our study and previous studies show that
both Hup A and GTSs have modulatory effects on NMDA
receptors, but GTSs treatment could produce better
learning and memory performance for complex manipu-
lations P!,

Under simulated microgravity conditions, changes in
gravity significantly regulate critical genes associated with
learning and memory, leading to macroscopic physiolog-
ical effects “!, Among them, NMDA receptor-dependent
synaptic plasticity played a vital role in the acquisition,
consolidation, and reproduction of animal spatial me-
mory. NR1 was an essential subunit of a functional NM-
DA receptor, and the knockout NR1 affected the acquisi-
tion and reproduction of animal memory as well . In
addition, the p-NR2B subunit enhanced the current sta-
tus through the NMDA receptor channel. It regulated the
receptor interactions in synapses, affecting LTP mediat-
ed by NMDA receptors [’!, Previous studies indicated that
reversing the decrease of p-NR2B protein and improving
synaptic plasticity could improve cognitive function in
AD mice and their offspring exposing to bisphenol A %4,
In addition, continuous microwave exposure research al-
so found that NR2B and p-NR2B might lead to cognitive
impairment ),

Our study preliminarily found that GTS affected
the learning and memory in HLS rats by acting on NMDA
receptors. HLS significantly inhibited NR2B receptor
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phosphorylation without affecting the expression of
NR2B protein, and GTSs stimulated NR2B receptor phos-
phorylation to affect neuronal viability. GTSs can im-
prove the learning and memory impairment of rats in
complex operation tasks, making it a promising candi-
date for addressing learning and memory impairments
induced by microgravity during spaceflight. Regardless,
further in-depth verification appears imperative to ex-
pand and enrich this research. Hence, multiple ap-
proaches have been contemplated for future investiga-
tion into the roles of the NR1/p-NR2B pathway in GTSs
treatment with regards to improving cognitive function in
HLS animals.

5 Conclusion

In summary, this study conducted multi-mode reward-
directed instrumental conditioning tasks. The findings in-
dicated that HLS could induce learning and memory im-
pairment in rats, which were ameliorated by treatment
with GTSs. This improvement could be attributed to the
improvement of the neuron morphology in the hip-
pocampus and up-regulated expression of synaptic plas-
ticity-related NR1 and p-NR2B proteins.
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