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in the mouse spinal cord after microgravity exposure
simulation on earth

M.S. Kuznetsov, A.N. Lisyukov, M.A. Davleeva, A.A. [zmailov

Kazan State Medical University, Kazan, Russia

Abstract

Aim. To determine the level of gene expression of the serotonergic neurotransmission system (Slc6a4, Tph2,
Htrlb, Htr2a) in the cervical and lumbar enlargement of the spinal cord for mice after 30-day microgravity ex-
posure simulation by using the antiorthostatic unloading model by Morey-Holton et al. and a subsequent 7-day
recovery period.

Methods. The experimental animals were divided into three groups: “Unloading” group with mice undergoes
hindlimb-unloading procedure for 30 days (n=5); “Recovery” group with mice undergoes hindlimb-unloading
procedure for 30 days, followed by readaptation within 7 days (n=5); “Control” group with mice kept at standard
vivarium conditions (n=5). The expression level of genes encoding synaptic proteins in the central nervous system
was estimated by a real-time polymerase chain reaction.

Results. There were no statistically significant differences between the studied groups regarding the Tph2, Htrib,
and Htr2a expressions in the cervical and lumbar enlargement of the spinal cord. Compared to the “Control”
group, a statistically significant increase (6.3 times) in the level of Slc6a4 expression in the lumbar spinal cord was
revealed after microgravity exposure simulation (“Unloading” group), followed by a 3-fold decrease during the
readaptation period (“Recovery” group ).

Conclusion. The expression level of the Slc6a4 gene, which encodes carrier protein involved in the function of se-
rotonergic synapses, may indicate the potential involvement of this neurotransmitter system in the pathogenesis of
movement disorders after microgravity exposure simulation on earth.
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Background: The effect of weightlessness on hu-
mans and vertebrates leads to molecular, cellular,
and tissue changes that affect all body systems [1].
These changes are especially pronounced in the
musculoskeletal system and manifest after the re-
turn of astronauts to Earth. However, the mecha-
nisms underlying the development of motor disor-
ders in cosmonauts remain largely uninvestigated
to date. Clinical surveillance and analysis of the
results of numerous studies indicate similarities
between morphological and functional changes
that develop under zero gravity and spinal cord
and peripheral nerve injuries in patients with limi-
ted mobility [2,3]. This may be an effective meth-
od for better understanding underlying pathoge-
netic mechanisms.

Under the Bion M1 project, we have identified
significant molecular changes in the spinal cord
and sciatic nerve of mice after a 30-day orbital
flight, which may play a vital role in the develop-
ment of motor disorders [4]. Notably, significant
changes in gene expression of the serotonergic
neurotransmitter system were revealed. After the
space flight and the subsequent 7-day recovery pe-
riod, the expression level of the Sic6a4 and Htr2b
genes increased, and the expression level of the
Htr2a, Htr2c, Htrla, Htr5a, Htr5b, and Htr7 genes
decreased.

In previous studies, we examined the expres-
sion of genes encoding synaptic proteins in ex-
citatory (i.e., cholinergic, glutamatergic) and
inhibitory (i.e., glycinergic, GABA-ergic) neu-
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rotransmitter systems in the cervical and lumbar
spinal cord of mice after 30 days of antiorthostatic
suspension and 7 days of subsequent recovery. We
found that the level of gene expression responsible
for the state of these neurotransmitter systems in
the spinal cord did not change when modeling
the effects of hypogravity on Earth [5]. However,
the serotonergic system modulates the functional
activity of many neurotransmitter systems, in-
cluding such as glutamatergic and GABA-ergic
systems [6].

Serotonin (5-HT) is a monoamine neurotrans-
mitter synthesized in various populations of neu-
rons in the central nervous system (CNS) and is
involved in modulating the activity of the spinal
cord neural networks involved in locomotion. The
CNS serotonergic nuclei have different projection
zones and properties. In addition, the distribution
of the various 5-HT receptor subtypes is not uni-
form. There are currently seven families of 5-HT
receptors (5-HT, ), including at least 14 different
receptor subtypes. Some of these receptors have
been identified in the spinal cord [7].

1. 5-HT, receptors are localized mainly in the
neurons of the dorsal horns of the spinal cord.

2. 5-HT, receptors are more abundant in the
neurons of the ventral horns, namely on motor
neurons.

3. 5-HT, receptors appear to be associated ex-
clusively with nociception.

4. There is evidence of 5-HT, receptors in the
cinerea intermediate zone [8].

For example, under certain pathological condi-
tions, as a result of impaired descending serotoner-
gic projections, depletion of 5-HT and dysregulation
of 5-HT transporters can occur in the spinal cord.
This, in turn, may lead to varying degrees of motor
dysfunction, including paralysis. The mechanism
of these changes remains inadequately studied.
Many works address the role of 5-HT and its re-
ceptors in the implementation of autonomic, mo-
tor, and sensory functions of the CNS [9,10].

The genes Sic6a4, Tph2, Htrlb, and Htr2a play
an important role in the serotonergic system's
functioning. The Sic6a4 gene encodes a serotonin
transporter, a membrane protein responsible the
reuptake of serotonin from the synaptic cleft [11].
The Tph2 gene encodes an enzyme that controls the
synthesis of serotonin [12]. The Htrib and Htr2a
genes encode specific postsynaptic 5-HT receptors
(5-HT,, and 5-HT,,) [13]. The 5-HT, receptor ex-
hibits predominantly antinociceptive activity and is
thus associated with inhibition of sensitivity [7, 14].
Stimulation of 5-HT, receptors increases the activi-
ty of motor neurons and facilitates mono- and poly-
synaptic reflexes. Activation of 5-HT,, receptors
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Fig. 1. A mouse in a state of hind limb unloading (antiortho-
static suspension model by Morey—Holton et al.).

in spinal cord injury activates the potassium-chlo-
rine cotransporter KCC2, restore endogenous inhi-
bition, and reduce spasticity [7,15].

Aims. In this study, we aimed to describe the
level of the serotonergic neurotransmitter system
gene expression (Slc6a4, Tph2, Htrlb, and Htr2a) in
the cervical and lumbar enlargement of the spinal
cord in mice after 30 days of replicating the effects
of hypogravity using the antiorthostatic suspension
model (Morey—Holton et al.) and subsequent 7-day
recovery.

Materials and methods. This study was per-
formed on male BALB/c mice (animals aged 6—7
weeks). All experimental procedures with animals
were conducted in compliance with the Physiolo-
gical Section of the Russian National Committee
for Biological Ethics [16]. The work was approved
by the Biomedical Ethics Commission of the In-
stitute of Biomedical Problems (Protocol No. 319
dated 04/04/2013).

The experimental animals were divided into
three groups:

— The Suspension group included mice which
were supported so that their hind limbs were un-
loaded for 30 days (n = 5);

— The Recovery group included mice which
were supported so that their hind limbs were un-
loaded 30 days followed by a readaptation period
7 days (n = 5);

— The control group included mice kept under
standard vivarium conditions (n = 5).

In compliance with the methods described
by Morey—Holton et al., experimental mice were
suspended by the tail to allow for the unloading
of weight from their hind limbs in a specially
equipped cage (Fig.1) [17]. The animal could move
around the cage using their forelimbs and had free
access to food and water. Each animal was housed
in a separate cage. The duration of the antiortho-
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Table 1. Sequences and thermodynamic characteristics of primers used to determine the level of expression of targeted genes

Gene name (RefSeq ID) Product length, bp GC% T,
Slc6a4 (NM_010484.2)
F: GCCATCAGCCCTCTGTTTCT 351 55.00 60.03
R: TGGCTTAGAGGGGAGGAGTC 60.00 60.03
Tph2 (NM_173391)
F: TTCCAGTCGGTGAGTTGTGG 157 55.00 59.89
R: CTGTGATGCAAAGCGTGGAG 55.00 59.83
Hirlb (NM_010482)
F: AGTCTGTGGCAGCGACTAAAG 311 52.38 60.34
R: TCTCAGCCCAAAGGAGAGGT 55.00 60.18
Htr2a (NM_172812)
F: ATGCAGTCCATCAGCAACGA 252 50.00 60.04
R: AATGTACCGTGAGAAGGCGG 55.00 60.11

Note: bp — base pairs.

static suspension and recovery corresponded to
those in the Bion M1 project [18].

The animals were sacrificed by decapitation fol-
lowing inhalation anesthesia using isoflurane (La-
boratorios Karizoo, S.A., Spain) and intraperitoneal
administration of 3 mg/kg of zoletil 100 (Virbac
Sante Animale, France). The spinal cord was iso-
lated by hydraulic extrusion from the spinal canal,
after which the areas of the cervical and lumbar
enlargements were extracted. Spinal cord samples
were taken simultaneously from control animals
and the Suspension group. All samples were placed
in liquid nitrogen immediately after isolation and
further stored at —80°C.

The expression of genes that encode CNS
synaptic proteins was studied using real-time
polymerase chain reaction (RT-PCR). Total ribo-
nucleic acid (RNA) was isolated from the spinal
cord's lumbar and cervical enlargements using
a commercial RNeasy Mini Kit (Qiagen) per the
manufacturer’s instructions. The synthesis of com-
plementary deoxyribonucleic acid (cDNA) was
performed using six-nucleotide random primers
and RevertAid Reverse Transcriptase (Thermo
Fisher Scientific). The concentration of the isola-
ted RNA and the obtained cDNA was determined
using a NanoDrop 2000 spectrophotometer (Ther-
mo Scientific).

The quantitative analysis of the expression
level was performed using a CFX96 thermal cy-
cler (BioRad). The reaction mixture included
gPCRmix-HS SYBR (Evrogen), primers specific
to the target genes, and cDNA samples (Table 1).
The design of primers specific to the regions of the
target and reference genes was performed using
the Primer3 4.1.0 software (Whitehead Institute
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Fig. 2. Comparative analysis of gene expression of the sero-
tonergic mediator system in the cervical and lumbar spinal
cord of mice; *p = 0.0063.

for Biomedical Research) and the specificity of
the primers obtained was tested using BLASTn
(National Center for Biotechnology Information).

The data obtained were analyzed using the envi-
ronment for statistical computing R 3.6.3 (R Foun-
dation for Statistical Computing) [19]. In order to
analyze the relative expression of target genes, ad-
justed for the obtained values of the reference gene
Gapdh, linear models with mixed effects (repeated
observation covariance analysis, the unique iden-
tifier of the animal was included in the model as
a random effect) were used, implemented in the
Ime4 1.1-21 package. The emmeans 1.4.5 package
was used to assess the marginal Ct values, deter-
mine the boundaries of 95% confidence intervals
for the marginal Ct values, and perform the Tukey
procedure for testing hypotheses. Differences in the
expression level between groups and between spi-
nal cord regions within each group were considered
statistically significant at p < 0.05.
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Results and discussion. Analysis of the data
obtained revealed combined changes in the nature
of Tph2 gene expression in the cervical and lumbar
spinal cord (Fig.2). There was an increase in the
Suspension group by 3.7 and 1.4 times, respective-
ly, compared with the control group, and a subse-
quent decrease by 2 and 2.5 times registered in the
Recovery group compared to the Suspension group.

No significant differences were revealed be-
tween groups in the expression of the Htri/b and
Htr2a genes in the cervical spine. Changes in Htr2a
gene expression, similar to the Tph2 gene, were
noted in the lumbar spine. It was found that levels
increased by 4.3 times in the Suspension group
compared to the control group. A 5.7-fold decrease
in the Recovery group compared to the “Suspen-
sion” group was seen as well. However, it should
be noted that these differences were not statisti-
cally significant in expression levels of the Tph2
(p =0.1803; p = 0.6005), Htrib (p = 0.5561; p =
0.639), and Htr2a (p = 0.2543; p = 0.4363) genes in
the cervical and lumbar enlargement of the spinal
cord (the p-values presented correspond to the main
effects in regression models).

Comparing the nature of Slc6a4 gene expres-
sion revealed a statistically significant (p = 0.0063)
increase of 6.3 times baseline in the lumbar spinal
cord of animals after exposure to simulated hypo-
gravity (Suspension group). This was followed by
a 3-fold decrease during the recovery period (Re-
covery group) when compared to mice in the con-
trol group.

We did not find any statistically significant dif-
ferences in the level of expression of target genes
in the cervical and lumbar enlargement of the spi-
nal cord. Differences in the level of expression of
the Slc6a4 gene in the cervical enlargement were
less pronounced than those registered in the lumbar
spine, namely a two-fold increase in the expression
level in animals of the Suspension group as com-
pared to the control group.

CONCLUSIONS

1. Our data on the expression of the Slc6a4
gene, which encodes the serotonin transporter pro-
tein, suggests the involvement of the serotonergic
neurotransmitter system in the pathogenesis of mo-
tor disorders in replicated hypogravity on Earth.

2. The changes in gene expression in the sero-
toninergic neurotransmitter system reported here
suggest that they may modulate the spinal cord
neural networks function under antiorthostatic sus-
pension conditions.

3. There are data confirm a central role for the
serotonergic system in the pathogenesis of motor
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disorders in spinal cord injury [20—22]. Data on the
expression of the Slc6a4 gene indicate that the se-
rotonergic neurotransmitter system plays a role in
minimizing negative consequences resulting from
hypogravity and prolonged hypodynamia in bed-
bound patients with limited mobility.
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