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FIGURE 2: Cardiospace and Shenzhou 11 taïkonautes on-board Tiangong-2.

FIGURE 3: Micro-circulation protocol, typical curve.
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The development of this new equipment in cooperation between ACC and 
CNES is planned from 2018 to 2021 for utilization onboard the future Chinese 
Space Station. Such a project would allow to consolidate the scientific results 
obtained on Tiangong-2 by acquiring a more representative base of scientific 
data as operations on board of the Chinese station are planned at least for 
10 years. Instruments that have never been used in space are also foreseen 
to explore new fields of research.

Keywords: instrumentation, microcirculation (skin), gravitational physiology, cardiospace, 
French-Chinese cooperation
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FIGURE 4: Cardiospace on-board and on-ground experimentations in 2016.
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Responses of walking patterns at 3.5 km/h and 0% inclination in 8 male 
subjects to reduction of body weight were estimated using a lower 
body positive pressure (LBPP) treadmill. Gait patterns and ground reac-
tion forces (GRF) were estimated using a wearable device for motion 
analysis. In response to the reduction of body weight, the GRFs lowered 
accordingly. The gait patterns shifted from rear-foot strike to fore-foot 
strike, especially when the body weight was reduced from 60 to 40% vs. 
the 1-G condition. Further, the angle of ankle joints increased and that 
of knee joints and the movement ranges of hip joint were decreased, 
on the contrary.

INTRODUCTION

New space missions to The Moon and Mars are planned. In this context, a 
better understanding of the influence of low-gravity environments on gait 
characteristics is required (3/8-G) [1-3]. In a previous experiment, electromyo-
gram activities and joint angles were measured during walking and/or running 
on a LBPP treadmill [4, 5]. It clearly indicated that the mobilization of the ankle 
plantar-flexor, slow-twitch, and soleus muscles was reduced in response to 
the gravitational unloading. However the close relationship between these 
parameters and the ground reaction forces was still unclear. Therefore, the 
current study was performed to investigate the walking patterns, including 
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ground reaction force and gait patterns during walking on a LBPP treadmill 
using a wearable device [5, 6].

METHODS

Eight healthy male students volunteered as subjects (height: 170 ± 5 cm, 
weight: 70.9 ± 5.4 kg). The Human Use Committees at Doshisha University 
approved the study. All experimental procedures were conducted in accord-
ance with World Medical Association Declaration of Helsinki (Ethical Principles 
for Medical Research Involving Human Subjects).

The wearable devices were composed of sandal-type shoes each equipped 
with two forceplates in their soles, and of sensors for joint angles (acceler-
ation, gyroscopes, and geomagnetic). The subjects were equipped with the 
wearable devices (sampling frequency 100 Hz) and walked for 60 sec at  
3.5 km/h and 0% inclination with 100, 80, 60, 40, or 20% body weight support 
on a LBPP treadmill (AlterG Inc., USA). The levels of loading were assigned 
randomly for each subject.

RESULTS

The normalized GRFs reduced gradually with the body weight (BW) (Fig. 1). 
The level of the GRF at toe-off was slightly greater than that at touch down, 
when the body-weight support was 100-60%. But it was reversed following 
further decrease below 40%. 

Joint angles were affected differently by the reduction of the BW. For the 
ankle, the absolute value of the plantar flexion peak increased when the BW 
was reduced, especially between 60 and 40% of BW. For the knee, the peak 
value of the flexion angle reduced, especially at the 60-40% and 40-20% 
transitions. For the hip joint, the movement range decreased, most signifi-
cantly below 60% of BW. 

An increase in the total duration of the average gait cycle also appeared 
with the reduction of the BW. Figure 1 shows clearly that the duration of the 
stance phase remained the same for all weight rates, but the swing phase 
got longer as the weight rate decreased.
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DISCUSSION

These results explain more precisely the evolution of the gait pattern observed 
on subjects walking at low weight rates. For the ankle, the increase of the plantar 
flexion peak could explain the shift in foot-strike pattern that happens at low 
weight rates, while the lengthening of the swing phase observed is in accord 
with previous research [6, 7]. The ANOVA results indicate that the changes in 
joint angles are mostly significant when changing from 60% to 40% of BW, sug-
gesting it is between these two weight rates that the gait transition happened. 

CONCLUSION

In response to the reduction of body weight, the GRFs were lowered accord-
ingly. The gait patterns were shifted from rear-foot to fore-foot strike, especially 

FIGURE 1: Fz (vertical GRF), during walking, for each weight rate.
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when the body weight was reduced from 60 to 40% vs. the 1-G condition. 
Further, the angle of ankle joints was increased and that of knee joints and 
the movement ranges of hip joint were decreased, on the contrary.
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Motor and cognitive signs of Parkinson’s disease (PD) have specific progres-
sion speed (Lawton et al., 2018). Some motor-cognitive instrumented tasks, 
e.g. choice reaction time (CRT) appear as cognitively demanding, while oth-
ers, e.g. simple reaction time (SRT) or tapping test (TT) - as ones with lower 
need for cognitive effort (Müller et al., 2002). In PD patients, the program of 
“dry” immersion (DI) sessions provoked decrease of UPDRS-III and rigidity 
scores by 16%, while that of Hamilton’s depression rate scale - by 40% (Meigal 
et al., 2018). Therefore, we hypothesize that the cognitively demanding tasks 
might have been more affected by a program of DI in comparison to merely 
motor tasks. To proceed, we compared the effect of DI on a set of reaction 
time tasks with different share of mental operation - TT, SRT, SRT at distraction 
of attention (SRT/DA), CRT, and prediction motion task (PMT).

A total of 10 PD patients (9 m, 1 f, Hoehn and Yahr staged 1-3) participated 
in the program of DI. They stood immersed in a bathtub (MEDSIM, IBMP, 
Moscow, Russia, Twater=31-32°C), wrapped in a thin waterproof material, 
head-out-of-water, 7 times (45 min each session) within 35 days. The data 
was collected at 4 study points: before the 1st (preDI), after the 7th immer-
sion (DI7), 2 weeks (2W) and 2 months post-DI (2M). Six PD patients (all 
males) without application of DI formed the reference group. The study 
was performed with a help of PC-based tester (NS-Psychotest, Neirosoft 
Ltd., Ivanovo, Russia). To execute the TT task, the subjects performed tap-
ping as quickly as possible on a contact board (55x60 mm) with a contact 
pencil, within 30 s. The count of taps was measured. The visual SRT task 
was evaluated as the time between light (red flash) stimulus (n=30) on 
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PC-based portable control panel and pressing the button with the thumb 
of the dominant hand on the same panel. The SRT/DA paradigm appeared 
as a SRT task (red circle, 20 mm in diameter, emerging on the center of PC 
screen, random in time, n=30) supplemented by distracting visual stimuli 
(circles of varied color and size, appearing irregularly in time and space of 
PC screen). In the CRT paradigm subjects had to press the appropriate panel 
button (red button on red light stimulus, and green button - on the green 
one, n=20). In all these tests reaction time (ms) was measured. To perform 
PMT, subjects pressed the button on control panel (n=30) when a dynamic 
object (growing red segment, 135°/s) on PC screen was colliding with a 
static object (green radius, 45 mm). The accuracy (% of precise hits) was 
estimated. The SPSS 21.0 (IBM Corp., USA) was used for statistics (multiply 
comparisons between 4 study points by Friedman non-parametric test with 
further post-hoc corrections).

In the reference group, none of the tests has significantly modified along the 
investigation period. In the study group, before the program of DI, SRT cen-
tered around 290 ms (249-335 ms, 25-75%), SRT/DA was 343 ms (300-358.5 
ms), and CRT - 486 ms (407-724 ms). The SRT has not changed across the 
study, while the SRT/DA has decreased by some 8% (315.5, 308-353, p=0.042), 
and the CRT - by 20% (417, 355-457 ms, p=0.022) at 2W study point. At the 
point 2M all parameters tended to restore their values. Normalized values of 
SRT, SRT/DA and CRT along the study are presented on figure 1. The count 
of hand taps during TT task centered around 185 per 30 s (6.05 Hz), and it 
stood unchanged by DI in both groups (see Figure 1). In the PMT, precise 
hits were 51% (40-62) and did not change over the study.

Before the DI program, the three RT tasks clearly ranged by their duration 
from the shortest (SRT) through SRT/DA to the longest (CRT) thus reflecting 
gradually increasing cognitive complexity of the task. The reaction to DI 
program has also ranged from a prominent (20% decrease) effect on CRT, 
through a modest effect (8% decrease) on SRT/DA to a negligible effect 
(<2% decrease) on SRT. Such finding prompts that the more the task was 
cognitively demanding, the more it was affected by the DI program. Thus, 
the motor component of the reaction time tasks was not modified by DI. 
That conclusion is supported by the fact that the tapping count in TT task 
and proportion of accurate hits in PMT have not changed through the DI 
program. That result is in line with earlier finding that performance of com-
plex, but not simple motor tasks is improved by anti-PD therapy (Müller et al., 
2003), what supports the original hypothesis of that study. As the reaction 
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time tasks have well-established neurophysiologic basis, they can be used 
to evaluate the mechanisms of DI therapy. In further studies, the battery of 
motor-cognitive tasks could be expanded to the more complex ones, e.g. 
recognition/discrimination tasks.
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FIGURE 1: Reaction time in psychophysiological test in Parkinson's disease patients with  

(right panel) and without (left panel) program of dry immersion. 

SRT - simple reaction time, CRT -choice reaction time, SRT-DA - SRT with distraction of 

attention, preDI - before the program of dry immersion, DI7 - after the 7th immersion, 2W - 

two weeks after the program, 2M - two months after the program of dry immersion.
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INTRODUCTION

Fifty seven years have passed since the first manned flight into space, but our 
knowledge about alterations in the CNS is still limited. MRI studies demon-
strated the long-term space flight significantly changed the brain morphology 
in astronauts resulting in decreased of gray matter and increased volume of the 
ventricles (Roberts et al., 2017). Moreover cognitive impairments were docu-
mented in astronauts after long-terms space missions (Casler and Cook, 1999). 
Obviously all these changings are mediated by neurochemical/molecular  
disturbances in the CNS and particular in the hippocampus, which controls 
memory and navigation by coordination of many inputs from forebrain and 
lower brain structures. In the hippocampus of rodents (in space and using 
hind-limb suspension model) it was demonstrated the alterations in the 
expression of glutamate receptors, neurotrophins and apoptotic proteins 
(Yasuhara et al., 2007; Santucci et al., 2012; Naumenko et al., 2015; Shang 
et al., 2017; Wang et al., 2017). In all these experiments biological materials 
were collected after 7 and more days in space or tail suspension. The initial 
stage of the brain alterations during exposure to unloading is still unex-
plored. Among the main causes of the brain function impairment during 
gravitational unloading the sensory deprivation is considered as the most 
important one. And withdrawal of the support afferentation under condi-
tions of real or simulated microgravity is believed to trigger on the brain 
remodeling (Kozlovskaya et al., 1988). The roles of support afferentation 
are usually analyzed by means of the plantar mechanical stimulation during 
unloading (Layne et al., 1998; Kyparos et al., 2005). However the effects 
of plantar mechanical stimulation on functional activity of neurons and/
or cognitive function have not been studied yet. In our study we analyzed 
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effect of short-term stimulated microgravity (SM) and checked whether the 
repeated plantar mechanical stimulation (PMS) affects functional status of 
the hippocampal neurons.

MATERIALS AND METHODS

36 adult Wistar rats were recruited in the experiments. The rats were housed 
in individual cages at 12/12 light-dark cycle with free water and food access. 
All procedures were approved by the Biomedical Ethics Committee of the 
Institute of Biomedical Problems. 

THE RATS WERE DIVIDED FOR 3 GROUPS

C – vivarium control, SM group - 3 days hind-limb suspension, PMS group – 
4 hours repeated plantar mechanical stimulation each day during hind-limb 
suspension. The rats were anaesthetized and perfused with 4% formalin for 
immunohistochemical study (n=4 for each groups); or the hippocampi were 
dissected and homogenized for Western blot assay (n=8 for each groups). 

USED ANTIBODIES FOR IMMUNOSTAINING AND WESTERN BLOT

GAD67 (Millipore), VGLUT2 (Millipore), NR2B (Abcam), pCREB (Ser133; 
Millipore), Akt (Cell Signaling), pAkt (Ser473; Cell Signaling), GSK3b (Cell 
Signaling), pGSK3b (Ser9; Cell Signaling), GAPDH (Abcam).

Statistical analysis was done by a nonparametric Kruskal-Wallis test.

RESULTS

Our data demonstrated that SM significantly reduced VGLUT2 immunostating 
in the hippocampus that was confirmed by immunoblotting. These data pro-
posed a decrease in glutamate release, since it was shown that the expression 
of VGLUT2 correlates with glutamate secretion (Liguz-Lecznar and Skangiel-
Kramska, 2007). In opposite PMS restored VGLU2 expression (Fig.1). Analysis of 
NMDA receptor subunit NR2b did not reveal any difference between all groups. 
Immunostaining for glutamate decarboxylase GAD67, which synthesize GABA, 
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also did not show the differences between the groups. Analysis of Akt signa-
ling demonstrated that in SM group phosphorylation of both Akt and GSK3b 
was significantly increased in the hippocampus (Fig. 2). We also observed 
increased number of pCREB immunopositive nuclei in the dentate gyrus and 
CA3 region of the hippocampus that revealed the activation of this transcription 
factor. Akt and CREB are the main factors that regulate the neuronal survival. It 
was demonstrated that short-term hindlimb suspension (1-3 days uploading) 
can cause a systemic stress (Morey-Holton and Globus, 2002). Exhausting of  

FIGURE 1: Plantar mechanical stimulation protects glutamatergic system from negative effects 

of stimulated microgravity. A-C - VGLUT2 immunostaining revealed a decreased VGLUT2 

expression in the Dentate Gyrus of rats after 3 days hind-limb suspension (B) in comparison 

with control (A); in rats exposed to plantar mechanical stimulation (C) the VGLUT2 

immunostaining intensity was the same with control. gDG - granular layer of the Dentate 

Gyrus; m - molecular layer of the Dentate Gyrus. Scale bar 200 mm. (D) - Western blot analysis 

of VGLUT2 expression in the hippocampus. Data are shown as mean +/- SEM. * - p<0.05.
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glutamatergic system in the hippocampus, probably caused by stress, may be 
a risk factor for cell damage, and the activation of Akt and CREB supposes the 
activation of neuroprotective mechanisms. On the other hand PMS during SM 
prevented damage of glutamatergic hippocampal system (Fig.1) and restored 
normal activity the members of Akt pathway and CREB (Fig.2). 

CONCLUSION

Repeated PMS during 3 days’ hindlimb uploading prevented damage 
of glutamatergic hippocampal system and restored normal activity of  

FIGURE 2: Plantar mechanical stimulation restores activity of Akt signaling pathway and 

CREB A, B - analysis of Akt (A) and GSK3b (B) activity were estimated by phosphorylation 

levels of Akt at Ser473 and GSK3b at Ser9. Data are shown as mean +/- SEM. * - p<0.05.  

C-D - pCREB immunostaining demonstrated an increased number of pCREB immunopositive 

nuclei in granular layer of the Dentate Gyrus and CA3 of rats after 3 days hind-limb 

suspension (D) in comparison with control (C); in rats exposed to plantar mechanical 

stimulation (E) the pCREB immunostaining intensity did not differ significant from the control. 

gDG - granular layer of the Dentate Gyrus; m - molecular layer of the Dentate Gyrus. Scale 

bar 200 mm.



39th ISGP Meeting & ESA Life Sciences Meeting	 283

	
Neurosciences and Psychology

Akt/CREB signaling. Thus our data revealed that plantar mechanical stimula-
tion protects hippocampus from the negative effects of SM.
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Space is a hostile environment for humans and spaceflight induces several 
physiological changes in the human body, such as fluid shifts, neurovestibular 
disturbances, bone loss and muscle atrophy1. Space crew are known to adapt 
fairly well to some of these detrimental effects, depending on the site of action 
and the applied countermeasures1. The central nervous system also seems 
capable of adaptation to microgravity by the process of neuroplasticity, as 
previously shown in animals2–4. Yet, little is known about the effects of micro-
gravity and gravity transitions on the human brain5. Recently, in a functional 
MRI study with a single cosmonaut, we showed that long-duration spaceflight 
induced functional changes in the right insula and in sensorimotor-cerebellar 
connectivity6. In addition, head-down bed rest studies, a spaceflight analog, 
have also shown alterations in brain functional connectivity, particularly in 
sensorimotor areas7. 

In parallel to spaceflight research, ground-based models have been developed 
to overcome some of the logistic challenges related to human spaceflight 
research. Such a “ground-based” alternative is parabolic flight (PF), during 
which a specific parabolic trajectory is carried out, wherein the acceleration 
of the aircraft cancels the gravity acceleration. A hypergravity phase, charac-
terized by 1.5-1.8g, precedes and follows the microgravity phase. Microgravity 
resembles zero g and lasts around 20–25s. In between parabolas, the aircraft 
flies in normal 1g conditions8. PF consists of gravity transitions, (microgravity, 
hypergravity and normal gravity phases), generated during 31 parabolas. An 
entire flight lasts around 3 to 3.5h (Figure 1). 
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The present study aimed to measure the effects of acute gravitational tran-
sitions, as induced by PF, on the brain of naïve human subjects. During a PF, 
and especially during the microgravity phase, the vestibular input is largely 
disturbed and therefore might cause an incongruity with the normal terrestrial 
expectations regarding verticality and spatial orientation9. As no previous 
neuroimaging investigations have been performed under these conditions 
5,10,11, a data-driven approach was implemented to investigate changes in 
fMRI functional connectivity during resting state. 

To this aim, we included 28 healthy participants (11 female; mean(SD) age 
of 31 (7) years). Each volunteer participated in one parabolic flight of an ESA 
parabolic flight campaign in Bordeaux, France (flown by Novespace), over the 
course of 2014-2015. Prior to the PF, all selected participants received scopol-
amine (0.25mg/1mL; 0.7mL for males and 0.5mL for females), a muscarinic 
receptor antagonist known to alleviate motion sickness12. To account for 
the effects of the drug, an independent control group of 12 adults (4 female; 
mean (SD) age 24 (3) years) who received scopolamine was also included. 
These participants had no previous experience with PFs.

Each participant received two 3T resting-state functional MRI scans. For the 
PF group, pre- and post-flight data were acquired on a 3T GE MR 750 W (GE 
Healthcare, Milwaukee, Wisconsin, USA) MRI scanner at the University of 
Bordeaux and University Hospital of Bordeaux (France), using a 32-channel 
head coil. 

FIGURE 1: Parabolic flight trajectory.
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For the scopolamine control group (non-PF): two scanning sessions took 
place, a baseline medication-free session and 3 hours after the administra-
tion of scopolamine (Antwerp University Hospital, Belgium). Pre- and post- 
scopolamine data were acquired on a 3T Siemens MAGNETOM Prisma scanner  
(Siemens, Erlangen, Germany), using a 32-channel head coil. During the 
resting state scanning period, an identical MRI sequence was used as for the 
PF group. For a full overview of sequence parameters, readers are referred 
to the full publication13. 

Data preprocessing was performed with Statistical Parametric Mapping 12 
(SPM12; www.fil.ion.ucl.ac.uk/spm) and statistical analysis with the CONN 
v.16 functional connectivity toolbox (www.nitrc.org/projects/conn). Statistical 
analysis adopted a hypothesis-free (voxel-to-voxel) approach and made use of 
the intrinsic connectivity contrast (ICC)14, which characterizes the strength of 
the global connectivity pattern between each voxel and the rest of the brain. 
For a full overview of data preprocessing and analysis, readers are referred 
to the full publication13.

For the ICC analysis, the main effects of each group at pre- and post-scan 
were investigated. For the PF group, between-condition differences were 
identified in posterior cingulate cortex and right parietal gyrus. For the non-PF 
group, no post-pre scan differences in ICC connectivity were found. The 
interaction analysis revealed that the modification of the connectivity pattern 
was observed in the right temporo-parietal junction (rTPJ)/the angular gyrus 
(rAG) in the PF group in comparison to the scopolamine group, at post-scan 
as compared to pre-scan assessment (T(38)= -3.32, p<.001 FWE cluster-level, 
permutation testing; cluster size: 260 voxels, peak coordinate x,y,z=[58 -64 
18]) (Figure 2).

With no a priori assumptions, we found a decrease of the ICC scores in the 
rTPJ/rAG after the PF. These results suggest the rAG/TPG has reduced partici-
pation in whole-brain connectivity after short-term exposure to altered gravity, 
most possibly related to vestibular function alterations. Previous investigations 
also suggest that the rAG is involved in the processing and integration of ves-
tibular, visual and proprioceptive input15. For example, inhibition of the right 
TPJ caused difficulties with the perception of the upright and maintaining 
an internal representation of verticality16,17. 

These results are relevant for long-duration spaceflight, as well as for 
space tourism, where less-trained humans will be exposed to similar and 
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even more extreme gravitational transitions. Taken together, our findings 
shed light on the understanding of how the brain is affected by short-
term alteration of gravitational input and the internalization of gravity in the  
human brain.

FULL PUBLICATION

Van Ombergen A, Wuyts FL, Jeurissen B, et al. Intrinsic functional connec-
tivity reduces after first-time exposure to short-term gravitational alterations 
induced by parabolic flight. Sci Rep 2017;7:3061. 
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FIGURE 2: The hypothesis-free exploration of connectivity changes points to the right angular 

gyrus/temporoparietal junction as the region with lower scores on the intrinsic connectivity 
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at post-flight scan. Bars indicate effect sizes (beta values) and error bars 90% CI in the same 

cluster.
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The studies of the characteristics of postural stability has revealed deep 
disorders of equilibrium function after space flight of different duration 
(Kozlovskaya et al., 1981-1990; Paloski et al., 1992; Wood, 2012-2015).

Computer dynamic stabilometry method (CDP) was invented and first used 
for reflex function assessing by Lewis Nashner (Nashner, 1976). The results of 
works of American researchers, who were using the CDP, have shown that 
the restoration of the vertical balance function after short 4-10-day space 
missions occured in the first hours after landing, covering up to 50% of the 
post-flight decrease in the comprehensive assesment of EquiScore equilib-
rium during the first 3 hours (Black, Paloski, 1998).

The method of computer dynamic stabilometry included 6 Sensory 
Organization Tests (SOT), namely – the posture with eyes open or closed in 
stable or moving visual environment or support surface, during which the 
motion of the center of pressure of the subject is recorded. Later modified 
SOT2 tests (posture with eyes closed on a fixed surface) and SOT5 tests 
(eyes closed, movable support surface) were added to the series of tests. 
Modification consisted in addition to the tasks the dynamic head movements 
in the sagittal plane with a frequency of 0.33 Hz and an amplitude of 40o 
(Jain et al., 2010). 

More recent studies of the postural stability after long-term space flights 
(Wood et al. 2012, 2015) showed that the basic recovery of EqScore rate 
in the original SOT2 and SOT5 tests can be clearly detected within the first  
3 days after the flight, decelerating over the next 7 days, while the restoration 
of stability in the modified tests is ongoing throughout the ten-day study 
period with reduce of this improving’s dynamic. The authors assumed that 
the greater complexity of the tests, including dynamic head movements,  
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is associated with the readaptation of the vestibular system, expressed in the 
reassessment of otolith signals and complete blocking of slow otolith signals.
Postural stability studies, included in the Russian scientific-reseach program 
of post-flight studies, do not capture the early recovery period after the flight, 
focusing on the features of restoration of posture regulation system in the 
period from 3 to 10 days after the SF.

26 Russian cosmonauts - members of ISS crews took part in the research. The 
flight duration ranged from 115 to 199 days. All participants signed an informed 
consent to participate in the experiment. The examination was performed 
using the method of computerized dynamic posturography developed by 
L. Nashner in the 1970s with modifications introduced by NASA researchers 
(Black, Paloski, 1982-1993). During the examination, the cosmonaut was in 
a vertical position on the tensometric platform of the NeuroCom «SMART 
EquiTest» installation equipped with a controlled screen closing the field of 
vision of the subject from three sides – from the front, right and left.

The support surface and visual environment rotates in direct proportion to 
anterior-posterior (AP) body sway (sway referencing). By disrupting soma-
tosensory feedback and removing vision, this condition is sensitive to adaptive 
changes in how vestibular feedback is used for postural control

The study was carried out twice before flight and on the 3rd, 7th (8) and 10th 
(11) days after landing. The 1-way ANOVA with Bonferroni’s multiple compar-
isons test has been used for statistical analysis of the results. 

The analyzed parameter of the tests is the value of Equilibrium Score calcu-
lated by the formula EqScore = [1-(P-Psway)/12,5˚]*100, where (P-Psway) – the 
angle between the maximum deviations of the center of gravity in the sagittal 
plane during the test; 12.5˚ - maximum (P-Psway), observed in the normal 
population. Before flight, this parameter ranged from 91 to 93 during vertical 
stance with eyes open, naturally decreasing along the growing complexity of 
the task: for example, in the SOT2 test (eyes closed) it varied in a range from 
88 to 90 points, in the SOT5 test (eyes closed, the movable surface) – from 
55 to 63 points. The lowest values of the indicator were recorded in the SOT5 
test with dynamic head movements - from 28 to 41 points.

The analysis of the obtained data showed that the gradual decrease in the rate 
of recovery of the EqScore index after 3 days after landing is observed only in 
standard tests, while in the tests with head movements this did not happen. 
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Thus, at a vertical posture on a fixed surface with eyes closed (SOT2), the values 
of the studied indicator on the 3rd, 7th and 10th days did not differ significantly, 
averaging 87.14+0.86 points, and when performing a similar test with head 
movements (SOT2m) the difference between the preflight data (82+2.03) and 
10th day (78.21+2.48) becomes insignificant. 3rd and 7th days data (74.56+2.44 
and 74.73+2.69) have the significant difference with the preflight.

In the test of vertical stance with closed eyes on the movable support (SOT5), 
EqScore values increased significantly from 3 to 10 days after the SF com-
pletion (52.75+2.85 and 61.25+2.58. When performing the complicated test 
with dynamic head movements (SOT5m), the values of the studied indicator 
were 20.19+4.54 on the 3rd day after the SF, progressively increasing in the 
course of further studies-up to 26.96+3.58 on the 7th day and up to 35.78 +  
3.24 on the 10th day after the flight in opposition to reduce of improving’s 
dynamic in similar American study (Wood, 2015).

Our study has shown that recovery of EqScore to the initial level in standard 
tests SOT1-5 was observed during on the 7th day after landing. In tests with 
addition of dynamic head tilts(SOT2m and SOT5m) progressive recovery of the 
studied index continued up to day 10 after landing. Unlike in american studies 
(Wood et al., 2015), there was no decrease in the dynamics of SOT2m (Fig. 1)  

FIGURE 1: SOT2m - EqScore alteration for test with eyes closed, stable surface and sagittal 

dynamic head tilts (0,3 Hz); BDC1, BDC2 - baseline studies, R+3, R+7, R+10 - 3rd, 7th, 10th day 

after landing; * - significant difference compared to baseline; SOT2m is used for assessing of 

regulation effectiveness of closed loop feedback in the absence of visual control. Dynamic 

head tilts are used for increasing of diagnostic accuracy (Jain, 2010).
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and SOT5m (Fig. 2) EqScores. The period from 7 to 10 days after landing 
coincides with the period of recovery of the otolith function (Kornilova et al. 
2012), which suggests that the restoration of the stability index in the SOT2m 
test on the 10th day could be associated with the restoration of the ability 
of the Central nervous system to quickly track the orientation of the head in 
space, associated with the function of the otolith apparatus.
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INTRODUCTION

Results of previous studies have shown that hypogravitational motor syn-
drome is characterized by alterations in all components of the motor system 
(Kozlovskaya et al., 1987; Reschke et al., 1998). Motor control disturbances, 
such as kinematics changes of locomotion and the decline of postural sta-
bility are constantly registered after exposure to weightlessness or simulated 
microgravity (Gurfinkel et al., 1969; Kozlovskaya et al., 1981). These changes 
are caused by the development of a number of negative motor disturbances 
such as decrease of muscle tone and maximal voluntary contraction force 
(Kakurin et al., 1971; Berry, 1973; Grigoriev et al, 2004), decline of accuracy 
of muscle contraction forces control, increase of motor task execution time 
and others (Chkhaidze, 1968; Chekirda et al., 1974; Kozlovskaya et al., 2003). 
These alterations form a hypogravitational ataxia syndrome (Grigoriev et al, 
2004). Support withdrawal is one of important factors of weightlessness. 
According to the results obtained in IBMP RAS researches most of motor 
effects of microgravity are fully reproduced on Earth under conditions of Dry 
Immersion (DI), which seems to be one of the most adequate ground simula-
tion model of weightlessness (Shulzhenko and Vil-Villiams, 1975; Kozlovskaya 
et al., 1988; Tomilovskaya et al, 2013).

The goal of the present work was to study effects of support withdrawal on 
precision characteristics of programmed movements.

mailto:t.shigueva@gmail.com
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METHODS

The studies were carried out with participation of 20 healthy male volunteers 
that were exposed to Dry Immersion (DI). Twelve of them experienced DI for 
5 days, eight others – for 7 days.

To obtain precise voluntary movements characteristics a force gradation task 
with single-joint isometric plantar flexions has been used. During the task a 
subject performed a number of efforts - from the minimal to the maximal 
one with the minimal difference between neighboring movements. The initial 
minimal effort that is considered as an absolute threshold of the precision 
control system and the mean difference between neighboring efforts –  
considered as a differential threshold - were analyzed. The cases in which the 
subsequent effort didn’t exceed the previous one were defined as an error. 
The number of properly executed efforts and errors were also analyzed.

The aim of the second part of the study was to analyze the recruitment order 
of spinal motor neurons participating in execution of the task.

While executing the second task a subject maintained a small muscle effort 
(up to 7% from maximal voluntary contraction). During the task the motor 
units (MU) activities of the leg extensors (m. soleus and m. gastrocnemius 
lateral) were recorded using sterile needle concentric electrodes. The num-
ber of MU displayed on the screen under these conditions didn’t exceed 4 
or 5. Peak amplitude and duration of interspike intervals (ISI) were analysed.

Experiments were performed before DI, twice in the course of DI and on 
the next day after its completion. The Wilcoxon nonparametric criteria was 
used for statistical data analysis.

RESULTS AND DISCUSSION

Under conditions of simulated microgravity the motor task was executed as 
usual correctly. However more precise analysis of the data has revealed a 
decrease of leg movement control system accuracy expressed by a decrease 
of the number of distinguished efforts and an increase of the differential 
thresholds.
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The number of gradations decreased significantly (p<0,05) to 29,5 ±14,3 on 
day 5 of immersion (versus 36,5±13,8 in base data collection) (Figure 1A). 
The value of differential threshold of effort increased significantly (p<0,05) 
up to 4,5 ±1,5 (versus 5,7±1,7 in base data collection) on day 5 of immersion 
(Figure 1B). 

Motor unit recruitment order in the task of small isometric effort was assessed 
by the frequency characteristics of MU in the course of 7-day dry immersion 
experiment.

In full accordance with previous data (Sugajima et al., 1996; Kozlovskaya 
and Kirenskaya, 1986, 2004) small plantar flexion effort (0-5,5% of maximal 
voluntary contraction of about 140 kg) before exposure to DI was provided 
by the activity of small motoneurons. The number of MU involved in the 
task execution averaged 68,6% (of total number) in m. soleus (Figure 2A) and 
77,3% – in m. gastrocnemius lat. (Figure 2B); the average interspike intervals 
(ISI) were in the range of 100-160 ms.

The order of MU involvement in both muscles under DI conditions changed 
significantly. MUs with ISIs of 100-130 ms were not registered at all during the 
task execution on the 3d day of DI. The most of MUs involved had ISIs of 160-
200 ms. Only 59.3% of MU with ISI in the range of 130-160 ms were involved 
in the task execution in m. soleus (Figure 2A), and 28% – in m. gastrocnemius 

FIGURE 1: (A) The number of gradations. (B) The values of the differential threshold of effort. 

DI5 – 5th day of DI, BDC – base data collection. * – significant changes in comparison to 

BDC, p<0,05.
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lat. (Figure 2B). Increase of ISI values in case of constant low-level isometric 
effort maintenance shows that the small effort under microgravity conditions 
is provided by the larger MUs. The altered order of MUs involvement remained 
also on the 7th day of DI and even after its completion. 

Thus, our studies have shown a decrease of precision in programmed move-
ments under conditions of immersion which is caused not only by changes 
in cortical programming mechanisms (Kozlovskaya and Kirenskaya, 2004), 
but also by recruitment order alterations in motor neuron pool (violation of 
Henneman law) (Henneman et al., 1965) which decreases its ability to con-
trol precisely movements of low contraction level due to inactivity of small 
(postural) motor units.

FIGURE 2: Histogram of the distribution of MU by ISI in m. soleus and m. gastrocnemius lat.

(A) before DI; (B) in the course of DI; BDC – base data collection, DI3 – 3d day of DI, DI7 – 

7th day of DI.
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CONCLUSIONS

Exposure to support withdrawal conditions is followed by a decrease of 
precision in muscle force control.

Results of motor neuron recruitment order study showed that disturbances 
in precise movement control is caused not only by changes in programming 
mechanisms but also by changes in recruitment order of small motor neurons 
responsible for execution of low-level contractions.
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Exposure to weightlessness in the course of spaceflight (SF) is connected 
tightly to physiological alterations of vestibular functions, the support dep-
rivation, and a significant decline of the proprioceptive information den-
sity (Grigoriev et al., 2004), which affects negatively the ability to control a 
precision of voluntary movements. These dicturbances are resulted in the 
appearance of the alterations of complicated and complex movements per-
formance, like voluntary walking, vertical posture standing, and hand-precision 
movements (Kozlovskaya et al., 1981; 1990; Paloski et al., 1992; Grigoriev  
et al., 1993; Black et al., 1998; Wood et al., 2015).

The characteristics of voluntary movements representing motor reaction 
tasks have been studied before and after long duration SF. Eleven Russian 
cosmonauts that were included in the “Field Test” Russian-American exper-
iment performed a series of 4 following tasks: recovery from fall, voluntary 
walking, a series of tandem (heel-to-toe) walks, and a force discrimination 
task. Additionally, the severity of motion sickness (MS) was assessed as well, 
before and after each task by answering a questionary about the rate of their 
MS symptoms using a 1 to 20 scales from 1 (no symptoms) up to 20 (vom-
iting). To assess the biomechanical and kinematic parameters of voluntary 
movements, Emerald inertial measurement unit sensors were placed on the 
head, torso, trunk, wrists, ankles, and toes (APDM, Inc., Portland, OR).

In the recovery from fall task, subjects begin in the prone postion. After 
a verbal command “go”, subjects come to a stable standing position. The 
performance metric for this task is the time of the transition from prone to a 
stable vertical posture. The voluntary walking task included standing up from 
a chair, walking in a straight line and stepping over an obstacle. The obstacle 

mailto:n.osetskiy@gmail.com
mailto:finegold@yandex.ru


39th ISGP Meeting & ESA Life Sciences Meeting	 303

	
Neurosciences and Psychology

consisted of a thin metal rod balanced on top of two foam blocks. The walks 
were performed 3 times, with the obstacle height changed from the 5 to  
10 cm, and after that - finally 15 cm. Performance was assessed using the 
height and length of the step and the time of walk. The tandem walk con-
sisted of 3 trials of heel-to-toe walking for approximately 10 steps, with arms 
crossed over the chest and eyes closed. For a fourth time this was repeated 
with the eyes open, with gaze directed ahead. Tandem walk was scored by 
percent correct steps, assessed from a video recording made during each test 
session. A step was considered incorrect if there was a large gap between heel 
and toe, if there was a long pause, if the subject unfolded arms or opened 
his eyes, if the subject took an intermediate step or crossed over the stable 
foot with the stepping foot. For the force discrimination task, subjects held 
a hand dynamometer that measured the force of their squeezes. They were 
instructed to start with a squeeze with the minimal amount of force possible 
and continue to squeeze and release with just noticeably higher amount of 
force until they hit a maximum strength. In this task of grading efforts the 
number of gradations performed, the number of errors (when the subsequent 
effort did not exceed or was equal to the strength of the previous one), the 
minimal force and the average amplitude of the effort increase were analyzed.

Baseline data were collected twice prior to the SF: 60 and 30 days before 
launch (L-60 and L-30, respectively). Post-flight test sessions were conducted 
in the medical tent at the landing site approximately 1 hour after flight, and 
then - on the 3-4th, 6-8th and 12th days after the SF completion (R+0, R+4, 
R+7, R+12 respectively).

Statistical data analysis was conducted using ordinary one-way ANOVA with 
post hoc test Bonferroni, p<0.05 was chosen as a significance criteria.

Analysis of the results showed that the most profound changes in characteris-
tics of the voluntary movements were observed at the day of the landing (R+0). 
The baseline recovery from fall time to stand lasted, on average, 7.9±1.7 s,  
which was an average over subjects and over the two baseline sessions (L-60 
and L-30). The time to stand increased significantly on R+0 up to 14.8±3.0 s 
(n=9, p<0.0001, t=8.046). On the test day R+4 we still observed a significant 
time increase to 10.5±2.3 s (n=10, p=0.0148, t=3.125). On the R+7 - R+12 
the time to stand did not last longer than the baseline one.

The step length during the voluntary walking task for the baseline pre-flight 
data collections was 1.32±0.1 m (n=4) on average. This step length significantly 
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decreased on R+0 to 0.73±0.08 m (n=2) (p=0.002, t=6.594). In subsequent 
sessions, the mean length of the step did not vary from the baseline values. 
Similar changes were observed in the height of the steps: 0.15±0.02 m (n=4) 
pre-flight as compared to 0.085±0.006 m (n=2) (p=0.0255, t=3.485) on the 
landing day (R+0).

Subjects performed the tandem walk task with 12.10±0.74 (n=10) correct 
steps, that was significantly lower for this task on the landing day to 3.60±1.34 
(n=5) (p<0.0001, t=13.23). Recovery back to baseline performance was not as 
quick as for the other tasks. We found a score of 5.60±1.71 (n=10) (p<0.0001, 
t=12.39) on R+4 and 8±1 (n=8) (p<0.0001, t=8.045) - on the seventh day 
after the landing. On R+12, the score did not differ from the baseline data 
(Figure 1).

The number of gradations performed on the landing day was 23.0±5.3 (n=5), 
whereas the baseline values were 25.0±8.9 (n=5). No significant difference 
was observed. The re-adaptation period values were 27.5±8.4 (n=4) on R+4, 
30.5±14.0 (n=4) on R+7 and 25.2+6.4 (n=5) on R+12, with no significant 
difference as well.

FIGURE 1: The number of correct tandem walking steps (heel-to-toe) performed by the 

cosmonauts before and after long term spaceflight, n=11; * - significant difference compared 

to BDC values, p < 0,05; @ - significant difference compared to R+0 difference, p < 0,05.
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Subjects motion sickness scores varied greatly within subjects and throughout 
the test session (Table 1). However, there was some tendencies common for 
all the participants. After 2 minutes of prone position the symptoms severely 
decreased in all of the subjects whereas after recovery from fall the symptoms 
were almost as pronounced as at the beginning of the test. It has to be noted that 
during the task some of the subjects quit to fully perform the test complaining 
of the dizziness and nausea which were produced after the fall. 

CONCLUSIONS

The results of the study demonstrated a visible decrease of the functional 
capacities and the significant deterioration of the characteristics of voluntary 
movements after the accomplishment of the long duration SF as well as 
extremely low functional performance level immediately after return from 
space. All the mentioned changes were most pronounced in the acute period 
of re-adaptation to gravity conditions, that means days R+0 - R+3. These 
data are crucially important due to the plans for interplanetary missions and 
future work on Lunar and Martian surface.

Further investigations will broaden our knowledge on the subject and collect 
sensory-motor system recovery dynamic data in post-flight period.
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INTRODUCTION

Space and isolation missions are known to be stressful for the human organ-
ism and negatively impact on the quality of sleep and mood of crewmem-
bers. The maintenance of cognitive performance is of outmost importance 
for astronauts’ safety and for mission success during space travels. While 
short bouts of microgravity have been associated with greater cognitive 
performance than during gravitational conditions on earth (Wollseiffen  
et al., 2016), long-term isolation analogues on earth were linked with impaired 
cognitive performance (Basner et al., 2014; Gemignani et al., 2014). However, 
the underlying neurophysiological mechanisms remain unclear and efficient 
countermeasures are missing. Furthermore, high levels of stress are associ-
ated with a reduction of neurotropic factors like BDNF and IGF-1. This study 
aimed to investigate the effect of isolation on sleep, mood, cognition, neu-
rotrophic factors and brain cortical activity during 30 days of isolation under 
space flight analogue conditions. 

METHODS

Sixteen participants (aged: 37±7 years) were isolated in four missions, during 
each mission 4 participants stayed inside the HERA habitat at NASA for the 
duration of 30 days. Seventeen participants (aged: 32±9 years) were tested as 
a non-isolated control group simultaneously at the German Sport University 
Cologne. Both groups were asked to exercise on a daily basis during the  
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30 days of the interventions. Throughout the interventions participants wore 
wrist belt actigraphs to assess total light exposure during sleep, sleep effi-
ciency and wake time after sleep onset (WASO). On mission days (MD) -5, 
7, 28 and +5 participants completed a sleep diary and the Self-assessment 
questionnaire for Sleep and Awakening quality (SSA), the Positive Affect and 
Negative Affect Scale (PANAS-X) and cognitive tasks (speed match, chalkboard 
challenge, memory matrix by lumosity.com). Resting state brain activity as a 
marker of stress was assessed by a five-minutes resting electroencephalog-
raphy in relaxed sitting position with eyes-closed (Brain Products, Munich). 
Also, intravenous morning cortisol, melatonin, BDNF and IGF-1 were assessed. 
Effects of the intervention (isolation vs. non-isolation) and time were deter-
mined using repeated measures ANOVA.

RESULTS

Cortisol level was significantly increased during isolation in comparison 
to non-isolated participants (p<0.01). Melatonin (p=0.37), BDNF (p=0.92) 
and IGF-1 (p=0.09) values showed no difference between the groups and 
remained unchanged during the mission. There were no group effects for 
total light exposure during sleep (p=0.61), sleep efficiency (p=0.54), WASO 
(p=0.73) and subjective sleep quality (SSA, p=0.10). Mood was also similar 
between the groups as there were no group by time interaction on the 
positive (p=0.38) and negative affect scale (p=0.20). Cognitive performance 
was not affected by isolation as no differences were shown between the 
groups (speed match, p=0.22; chalkboard challenge, p=0.75; memory 
matrix, p=0.29). Frontal cortical current density did not show any differences 
between the isolated and the non-isolated groups (p=0.40) and remained 
unchanged throughout the intervention as there was no group*time inter-
action (p=0.72).

CONCLUSION

During 30 days of isolation sleep, mood and cognition were not impaired 
although high levels of cortisol suggest increased levels of stress. The main-
tenance of sleep quality through a daily exercise routine during isolation 
might have positively affected CNS function and structural markers, as 
brain cortical activation and neurotropic factors were not impaired during 
isolation. Further results from HERA campagne 4 in 2017/2018 might allow 
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further analyses and insights into possible effects of isolation on sleep, 
mood, cognition and its underlying neurophysiological mechanisms as 
well as the effect of physical activity as participants exercise less during 
isolation.
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Future long-term expeditions require a huge amount of metabolic resources - 
water, food, oxygen, requiring special conditions and equipment, and they 
are too heavy for existing missiles. In addition, such life support systems 
cannot exist without a high level of circulation. A comparison of the results 
of protein study and gene’s transcription in plants showed a positive, some 
limited interaction between the regulation of protein synthesis and gene 
expression in general plant reactions under space flight conditions (Kordyum, 
Chapman, 2017). The leading areas of modern biology space are cell biology 
under conditions of altered gravity and definition the cellular and molecu-
lar mechanisms plants gravisensitive. The mechanisms of gravitropism and 
graviresistance are complementary, the first being mostly sensitive to the 
direction of the gravity vector, and the second to its magnitude (Kordyum, 
2014). At a global molecular level, the consequence of gravity alteration is 
that the genome should be finely tuned to counteract a type of stress that 
plants have never encountered before throughout evolution. An increase 
in the transcription level of certain cell cycle’s genes delays the transition 
of cells from the G1- phase to S- phase in the first cell cycle that leads to a 
proliferative pool decrease. But an increase in the proliferative activity occurs 
at the subsequent stages of growth, that may testify the work of adaptation 
mechanisms and the renewal of normal cell functioning. These adaptation 
mechanisms are likely involved multigene families. Multigene families and 
redundant genes present an advantage in that they can experience changes 
without the risk of being deleterious and, for this reason, they should play a 
key role in the response to gravitational stress. 

The coordinated regulation of the interaction of plant cells is carried out 
by the synthesis of special hormones (cytokinin and auxin) which cause 
the signaling cascade in the cells (Herranz, 2014; Tank, 2014). In the event 
that the signal leads to changes in the level of gene’s expression, the tran-
scription factor (TF) is often the end point of the cascade. TF - is one of 
the groups of proteins that provides for the reading and interpretation of 
genetic information. They bind DNA and promote the initiation of a program 
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to increase or decrease transcription of the gene. So, they are need for the 
normal functioning of the body at all levels. One of the most numerous 
types of TF plants is MYB-proteins (MYB-myeloblastosis). This family of TF 
contains proteins that controling such processes as root development, pat-
terning of the leaf, formation of trichomes, cell cycle, circadian rhythms, 
transmission of a photochromic signal, etc. The MYB protein DNA-binding 
domain contains one to three repeats and approximately 50 amino acids. 
This type of TF interacts specifically with genes containing (C / T) AAS (G / T)  
G-nucleotide sequences. 

FIGURE 1: Expression of MYB3R3 in the roots of 4 daily seedlings and in the Arabidopsis 
thaliana lateral roots rudiments (a, c-control, b, d-clinorotation).
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We analyzed the expression of TF MYB3R3 in Arabidopsis thaliana root cells in a 
stationary meristem of four-day seedlings and in the rudiments of the lateral roots  
(Fig. 1). In conditions of clinorotation observed a loss of TF expression in 
comparison with control, which may be due to a decrease in the activity of 
the cell cycle and growth of the root. At the same time, in the rudiments of 
the lateral roots, when there is a peak of proliferative activity in the places 
of the formation of lateral roots, the expression of TF is also at a high level 
in both control and clinorotation. The difference in the size of the lateral 
roots of control and experiment is due to a later onset of growth of the lat-
eral roots in the clinorotation conditions, which is confirmed by the earlier 
known data on the reduction of growth parameters in the conditions of the 
changed gravity (Artemenko, 2015). The obtained data on the influence of 
clinorotation on the process and duration of the cell cycle phases, as well 
as subsequent changes in the growth and development of plants in these 
conditions, and are key in the development of onboard greenhouses and 
bioregenerative life support systems. Investigating the control of cell cycle 
events and the interaction between the molecular and cellular mechanisms 
of these processes is important for understanding undesirable changes in 
plant growth and development, since the quality and quantity of products 
that cosmonauts will use depend on it.
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Currently the presence of functional microdomains, which became 
known as “lipid rafts”, in the plasmalemma (Pl) of plant cells has been 
shown. It is supposed that rafts enriched on cholesterol and sphingolipids 
modulate the protein interrelation and in this way they include in many 
vitally important cell processes. In this work, we firstly analyzed the com-
position of fatty acids and sterols both in the Pl isolated from the roots 
of Pisum sativum seedlings grown during 6 days under slow horizontal 
clinorotation and in lipid rafts isolated from it. Rafts obtained from the root 
plasmalemma in the stationary conditions and under clinorotation were 
similar to those in other plant species. Clinorotation induced changes in 
the percentage of saturated and unsaturated fatty acids in the Pl and raft 
fractions. The percentage of cholesterol increased in Pl and especially in 
rafts under clinorotation. Nevertheless, the plasmalemma unsaturation 
index was similar to that in control for maintenance of the membrane 
fluidity necessary for normal cell viability. At the same time, a high level of 
cholesterol in lipid rafts clearly shows their increased rigidity in simulated 
microgravity, that can impact membrane activities. This work presents new 
information for future spaceflight and ground-based experimental designs.

INTRODUCTION

Properties and functions of biological membranes, especially plasmalemma 
(Pl), may consider as the most sensitive indicators of the influence of gravity 
or altered gravity on a cell. The Pl is one of the most dynamic supramolecu-
lar structures in a cell and it is the intermediate link between the cytoplasm 
and extracellular environment and involved in numerous processes such as 
transport of metabolites and ions, endocytosis, cell proliferation and differen-
tiation, defence from pathogens. Currently it has been revealed the presence 
of functional microdomains with the specific localization and content of 
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lipids and proteins in the Pl of plant cells, that became known as “lipid rafts”. 
It is supposed that rafts enriched on cholesterol and sphingolipids take part 
in many vitally important cell processes (Brown and London, 1998; Cacas 
et al., 2012). The investigations of lipid rafts help to explain the biochemical 
processes which occur in cell membrane in the normal conditions and in 
responses to stress and can’t be explained by using the other models. 

It has been experimentally shown that Pl is gravisensitive: changes in the per-
centage of phospholipids and fatty acids in Pl under clinorotation (Polulyakh, 
1988), as well as an impact of gravity on ion channels and fluidity of artificial 
and cellular membranes (Sieber et al., 2004). At the same time there is no 
information about the influence of real or simulated microgravity on lipid rafts 
in plant cells. The purpose of our work was to examine the composition of 
fatty acids and sterols in Pl and lipid rafts isolated from roots of Pisum sativum 
seedlings grown during 6 days under slow horizontal clinorotation. 

MATERIAL AND METHODS

Roots of pea seedlings grown in 6 days in the stationary conditions and 
under clinorotation (2 rpm) were used. The Pl fraction was obtained using 
the two-phase water-polymer system optimized for pea seedling roots. Rafts 
were separated in the sucrose gradient under height speed centrifugation  
(31 000 rpm, 16 hours). The fractions of Pl and rafts were obtained with an 
ultracentrifuge “Optima L-90K” (Beckman Coulter, Germany) and controlled 
by the electron-microscopic method with a transmission electron micro-
scope JEM 1230 (Jeol, Japan). The composition of saturated and unsatu-
rated fatty acids, and sterols was determined by gas chromatography with a 
chromatograph HRGC 5300 (Carlo Erba Instruments, Italy). 

RESULTS AND DISCUSSION

It was shown that lipid rafts from the root PL of pea seedlings grown in the sta-
tionary conditions and under clinorotation have the appearance of thin tapes of 
80–100 nm in length and 6–13 nm in width (Figure 1), they were similar to those in 
other plant species on the structure and size, and also enriched with cholesterol 
and saturated fatty acids. In the stationary conditions, it was found that saturated 
fatty acids prevailed in the fraction of rafts (64.5%), especially palmitic acid. The 
percentage of unsaturated fatty acids was 35.5 %, especially linoleic acid. 
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Under clinorotation, saturated fatty acids also prevailed in the fraction of 
rafts, and their percentage slightly increased up to 66.67%. Arachidonic acid 
prevailed among unsaturated fatty acids while the percentage of linoleic acid 
significantly decreased. The percentage of cholesterol increased 7 times in 
lipid rafts in comparison with control. Changes in the percentage of individual 
saturated and unsaturated fatty acids in Pl occurred under clinorotation but 
the unsaturation index was similar to that in control for maintenance of the 
membrane fluidity necessary for normal cell viability. 

At the same time, the obtained data clearly show the increased rigidity of 
the lipid domains in the Pl over the stability of the membrane fluidity under 
simulated microgravity. Since the rafts contain protein complexes necessary 
for the perception and transduction of external signals, vesicular transport 
etc. (Lingwood and Simons, 2010), a significant increase in sterols may cause 
the changes in membrane permeability and functions of respective proteins, 
that will affect cell vital activity in microgravity. 
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FIGURE 1: Rafts obtained from roots of pea 6-day old seedlings (electron transmission 

microscopy). Arrows indicate rafts.
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A new model of “Rhizogenesis in vitro” from A. thaliana leaf explant 
petioles was investigated under the simulated microgravity conditions 
(linorotation). Some ultrastructural changes were revealed in the cells 
of the roots formed de novo under clinorotation. Auxin distribution as 
the physiological parameter showed that in vitro roots did not perceive 
the gravity stimulus under clinorotation, but they reacted to gravity after 
clinorotation. Based on the experimental data, we consider that in vitro 
roots are gravisensitive and propose the model of “Rhizogenesis in vitro” 
for using in spaceflight experiments. 

INTRODUCTION

Numerous spaceflight biological experiments have shown the essential 
changes in cell behavior of multicellular and unicellular organisms in com-
parison with that on Earth (Halstead and Dutcher, 1987; Kordyum, 2014; 
Kittang et al., 2015). In our investigations, we used the model “Rhizogenesis 
in vitro” to study cell differentiation in the root cap and growth zones under 
clinorotation. An advantage of this model is the possibility to study the influ-
ence of clinorotation at the beginning of root initiation de novo and next 
morphogenetic processes unlike experiments in vivo with embryonal roots 
formed in seeds in the stationary conditions.

MATERIAL AND METHODS

Arabidopsis thaliana wild type (Columbia), GFP-MAP4 and DR5rev::GFP 
transgenic plants were selected. Rhizogenesis in vitro from leaf explants 
of the plants growing in the sterile condition in vivo was reached by using 
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the modified Murashige-Skoog medium contained 1/10 of MS mineral salts, 
without vitamins and hormones. The structure of roots formed in vitro was 
investigated by using the methods of light microscopy (Axioscope, Carl Zeiss, 
Germany), electron transmission microscopy (JEM 1230, Jeol, Japan) and 
confocal microscopy (LSM 5 Pascal, Carl Zeiss, Germany).

RESULTS AND DISCUSSION

Anatomical investigations of A. thaliana wild type roots formed de novo in 
the stationary conditions showed that they consisted of a root cap with dif-
ferentiated statocytes and growth zones (meristem, distal elongation zone 
(DEZ), central elongation zone (CEZ), and mature zone). Under clinorotation, 
roots formed in vitro preserved their anatomical structure. A cell number in 
the meristem and DEZ, as well as a length and a cell size of these growth 
zones did not also differ from control samples.

Electron-microscopic investigation showed that graviperceptive cells -  
statocytes were fully differentiated and preserved their polarity in the sta-
tionary conditions. Under clinorotation, amyloplasts revealed mainly a 
tendency to group in the cell center, rarely – in the cytoplasm whole 
volume. Under clinorotation, the ultrastructural organization of cells in 
protodermis and epidermis of DEZ was in common similar to control. At 
the same time, a size of mitochondria changed in protodermis cells. In 
the epidermis of DEZ, changes were observed in a size of mitochondria, 
vacuoles and ER-bodies.

For vital visualization of the tubulin cytoskeleton orientation in roots formed 
in vitro, we firstly obtained and used roots from leaf explants of A.thaliana 
transgenic plants GFP-MAP4. Cortical microtubules were found in root cells 
in control and under clinorotation. In the meristem and DEZ cells in control, 
cortical microtubules oriented more or less perpendicularly and shifted to 
oblique orientation in the CEZ. Under clinorotation, cortical microtubules 
preserved their orientation in the meristem and CEZ. In cells of the DEZ, the 
disorientation of microtubules was observed that may indicate gravisensitivity 
of the tubulin cytoskeleton in this zone. This process is probably connected 
with specific physiological properties of the DEZ (Ishikawa and Evans, 1995; 
Kalinina, 2006).
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Auxin (IAA) plays an important regulatory role in the plant life cycle and takes 
part in a root gravitropic reaction. We firstly regenerated roots in vitro from leaf 
explants of A. thaliana DR5rev::GFP transgenic plants, in which DR5rev green 
fluorescent protein marks auxin localization, and checked auxin distribution 
in them. In roots growing vertically (Figure 1A), auxin-dependent reporter 
DR5rev green fluorescent protein was revealed in the root central cylinder 
and in the cap columella. Under clinorotation (Figure 1B), DR5rev::GFP sig-
nal was only noted in cap cells of roots which had not a visible bending. 
Under gravistimulation of clinorotated roots (Figure 1C), the DR5rev::GFP 
localization was revealed in the columella and epidermis. Thus, our data 
demonstrate that roots formed de novo in vitro under clinorotation preserve 
their sensitivity to gravity.

On the whole, the results of performed experiments clearly showed the sim-
ilarity of the anatomical structure and differentiation of cells, specialized and 
not specialized to gravity perception, in roots of A. thaliana wild type formed 

FIGURE 1: Auxin distribution in roots formed de novo in vitro: (A) – control, (B) – clinorotation, 

(C) – gravistimulation after clinorotation.
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in vitro to those of embryonal roots. Structural and functional reactions of 
roots formed de nono demonstrated their gravisensitivity. Thus, a model of 
rhizogenesis from leaf explants in vitro is proposed for using in plant space 
biology, especially in spaceflight experiments. 

Keywords: structure, leaf explants, clinorotation, A.thaliana, rhizogenesis in vitro
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