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Putative genes associated with hypergravity-induced root growth
phenotype

Reactome pathway analysis revealed root elongation, primary root develop-
ment, auxin biosynthesis, cellulose synthase, ABA, and jasmonic acid signal-
ling pathways were significantly affected in response to hypergravity (Figure 2).
Interestingly, all these pathways positively correlate with the enhanced root

FIGURE 1: Differential gene expression analysis - Volcano plot indicating the significantly up
(4632) and down-regulated (2976) transcripts with the minimum cut off of fold change > 2
and g-value < 0.05.

FIGURE 2: Primary root development and root elongation pathways (generated using Plant
Reactome) with associated genes affected due to hypergravity (yellow highlighted).
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length phenotype suggesting auxin driven cell division leading to high demand
of cell-wall constituents due to increased root growth. Further, the candidate
genes identified are listed in the Table 1.

Table 1: Candidate genes identified for enhanced root growth phenotype
in response to hypergravity

log2
Transcripts Uniprot ID Description Fold q-value
Change
Auxin biosynthesis
TRINITY_
DN4013_cO_ indole-3-glyc- 1.03993 | 0.02295
gl il4 erol phosphate
TRINITY_ synthase, chlo-
DN4013_cO_ roplastic-like 0.01697
gl i6 isoform X1
P49572
TRINITY_ 105927
DN4013_cO_ 0.01972
gl_i16 1.06232
TRINITY_
DN4013_cO_ 1.31368 0.00073
gl_il
Cell division
PREDICTED:
TRINITY_ replication pro-
DN51301_cO_ Q9sSD82 tein A 70 kDa 1.32424 1 0.02409
gl_i12 DNA-binding
subunit C-like
PREDICTED:
TRINITY_ replication pro- | 1.33823
DN51301_cO_ tein A 70 kDa 0.02124
gl_il4 DNA-binding
subunit C-like
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TRINITY_
DN46428_c0_ P34149 cdc42 homolog | 1.39095 | 0.00902
gl_il
oy
DN2778_c0_ QO9S7A4 Y - 1.20507 | 0.00688
. cofactor of APC
g2_i2 :
complex-like
TRINITY_ cell division
DN70789_c0_ Q54TK8 control protein | 141861 0.01691
gl_il 25-like
TRINITY_ cell division
DN20916_c0_ P54774 cycle protein 16379 3.6E-05
gl_il 48 homolog
Cell number regulator
TRINITY_DN50_ cell number
c0_gl_i2 DI9HP26 regulator 2-like -1.3999 [ 0.00050
TRINITY_DN50_ cell number
c0_g4_i1 regulator 2 L1521 00414/
ABA degradation
TRINITY_DN1734_cO_ 108208 | 000781
gl_i5
] i

TR'.NITY*DNNM*CO* 125004 | 0.00336
gl_i4
TRINITY_DN60843 abscisic acid
c0.ql i - FISY99 | 8-hydroxylase |1.36392 | 0.00657

-91- CYP707A2
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Table 1 (Contd)...
ABA receptor
TRINITY_DN3981_ 11508 | 002301
c0_gl_i2
TRINITY_DN3981 COFLBL bscisic acid
_ _ alDSCISIC acCla re-
cO_gl_i1 ceptor PYL4-like 1376 0.0025
TRINITY_DN2863_ | 58090 12865 |000108
c0_gl_i2
TRINITY_DN14720_ abscisic acid re-
cl gl il Q7XBY6 | Ceptor PYRI-ike | 12627 | 003697
TRINITY_DN37259_ abscisic acid re-
c0_g1_i8 QOISCS ceptor PYL9-like 16912 | 4E-05
Jasmonic acid
jasmonic ac-
IS'N'zTYﬁDNzog%— Q5NAZ7 |id-amido synthe- |-1.3916 | 001244
-9 tase JAR2-like
Cell wall (cellulose synthase)
TRINITY__DN5875_ ADYOX2 cellulose syn- 115984 | 0.00174
cO_gl_i7 thase-1
cellulose syn-
TRINITY_DN17995_ thase A cata-
CO_gli2 A2WV32 ytic subunit 4 1.24595 | 0.00177
[UDP-forming]
TRINITY_DN11219_ 122321 | 000109
cO_gl_i1
IS'ETEDNB%S@ 1.03457 |0.04801
— Q9LHZ7 | cellulose syn-
TRINITY_DNI437_ thase-like protein | 1.38909 | 0.00018
c0_gl_i12 D2
TRINITY_DNI437_ 142678 | 0.00018
c0_gl_i5
TRINITY_DN1437_ 1 povya 131685 |0.00028
c0_gl1_i9

Proceedings of the 2021 ISGP Meeting

187



:' frontiers Event Abstracts ISGP 2021

TRINITY_DN3616_
c0_g2_il

TRINITY_DN51709_
c0_gl il

TRINITY_DN3616_
c0_g3_i2

146105 | 8E-05

cellulose syn-
Q651X6 | thase-like protein | 1.50801 [ 0.00037
E6

172465 | 1.9E-05

DISCUSSION

Transcriptome study revealed putative candidate genes and pathways associ-
ated with hypergravity induced root growth phenotype. The gene products for
auxin biosynthesis, cell division and/or proliferation, cellulose synthase were
found to be significantly up-regulated in response to hypergravity. Generally,
tryptophan-dependent/independent auxin biosynthesis pathways require the
key intermediate product — Indole-3-glycerol phosphate (IGP) (Wright et al,,
1991; Normanly et al.,, 1993). In the present study, Indole-3-glycerol phosphate
synthase gene was found to be significantly up-regulated in response to
hypergravity indicating the increased auxin level leading to the enhanced root
growth. Genes involved in cell division RPA, Cell division cycle 42 (CDC42)
Homolog and Cell division control protein 25-like (CDC25-like) were found
to be highly expressed in the hypergravity treatment group implying mitotic
cell division is highly up-regulated in response to hypergravity. Coupled with
this, down-regulation of isoform level expression of a negative regulator of
cell division gene — Cell number regulator 2 further supports the hypergrav-
ity-influence on cell division. As a consequence of cell division (number or
cell size), there was necessity of higher demand for cell-wall constituents in
hypergravity treated samples. In line with this, current study showed genes
associated with UDP formation leading to cellulose synthesis were found to
be highly expressed as evident from cellulose biosynthesis pathway analysis.
Similarly, multiple researches reported up-regulation of cellulose synthase
gene upon or under hypergravity treatment (Martzivanou and Hampp, 20003;
Tamaoki et al,, 2009). Further, the contribution of UDP-glucose to the syn-
thesis of cell wall polysaccharides in plants was well documented (Verbanci
etal, 2017).

A significant role of phytohormones in root growth is recently reported.
Specifically, ABA was reported to negatively regulate maize root growth (Mega
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et al, 2015). Multiple shreds of evidence indicate that high concentrations
of ABA not only inhibit cell division in the apical meristems but also repress
cell expansion in the elongation zone in roots (Takatsuka and Umeda, 2014;
Bai et al, 2009; Yang et al., 2014). Specifically, ABA hydroxylase reported to
degrade ABA (Gillard and Walton, 1976; Krochko et al., 1998), thus, reducing
the concentration of ABA and facilitating root growth. Consistent with this
data, ABA hydroxylase was significantly up-regulated, and in contrast, ABA
receptor PYL-4 like was significantly down-regulated in response to hyper-
gravity. Another interesting hormone Jasmonic acid was also reported to
play an inhibitory role in primary root growth (Gasperini et al,, 2015). The
repression of JA level was mediated by JAZ proteins which further recruits
MYCs (Chini et al,, 2007; Thines et al,, 2007; Yan et al., 2007), co-repressor
TPL (Shyu et al., 2012), or NINJA adaptor proteins (Pauwels et al,, 2010) and
facilitate root growth. In line with this, we found up-regulation of JAZ repressor
complex relevant transcripts and downregulation of Jasmonic acid-amido
synthetase JAR2-like gene suggesting hypergravity induced suppression of
JA levels, thus, contributing to enhanced root growth phenotype.

CONCLUSION

Collectively, this investigation was able to identify putative genes or pathways
associated with hypergravity-induced enhanced root phenotype. This study
also provides an insight into the molecular changes underlying wheat root
growth phenotype in response to hypergravity.
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INTRODUCTION

Gravity is essential for the cardiovascular system to operate accurately. In the
absence of gravity, cardiac muscles deconditioned that leads to multisystem
failure upon reintroduction of gravity (Hargens et al,, 2013; Shankhwar et al.,
2021b, 2021a) Due to the lack of use, muscles weaken and play a vital role
in cardiac muscle deconditioning during microgravity exposure (Waldie and
Newman, 2011).

Analogues are available to replicate the effects of microgravity on Earth
using head-down tilt (HDT) (Haider et al, 2013; Hargens and Vico, 2016;
Shankhwar et al., 2021c). The 6-degree HDT model is extensively used in
microgravity simulations. This HDT causes a shift in blood volume from the
lower body to the thoracic cavity. The cardiovascular system responses are
investigated via the linear domain analyses (time and frequency domain)
(Billman, 2011; Vishwajeet et al, 2020)the beat-to-beat variation in either
heart rate or the duration of the R-R interval - the heart period, has become
a popular clinical and investigational tool. The temporal fluctuations in heart
rate exhibit a marked synchrony with respiration (increasing during inspiration
and decreasing during expiration - the so called respiratory sinus arrhythmia,
RSA. Interestingly, various techniques for detecting and quantifying informa-
tion flow between time-series data have been documented. Cross-correlation
in the time domain and coherence analysis in the frequency domain are the
most prominent mechanisms for analysis. However, they are insufficient
to quantify the coupling and information flow between two biological sys-
tems. Based on conditional entropy, a novel approach for analyzing coupling
indices has been developed (CE). It is used to assess the directionality of
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connection between time-series signals (Nollo et al., 2005; Faes et al,, 2011;
Porta et al,, 2011).

It's also used to anticipate the behavior of a time series signal based on
previous data while interacting causally with another series (Eichler, 2013).
Directional coupling occurs between two-time series A and B: A—B and
B—A. Whereas indirect coupling was observed due to one mutual C series
in between two-time (A, B) series. Direct coupling indicates A—B and B—C,
and indirect coupling is A»C mediated by B. The coupling between and
within the signal is required to gain a better understanding of how a system
works (Javorka et al., 2017).

The cardiovascular system is a closed-loop system with a feedback mecha-
nism for resolving issues (Porta et al., 1998) but it is able to increase when no
robust statistic can be performed as a result of a limited amount of available
samples. As a consequence of the minimisation procedure, the proposed
index is obtained without an a-priori definition of the pattern length (i.e. of
the embedding dimension of the reconstructed phase space. In the present
study, 5-minute of 6-degree HDT was used to replicate immediate micrograv-
ity effects. With the aid of conditional entropy, the interaction between the
cardiovascular, cardiorespiratory, and vasculorespiratory systems during HDT
and supine posture was investigated. To the best of the author's knowledge,
thisis the first study to use directional coupling analysis to assess the 6-degree
HDT response with the simultaneous recording of electrocardiography (ECG),
blood pressure (BP), and respiration.

MATERIAL AND METHODS

Twenty young male individuals participated and their averaged age, height
and weightwas 25.3 + 6.14yr, 169.3 + 6.94cm and 62.5 + 12 31Kg respectively
(mean + standard deviation). All subjects signed a consent form before partic-
ipating in the study. Subjects having a history of cardiovascular, psychological,
hypertensive or medical problems were excluded from the study. Subjects
were told not to take any medicine for at least 24 hours and not to drink tea
or eat anything for at least 3 hours before being recorded. After receiving
clearance from the institute’s ethical committee, the investigation was carried
out in the institute’s biomedical instrumentation laboratory.

The recording was carried out in a controlled room environment (controlled
temperature and comfortable light), ECG was recorded using a Biopac MP100
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data acquisition system (Biopac Services, Inc., Goleta, CA). The non-invasive
tonometric blood pressure monitor NIBP 100B Biopac Systems (FUSION) was
used to monitor the blood pressure. The Biopac SS5LB respiratory transducer
belt was used to record respiration (in mV). All of the signals were collected
at 1,000 Hz and saved on a computer to be analyzed with MATLAB 2018b.

The participant was advised to rest in the supine position on the tilt table.
After that, electrodes for ECG recording were placed. To get the BP signal, a
BP radial artery sensor was positioned. An adjustable nylon strap integrated
transducer was used over the thorax to record variations during breathing.
After 20 minutes of resting phase, a baseline recording in the supine position
for 5 minutes was taken. The participant was tilted to 6-degree HDT for 5
minutes after the baseline recording. In addition, the individual was told to
breathe regularly (12-15 breath cycles per minute). A detailed schematic study
protocol is shown in Figure 1.

Conditional entropy (CE) analysis, which is based on the information domain
method and computes the information contained in time series was utilized.
Based on Shannon entropy, it has also shown the amount of information
transmission across time series. By removing the mean and dividing by the
standard deviation, all time series utilized for analysis were normalized. The
CE technigue proposed by Faes et al. 2015 has been used in the present study
for the calculation of interaction index. The interaction among electrocardi-
ograph (RRI), systolic blood pressure (SBP) and respiratory (RSP) signal was
investigated. The conditioning vector depends on the interaction used the
study such as SBP to RRI, RRI'to SBP, RSP to RRI, RRI to RSP, RSP to SBP and
SBP to RSP. Source and target series was based on the selected interaction.

20 min 5 min >E>‘ 5 min ’[}[ 10 min b 5min>

( Rest ]\[Baseline] (6degreeHDT | [ Rest | [Recovery}

C Electrode Placement ) C Continuous recording of ECG,BP and Respiration. )

FIGURE 1: Schematic representation of the study protocol followed by each subject.
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To evaluate the interaction from SBP to RRI, the SBP taken as source and
RRI as target series.

RESULTS

RRI was derived from ECG, SBP derived from raw BP and ECG-R peaks
were used to locate the respiration amplitude. Three hundred simultaneous
samples of RRI, SBP, and RSP time series are taken from each subject during
baseline and 6-degree HDT. Table 1 shows the coupling index of cardiovas-
cular, cardiorespiratory and vasculorespiratory interaction. The cardiovascular
interaction values reveals that the effect of SBP on RRI increased significantly
during 6-degree HDT as compared to baseline. Whereas, the RRI's effect
decreases significantly for the same. The cardiorespiratory and vasculores-
piratory interaction values shows no significant variations between baseline
and 6-degree HDT (Figure 2).

Table 1: Information transfer (coupling) between RRI, SBP and RSP time
series for baseline and 6-degree HDT

Interaction 0-degree (Base- | 6-degree HDT
line)

(Coupling Index)

Cardiovascular 0.19 + 0.04 0.21 + 0.04%*
(ECG «> BP) 0.06 + 0.01 0.02 + 0.01°
Cardiorespiratory 0.16 + 0.04 0.17 4+ 0.02
(ECG ¢ Respiration) 0.00 + 0.00 0.00 + 0.01
Vasculorespiratory 0.09 + 0.01 0.10 + 0.03
(BP <> Respiration) 0.00 + 0.02 0.00 + 0.00

Note: n=20'C,_,g'. indicates A's effect on B; Values are given as mean
+ SD; Significance test: *p<0.05 Baseline vs 6-degree HDT; #p<0.05

CsePoRRI vs Crri—ss8P or Crsp_srrivs Crrigrsp or Crsp—sgp Vs
Cspp_srsp (Paired student t-test).
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FIGURE 2: Craphical representation of the results of information flow analysis in two conditions:
(@) supine position (baseline) and (b) head down tilt position. Arrows between two systems are
present when the coupling index is non-zero between two systems. The style of the arrow is
arranged so that to reflect the information flow between them. (i.e., the coupling is significantly
increased for bold arrows and decreased for dashed arrows, and for solid arrows, no changes
were observed). Further, the statistical significance between baseline and HDT (i.e., the
significance of the coupling index) is indicated by *'

DISCUSSION

The present study deals with an information domain technigue, which has
been used to evaluated the relationship between cardiac, vascular, and
respiratory responses for 6-degree HDT. At 6-degree HDT, the results of
this investigation demonstrate a considerable increase in information flow
from SBP to RRI. The cardiovascular system has a feedforward and feedback
mechanism, itis a closed-loop system. These processes naturally control the
variations in the cardiovascular system that occur in the human body. The
parasympathetic system is activated by an increase in blood pressure per-
ceived by baroreflex receptors, which results in reduction of heart rate. The
arterial baroreflex is one of the mechanisms for maintaining blood pressure
by causing a change in heartrate. During a 6-degree head-down tilt, the heart
rate was regulated according to the SBP measured. Because of the baroreflex
system, the effect of RRI on SBP was reduced during 6-degree HDT. This
baroreflex mechanism keeps blood pressures stable without affecting RRI.
The mechanical feed-forward system is another name for this mechanism.
This mechanism decreases its effect because the information transfer was
decreased from RRI to SBP. In contrast to this, effect of SBP on RRI was
increased by homeostasis mechanism. This correction mechanism may have
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narrowed the vessel in order to preserve the appropriate functioning of the
human body. The CE method aided in a better understanding of HDT car-
diac, vascular, and respiratory responses, as well as determining the system's
dominance during HDT microgravity analogue.

CONCLUSION

A CE technique based on the information domain method was used to assess
the interaction between the cardiac, vascular, and respiratory subsystems.
The CE approach was used to determine the coupling index and the effect
of one system on another. During a 6-degree HDT, the parasympathetic
nervous system was activated, and the influence of vascular on heart function
was enhanced. The results derived from the CE approach are in line with
the physiological mechanisms described for cardiovascular change for HDT.
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INTRODUCTION

Earth is conducive for the origins of life in part due to its reduced exposure
to cosmic radiation relative to open space. Radiation can induce tumorous
growth formation but treatment with radiotherapy in breast cancer cell lines
such as MCF-7 have demonstrated a reduction in cancer cells (Lagadec et
al, 2012; Haussman et al, 2020). Similarly, bioactive compounds such as
curcumin have been shown to slow the development of breast cancer (Liu
& Ho 2018). Being an easily accessible molecule, it is an alternative route in
the treatment of various types of cancer; both as an isolated molecule and
in conjunction with antineoplastic agents (Giordano & Tommonaro 2019; Zoi
etal., 2021). Curcumin exerts chemopreventive and antiproliferative activities,
inhibiting the growth and proliferation of cancer cells.

In this study, we review the current biochemical understanding of curcumin
as it pertains to the breast cancer treatment and propose a computational
model to predict and elucidate the effects of curcumin on cancer and healthy
breast cell lines under conditions induced by ionizing radiation (Nassef et
al, 2020) and microgravity. In our proposed model, we will utilize compu-
tational modeling to analyze the expression of WTH3 (GAN et al., 2015), a
gene known to inhibit cell proliferation via the activation of tumor suppressor
genes which is known to be differentially expressed in cancer and normal
breast tissue. Curcumin presents an attractive target for our analysis owing
to its known therapeutic properties to human health, wide availability, and
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non-prohibitive cost. The aim of this work is to compare the level of expres-
sion of the WTH3 gene in healthy cancer cells and MCF-7 under ionizing
radiation conditions, such as those on other potentially habitable regions for
future space colonization efforts.

METHODS

The SMILES (Simplified molecular-input line-entry system) for curcumin was
collected from PubChem Database (https://pubchem.ncbi.nlm.nih.gov/). We
utilized OMIM database (Stelzer et al, 2011) to gather disease-associated
targets (Breast Cancer) and WTH3 gene interactions. The curated targets of
breast cancer were imported into the Uniprot database (https://www.uni-
prot.org/) to gather gene-related information. STRING (Search Tool for the
Retrieval of Interacting Genes) (Szklarczyk et al, 2018) was used to construct
a PPI network of interacting related genes. Estimates of gene expression,
interaction, and sub-cellular locations were done through Human Protein
Atlas (Uhlen et al, 2017). The pharmacokinetic properties of curcumin were
screened through the pkCSM package (Pires et al, 2015). We utilized the
pdCSM package suite (Al-Jarf et al, 2021) to validate our results using state
of the art graph-based signature approaches; screening curcumin as a potent
bioactive compound for MCF-7 breast cancer cell lines and exploring its
use as a small molecule kinase inhibitor. Prediction of ADME (Absorption,
Distribution, Metabolism, and Excretion) parameters and druglike nature was
done through SwissADME (Daina et al, 2017) and macromolecular target
prediction was achieved through SwissTargetPrediction (Daina et al, 2019),
for bioactive curcumin to enable small molecule drug discovery. The data
and results of pkCSM, pdCSM, SwissADME and SwissTargetPrediction are
provided in the supporting information of this study.

For the analysis of differential gene expression between the MCF-7 cell lines
and under the ionizing radiation conditions, we propose the use of RNA-Seq
to observe the up or down regulation of WTH3 gene expression within our
proposed workflow. We wish to employ the SCDE package (Kharchenko et
al, 2014) coupled to PangaloDB (Franzén et al, 2019) for exploration of the
differential gene expression and RNA-Seq data, and NetworkAnalyst (Zhou
etal, 2019) for visualization of the said data generated. Ease of Access RNA-
Seq workflows will be preferred for quick analysis of the resulting data using
the proposed workflow in our study (Melsted et al, 2019). The resulting
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interacting biological networks will be parsed and processed with BioNetComp
(Carvalho etal, 2021) to enable more insights into differential gene expression
of WTH3 under varying curcumin concentrations.

Computational modeling of a multicellular system to simulate the radiation
flow in culture systems of 3D cells will be done by employing the use of
open-source radiation transport packages, Geant4 (Agostinelli et al., 2003)
and EGSnrc (Kawrakow et al, 2017). The in-silico modeling of cancer cells
will be done via established NEATG cell-modelling methods (Pantziarka 2016).
We wish to further employ the cell modeling methods used in a similar
study (Cheng et al. 2020) to predict the anticancer properties of curcumin.
The LIDE.Space (https://lide.space/) platform will be used to collect real
experimental microgravity data for the wet-lab experiments in our study on
a competitive basis.

RESULTS AND DISCUSSION

The pdCSM results are elucidated in Figure 1. and they support the interaction
of curcumin with MCF-7 breast cancer cell lines. The BOILED-EGG (Daina &
Zoete 2016) depiction from SwissADME is shown in Figure 2. A), confirming

Anticancer Activity BT _549 HS_578T MCF7
COC1=C(C=CC(=C1)C=CC(=0)CC(=0)C=CC2=CC(=C(C=C2)0)0C)0  Active 5.274 5.071 5.493

FIGURE 1: The pdCSM result supports the interaction of curcumin with MCF-7 breast cancer
cell lines.
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the Human Intestinal Absorption of bioactive curcumin. The pie-chart of
the results from SwissTargetPrediction analysis is shown in Figure 2. B), pro-
viding a comprehensive list of probable macromolecular drug targets. The
SwissTargetPrediction results show the top promising targets are Family B G
protein and kinases. The graphical representation of RNA-Seq workflow to
be employed in our study is shown in Figure 3.

ETTTELI

FIGURE 2: (A) Schematic showing the BOILED-EGG (Daina & Zoete 2016) depiction from

SwissADME, confirming the Human Intestinal Absorption of bioactive curcumin. (B) Results
from SwissTargetPrediction analysis.
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FIGURE 3: Graphical representation of the RNA-Seq workflow to be employed in our study.
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We aim to analyze the effect of application of curcumin on the WTH3 expres-
sion level under ionizing radiation conditions. We hypothesize that In order
to prevent the formation of cancer in the body caused by radiation in harsh
space conditions, the level of WTH3 should be increased as in healthy cells.
The WTH3 promoters are upregulated with increased activity of tumor sup-
pressor genes such as p53 in the curcumin added samples. We expect to
see a decrease in the number of cancer cells with an increased expression
of WTH3 when cancer cells such as MCF - 7 when exposed to curcumin
treatment.

Analogous to the results that will be obtained through our proposed work-
flow and computational model, biological products based on the bioactive
curcumin may be applied to astronauts in space environments to solve the
problems associated with ionizing surface radiation in future space travel and
establishment missions. This study may direct the development of potent
novel bioactive supplements for the future human colonization missions.

SUPPORTING INFORMATION

The supplementary information containing the results and data of predictions
is provided online on GitHub and can be obtained from: https://github.com/
ssiddhantsharma/ISGP_Study_Data
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INTRODUCTION

The decrease in postural stability after space flights still remains the most
important problem of aerospace medicine. For a number of reasons, it is
difficult to study a person'’s balance immediately after landing, but it is pos-
sible to fully perform this in ground-based model experiments. It is known
that after Dry Immersion (DI) — one of the models reproducing the effects of
weightlessness - the slow-to-fast muscle fibers transformation is observed
(Nemirovskaya 1999, Shenkman 2016), the activity of small tonic motor units
of the leg extensor muscles decreases (Shigueva 2013), which can adversely
affect the function of postural muscles designed to hold long-term tension,
and as a result, the capabilities of postural stability control systems deteriorate
(Shigueva, 2020).

One of the tests that assess the vertical balance under external disturbing
influences is a test with the presentation of mechanical stimuli — chest pushes
that cause postural correction responses (PCR). It is shown that the charac-
teristics of the PCR change after the 6-hour DI (Sayenko, 2016). In previous
studies, the changes occurring in the postural stability system after short
periods (up to 7 days) of support unloading were well studied, but no studies
of the human posture after long term immersion exposure were conducted.
Based on the data of earlier studies, it can be assumed that exposure to 21-day
DI will lead to significant changes in human postural stability.

METHODS

The study involved 10 healthy male volunteers without visible pathologies
of the musculoskeletal system. The protocol of 21-day Dry Immersion is
described in detail in the article (Tomilovskaya 2020). All participants were
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familiarized with the conditions of the experiment and gave written informed
consent to participate in it.

The examination was started from a stand on a stable platform with eyes
open (EO) and closed (EC) for 60 seconds. Next the subjects performed a
stand with EC on an unstable platform (a foam cushion 20 cm thick) for 40
seconds. As disturbing perturbations in the conditions of a stand with EC
on a stable platform, 15-20 pushes of various strengths were applied to the
chest of the subjects, while recording PCR using the stabilographic platform
“Stabilan-01" (OKB Ritm, Russia). Figure 1 shows a schematic image of the
test and an example of a PCR.

Testing was performed three times before the start of DI and 1 hour after its
completion.

The following parameters were analyzed:

- the Romberg coefficient (RC), which characterizes the contribution
of vision to maintaining a vertical stance. RC was calculated as the

recovery time

center of pressure (CoP)
sagittal coordinate

push

uonewap Lewud

time, sec

FIGURE 1: Schematic representation of the test with the application of disturbing pushes
to the chest in the conditions of a stand on a solid platform with closed eyes. The line
shows an example of a sagittal stabilogram. The recovery time is the time during which
the fluctuations of the CoP return to the values recorded before the push (calculated
according to the method described in (Halbach, 2007)).
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percentage ratio of the amplitude of the range of CoP oscillations at the
EQO stance to the range of oscillations at the EC stance .

- the ratio of the range of oscillations on the unstable platform with EC
after the end of the immersion exposure to the same parameter regis-
tered before DI - characterizes the change in postural stability without
extraneous perturbations.

The specific recovery time was calculated from the sagittal stabilogram of
PCR. Recovery time is the time during which the fluctuations of the CoP
return to the values recorded before the push (calculated according to the
method described in (Halbach, 2007): when standing with EC on stable plat-
form, the standard deviation (SD) of CoP velocity is calculated for a period
of 4 seconds. After each push, a period of duration is determined, during
which the average CoP velocity remains within the range of 3 SD. The time
from the moment of the push to the start of this segment was considered
as the recovery time. The ratio of this time to the push force (s/kg) was taken
as the specific recovery time.

RESULTS

When analyzing the results, a slightincrease in the specific recovery time after
DI completion was revealed, while no changes in the Romberg coefficient
were observed (Figure 2).

However, when calculating the RC in the sessions before DI, it turned out that
the subjects were divided equally into 2 groups (5 people each) according
to the type of reaction to the elimination of visual feedback (Figure 3). In
the group 1, the range of the CoP oscillations increased in the absence of
visual control, in the 2nd group - decreased. At the same time, in the group
1, the range of the CoP oscillations on the unstable platform after immersion
exposure did not change, and in group 2 itincreased by 11% (p=0.0516). Next,
we will consider these groups separately.

While analyzing the specific recovery time in 2 groups of volunteers, a dif-
ferent direction of changes was found (Figure 4). In group 1, there was an
increase in this parameter after the end of immersion exposure compared to
the pre-Dl results, from 0.327+0.045 to 0.400+0.018 s/kg. In group 2, we do
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FIGURE 2: Specific recovery time (left) and Romberg coefficient (right) before and after

21-day immersion exposure. BDC - studies conducted before immersion exposure, RO - 60
minutes after the end of DI.
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FIGURE 3: (A) Average values of the Romberg coefficient (RC) in 2 groups of subjects. *
- significant differences (p<0.05, Mann-Whitney test) between the groups. (B) The ratio of
the fluctuations of the central nervous system on a soft support with closed eyes before
and after immersion exposure.
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FIGURE 4: Specific recovery time after pushes in the chest in two groups of volunteers (the
division into groups is described in Figure 3). BDC - studies conducted before immersion
exposure, RO - 60 minutes after the end of DI.

not observe any changes in the specific recovery time after DI completion
compared to the initial values. However, it should be clarified that due to the
difficulties of conducting an immersion experimentin group 1it was possible
to obtain PCR data only from 3 volunteers. Based on this, it can be assumed
that the specific recovery time of vertical equilibrium after chest pushes in
people with RC < 1 does not change after 21-day immersion exposure.

DISCUSSION

There are known studies in which the value of the Romberg coefficient less
than 100% was observed in people with neurological disorders (Nikityuk,
2016). Itis assumed that with the complication of the task of maintaining bal-
ance in volunteers with a deficit of somatosensory information, visual signals
can destabilize the posture (Kim, 2017). There are also studies that registered
a similar ratio in elderly people without neurological disorders (Fujita, 2017).
It can be assumed that the subjects of the group 2 are more focused on
vision and less - on the information coming from internal receptors. Normally,
people have the excess of sensory information about the position of the body
in space (Paolucci 2018, Tjernstrom 2015). However, even if this excess is
absent, in condition with open eyes and stable platform this absence may not
manifestitself in any way. At the same time, when presenting complex tests for
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equilibrium, the existing afferent flow may not be enough, which, apparently,
leads to a change in the strategy of maintaining equilibrium (Alexandrov 2001)
to @ more energy-consuming, but more effective one, which is expressed in
a decrease in the range of oscillations when eyes are closed.

CONCLUSION

Immersion exposure led to different changes in the studied characteristics
in 2 groups of volunteers. At first glance, it may seems that the invariability of
the specific recovery time indicates the greater vertical equilibrium of peo-
ple with a Romberg coefficient < 1 after immersion exposure. However, an
increase in the range of oscillations while standing on the unstable platform
indicates an objective decrease in their stability in this test, which, however,
is not observed in group 1. We attribute this to the likely change in the move-
ment strategy when the sensory environment changes — when the eyes are
closed, unstable platform, etc. (Horak 1986, Alexandrov 2001). The inverted
Romberg coefficient can indicate an internal psychophysiological tension
(Ryzhov 2013, Kanbara 2004) that a person experiences when closing his eyes,
as a result of which he can subconsciously reduce the range of fluctuations.
This hypothesis can be verified by studies of the electromyographic activity
of postural muscles during the test with open and closed eyes (Kanbara
2004). As a result, when considering a group with a Romberg coefficient >
1 after prolonged immersion exposure, a significant increase in the specific
recovery time after chest pushes is observed.
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INTRODUCTION

Gravity is the only constant fundamental force throughout the evolution of the
Earth (Raff, 1996). Hence, all the living organisms are evolutionarily adapted to
Earth's gravity of 1g. Any deviation from Earth’s gravity (1g) to either hypergrav-
ity or hypogravity causes a fundamental shift in physiology, structure, func-
tion, and behaviour of organisms including plants (Merkys and Laurinavicius,
1991). In plants, few studies reported that a hypergravity treatment can impart
phenotypic, physiological, and structural benefits to plants, and interestingly
some physiological traits were significantly altered due to hypergravity. For
instance, rocket (Eruca sativa) and carrot seeds exposed to hypergravity (7g)
significantly increased their germination rate, seedling growth and photosyn-
thesis (Santos et al,, 2012). Similarly, chronic hypergravity (at 10g for 8 weeks)
was reported to enhance the photosynthesis rate by increasing chloroplast
size in Physcomitrella patens (Takemura et al., 2017). These studies suggest
that hypergravity can effectively induce variability among desired traits. In this
context, the present study evaluated the hypergravity-induced phenotypic
and biochemical changes in wheat seedlings.

METHODOLOGY

Hypergravity treatments were carried out using table-top centrifuges with
tube holders to accommodate small seeds. These centrifuges can create the
desired range of hypergravity environments by precisely regulating accelera-
tion due to gravity. Briefly, tubes containing a minimum of 100 wheat seeds
(UAS-375 genotype) were subjected to hypergravity treatment (10g for 12
and 24 hrs) and evaluated for seedling vigour and plant growth parameters
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in the laboratory and greenhouse conditions. Later the associated biochem-
ical changes such as seed enzyme activity — a-amylase and total dehydro-
genase, seed protein profile, total chlorophyll content and endogenous
phytohormones levels at different stages of vegetative growth were estimated
using standard protocols (Swamy et al., 2021).

RESULTS

Wheat seeds exposed to 10g for 12 hrs exhibited a significant increase in
root length, shoot length, seedling dry weight and seedling vigour index by
19.58%, 9.15%, 10.52% and 13.73% respectively at 10g for 12 hrs only compared
to control. At 10g for 24 hrs time point no significant change in any of the
tested parameters was observed on the 8" day (final count of the seedling
stage). However, these phenotypic changes were slightly decreased when
compared to 10g 12 hrs treated seeds. Inconsistent with 8"-day plant growth
phenotypes, on the 45" day also, root length and root-associated parameters
were significantly enhanced in response to 10g, for 12 hrs only. In specific, at
10g, for 12 hrs, root length, root dry weight and root volume were significantly
enhanced by 21.93%, 18.09% and 27.91% respectively when compared to
control root. In contrast, at 24 hrs, no such significant change in root length
and its associated parameters were observed (Figure 1 and Table 1).

Increased
germination speed

TTOH )
T a-amylase J
T Glutenin )

\_ degradation /

Tshoot length
TChlorophyll content

TRoot length, volume, dry weight
TiBA [ABA

(10g for 12 hrs)

Wheat seeds

Hypergravity treatment

—ﬁ\’

Wheat seedlings

FIGURE 1: Hypergravity treatment (10g for 12 hrs) induced changes in seed biochemical
activities, and root phenotypes in wheat.
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Table 1: Hypergravity-induced changes in wheat growth parameters recorded
on the final count of wheat seedlings (8" day) and at the beginning of the
reproductive phase (45" day) in greenhouse conditions (Tab. F (5%) = 3.555)

Root length (cm)
% change
tiﬁfﬂeﬁ ¢ Mean + S. Em overg OF.’OSS Cal.F ((5:;:) CV (%)
control
Control (1g) | 14.76 + 0401
10g 12 hrs 1765 + 0.371 19.58 0.000* 11.83 1268 7032
> 24 hrs 1578 + 0497 6.91 0.235
5‘ Shoot length (cm)
% Control (1g) | 1519 + 0.350
10g 12 hrs | 16.58 + 0.302 9.15 0.032* 4059 1057 5.892
24 hrs | 16.18 + 0406 6.52 0.149
Seedling vigour index
Control (1g) 2374 + 8644
10g 12 hrs 2700 + 88.01 13.73 0.027* 4593 240.3 8.324
24 hrs | 2638 + 6643 11.12 0.080
Root length (cm)
Control (1g) | 39.17 + 2.097
10g 12 hrs | 4776 +2.982 2193 0.000* 17.25 3512 1343
24 hrs 39.34 + 1421 4.07 0.995
Shoot length (cm)
Control (1g) | 43.21 + 2407
> 10g 12 hrs | 48.24 +2.202 11.64 0.012* 1894 1410 12.76
3 24 hrs | 44.97 + 2,684 410 0083
“‘3 Root volume (cm?)
Control (1g) | 0.86 + 0.045
10g 12 hrs 110 + 0.050 2791 0.004* 7883 0.130 1211
24 hrs 0.93 + 0.037 8.14 0.549
Root dry weight (mg)
Control (1g) 1573 + 6422
10g 12 hrs 185.8 + 7.193 18.09 0.040* 4641 2069 1091
24 hrs | 1634 + 8809 3.87 1.000

Since seedling vigour was significantly enhanced in response to hypergrav-
ity, we decided to investigate the underlying biochemical basis in terms of
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a-amylase and TDH activity and protein profile, specifically in seeds, post
hypergravity exposure. In response to hypergravity (10g for 12 hrs) treatment,
a-amylase activity was significantly enhanced by 13.57% when compared to
untreated seeds. However, at 24 hrs, no significant change was observed.
Similarly, TDH activity was also significantly enhanced by 22.4% at 10g, for 12
hrs only, with no significant change at 24 hrs when compared to control seeds
(Figure 1). The SDS-PAGE analysis showed a marginal increase in the total
number of wheat seed protein bands in response to hypergravity. In addition,
the total chlorophyll content was estimated on the 8" and 45"-day growth
stages. We found significantly enhanced total chlorophyll content by 16.65%
in response to 10g for 12 hrs on the 8" day only. Further, the endogenous
phytohormone levels relevant to root growth such as indole-3-butyric acid
(IBA) and Abscisic acid (ABA) were quantified using the LCMS-MS method on
both 8" and 45"-day growth stages. We found a significant increase in IBA
level by 21.2% and 28.91%, and a decrease in ABA level by 24.59% and 86.82%
in response to 10g for 12 hrs both at 8" and 45" day respectively (Table 2).

Table 2: Hypergravity elicits robust phytohormones dynamics in the root,
profiled on the 8" day and 45" day grown in greenhouse conditions
(Tab.t = 4.303)

3-Indole butyric acid (IBA)
Control (1g) 09.68 + 0.128
10g 12 hrs 11.73 + 0454 21.20 0.57 6.29 0.024*
E 24 hrs 13.21 + 0.864 36.51 172 4.55 0.071
A Abscisic acid (ABA)
Control (1g) 0.152 + 0.016
10g 12 hrs 0.115 + 0.003 -24.59 0.022 2.88 0.021*
24 hrs 0.032 + 0.005 -79.02 0.019 10.7 0.009*
3-Indole butyric acid (IBA)
Control (1g) 5113 + 0.915
> 10g 12 hrs 6592 + 357 2891 4.61 5.54 0.031*
g 24 hrs 5111 + 0.025 -0.03 154 0.02 0.984
fg Abscisic acid (ABA)
Control (1g) 0.277 + 0.019
10g 12 hrs 0.036 + 0.004 -86.82 0.025 16.33 0.004*
24 hrs 0.042 + 0.001 -84.66 0.036 1112 0.008*
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DISCUSSION

The present study explores the possibility of hypergravity treatment for
inducing beneficial crop improvement traits both at seedling and vegetative
growth stages of the wheat crop in laboratory and greenhouse conditions.
Resultant data revealed that hypergravity treatment (10g for 12 hrs) signifi-
cantly enhanced root length, root volume, and root biomass in response to
hypergravity. Enhanced root length, root volume, and root biomass pheno-
type in wheat have significant relevance in crop improvement, in specific, for
drought avoidance or tolerance through better water usage management
mechanisms (Pfeifer et al, 2015). The enhanced root length could aid plants
in establishing robust growth and development. Lengthy roots can assist the
plants in penetrating deep into the soil and absorb water efficiently during
drought conditions. Interestingly, the observed physio-biochemical changes
such as increased a-amylase and TDH enzyme activities and reduced concen-
tration of seed gluten proteins were attributed to the robust seedling growth
phenotype in response to hypergravity (10g for 12 hrs). Similarly, elevated total
chlorophyll content across different stages of vegetative growth in response
to hypergravity may impart physiological benefits to wheat growth (Swamy
etal, 2021). Furthermore, the hypergravity elicited robust endogenous phy-
tohormones (IBA and ABA) dynamics in root signifying altered phenotype/s
(Epstein et al, 1993; Kaur et al,, 2014).

CONCLUSION

In summary, the present study investigated hypergravity treatment (10g for
12 hrs) induced significant changes in root and shoot phenotypes and asso-
ciated biochemical changes in wheat seeds and seedlings, these changes
suggest the robust seedling vigour phenotype in response to hypergravity.
Collectively, this study for the first time describes the utility of hypergravity
as a novel tool in inducing reliable root phenotype that could be potentially
exploited for improving wheat varieties for better water usage management
and thus, helps in terrestrial agriculture.
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INTRODUCTION

In microgravity, the muscular effort required to maintain posture and perform
daily activities is greatly reduced (Vernikos and Schneider, 2010). Adaptation
to this reduced level of physical activity results in whole body deconditioning
(Demangeletal, 2017). Postural muscles undergo deconditioning consisting
of atrophy, changes in muscle fiber composition, and reduced contraction
strength (Berry et al,, 1993) with the greatest loss of muscle mass occurring
in the first few days of hypoactivity (Akima et al., 2004, Pagano, 2016). Spinal
deconditioning also occurs resulting in a loss of curvature, development of
back pain, and an increased risk of intervertebral disc herniation (Buckey,
2006; Kerstman et al., 2012; Belavy et al,, 2016).

Dry immersion (DI), used as a model of microgravity exposure (Tomilovskaya
etal, 2019), alters the force of gravity on the human body and results in muscle
atrophy, reduced muscle tone, spinal dysfunction, and back pain (De Abreu et
al., 2017; Demangel et al,, 2017; Treffel et al., 2017). The purpose of this study
was to determine changes in core myofascial properties with exposure to DI
and to investigate a potential relationship between the development of back
pain and changes in myofascial properties after three days of dry immersion.
It was hypothesised that DI would result in a stiffening of core muscles and
that these changes would relate to the development of back pain.
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METHODS

The study was conducted at the Institute of Space Medicine and Physiology
(MEDES-IMPS) in Toulouse, France with data collected from 18 male partic-
ipants (35 + 6 years of age). Each participant completed five days of DI as
previously described (De Abreu et al,, 2017; Treffel et al,, 2017; Tomilovskaya
etal, 2019). Participants were randomly assigned to either a control condition
or an experimental group (10 participants) where thigh cuffs were used as
a countermeasure against fluid shift (Custaud et al,, 2020). All assessments
were conducted before dry immersion (BDC), on the third day of immersion
(DI-3), and after 5 days of immersion (R+0).

Participants were asked to rate their levels of pain using a visual analogue
scale of 0 to 10 where O represents no pain and 10 is unbearable pain. For
each pain assessment, participants provided a rating for four different regions:
cervical, posterior thoracic, abdominal, and lumbar.

Myofascial tissue properties were evaluated using the MyotonPro system
(Gavronski et al, 2007). This system provided real-time calculations of
dynamic stiffness (N/m), frequency of oscillation (Hz), and stress relaxation
time (ms). The system was used in multi-scan mode where five measures
were performed at each measurement location (Aird et al., 2012; Chuang
et al, 2012; Dietsch et al, 2014). Four different muscles were evaluated
corresponding to the four regions used for the assessment of pain: supe-
rior trapezius (cervical), longissimus (posterior thoracic), rectus abdominus
(abdominal), and erector spinae (lumbar). Measurements were made on both
the left and right sides of the body and averaged to provide a single measure
for each muscle at each time point.

Preliminary analysis did not find an effect of the thigh cuff countermeasure;
therefore, all participants were pooled for the analysis (n=18). Effects of DI
were determined using paired t-tests. Linear regressions were then used to
determine potential relationships between the change in back pain, muscle
properties at rest, and the change in muscle properties with DI. Significance
was set at p<0.05 with results presented as mean + SD.
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RESULTS

With DI, there was a significant increase in pain from BCD levels in all four
regions (Figure 1). Pain in the cervical, posterior thoracic, abdominal, and
lumbar regions increased by 1.5+1.7,0.841.5,2.0+2.7, and 3.1+2 4 respectively.
Pain levels in all regions retuned to BDC levels on R+0.

Assessment of myofascial tissue properties found significant effects of dry
immersion (Table 1). Oscillation frequency and stiffness of the superior trape-
zius and longissimus muscles were increased with DI with reduced relaxation
times. The rectus abdominus muscle decreased stiffness on DI-3 with no
changes in oscillation frequency or relaxation time. No effects of DI were
found for the erector spinae muscle. Post DI, all values returned to BDC levels.

Linear regression analysis was used to determine if the change in muscle
properties with DI or resting properties before DI exposure (BDC) related to the
development of back pain during DI. Therefore, superior trapezius properties

Pain Intensity Rating (0-10)

BDC DI-3 R+0
!

— ® —Cervical =-@=--Thoracic = @= Llumbar —@— Abdominal

FIGURE 1: Participant pain intensity ratings before (BDC), during (DI-3), and after (R+0) dry
immersion (mean + SD). Pain was significantly increased in all regions during DI (* p<0.05).
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Table 1: Myofascial properties
Superior Longissi- Rectus Erector
Trapezius mus Abdominus Spinae
F’e‘aj;”cy BDC 1501 + 1.58 1710 + 2.39 1545 + 173 1873 + 2.33
DI-3 1770 + 2.21% 17.98 + 3.09* 14.96 + 1.93 18.37 + 241
R+0 15.35 + 1.35 1731+ 2.39 15.14 + 165 1843 + 149
SE‘J/”;?S BDC 25137+ 4055 34440+ 89.82 27498 + 4148  358.38 + 41.06
DI-3  312.33 + 5740 39101 + 114.25% 25546 + 4323* 37045 + 53.84
R+0 25723 +3227 35479+ 9039 26443 + 3583 35819 + 36.96
Re'(arfst)‘on BDC 20.88 + 3.10 1551 + 3.38 19.56 + 2.53 1496 + 1.74
DI-3 1684 + 3.24* 14.33 + 3.78* 20.77 + 2.96 14.88 + 2.14
R+0 20.18 + 2.33 15.31 + 3.65 20.33 + 2.34 1512 + 1.61

Values (mean + SD) of myofascial properties assess at rest (BDC), on day three
of dry immersion (DI-3), and after three days of dry immersion (R+0). Values
that are different from the respective BDC value are indicated by * (p<0.05).

were compared to the change in cervical pain, longissimus properties to
the change in posterior thoracic pain, rectus abdominus properties to the
change in abdominal pain, and erector spinae properties to the change in
lumbar pain. Results of this analysis (Table 2) did not find a strong correlation
between any of the variables assessed.
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Table 2: Regression analysis results

i Posterior .
Cervical : Abdominal Lumbar
; Thoracic (Rectus (Erector
(Super_lor (Longissi- Abdominus) Spinae)
Trapezius) mus) P
BDC Frequency 0.001 0.000 0.018 0.108
Stiffness 0.037 0.000 0.001 0.132
Relaxation 0.016 0.003 0.006 0.141
DI Change  Frequency 0.038 0.088 0.040 0.098
Stiffness 0.031 0.089 0.018 0.001
Relaxation 0.027 0.066 0.024 0.000

Values of R squared from the regression analysis comparing the change in
perceived pain with DI to the respective muscle properties at rest (BDC) and
the change in muscle properties with DI (DI Change). None of the assessed
relationships reached the threshold for statistical significance (p>0.05).

DISCUSSION

The purpose of the study was to assess back pain and myofascial proper-
ties of core muscles before, during, and after exposure to simulated micro-
gravity using dry immersion. Consistent with the hypothesis, DI resulted in
increased back pain and changes in muscle properties. However, contrary
to the hypothesis, the change in back pain was not correlated to muscle
properties at rest or to the change in muscle properties with DI exposure.

Dry immersion has been used as a model of simulated microgravity exposure
showing fluid shifts and muscle adaptations similar to those observed during
spaceflight (Tomilovskaya et al., 2019). During DI, individuals are suspended
in a water bath which reduces the gravitational load on the spine resulting
in spinal deconditioning as seen by reduced curvature, intervertebral disc
swelling, and increased back pain (Treffel et al.,, 2017). The current study also
found increased back pain with DI and changes in myofascial properties.

The greatest increase in pain with DI occurred in the lumbar region; how-
ever, properties of the erector spinae muscle were not different with DI. This
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indicates that factors other than myofascial properties, such as intervertebral
disk swelling and a reduction in lumbar curvature which were also noted
in this study population (Treffel et al., 2020), are likely contributing to pain
development in this region during DI.

Tension in the longissimus muscle was increased with DI whereas rectus
abdominis muscle tone decreased. This allowed for spinal flexion during DI
potentially leading to an increase in abdominal wall tension and compres-
sion of the abdominal viscera contributing to abdominal pain and dorsal
thoracic pain.

Although the head and arms are not submerged during DI and are still sub-
jected to the effects of gravity, a significant increase in cervical pain and
increased superior trapezius stiffness were found. The positioning maintained
during DI required the participants shoulders to be raised for daily activities
which likely contributed to the observed results rather than unloading of the
cervical spine due to simulated microgravity.

While the development of back pain in various regions was associated with
changes in muscle properties, the magnitude pain did not correlate to resting
muscle properties or the degree of change with DI. This could suggest that
othervariables, such as intervertebral disc swelling and changes in spinal cur-
vature have a greater influence on pain development during DI or individual
variability exists for the relationship between myofascial property changes
and the manifestation of pain. Additionally, the lack of relationship between
pain and resting muscle properties indicates that resting values of the muscles
assessed are not a good predictor of pain development during DI

CONCLUSION

The dry immersion analogue of microgravity exposure results in spinal decon-
ditioning. Myofascial changes with DI exposure were observed along with the
development of back pain. A linear correlation was not found between pain
and myofascial properties suggesting the contribution of other factors to the
development of back pain or individual variability in responses. However, as
muscle changes were observed during DI, these changes need to be con-
sidered in future investigations of spinal deconditioning with microgravity
exposure.
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INTRODUCTION

The ability to coordinate actions between the limbs is important for many
activities associated with spaceflight. For example, tasks such as controlling
a rover or piloting a spacecraft often involve some type of coordination
between the limbs. Numerous ground studies have demonstrated that biman-
ual tasks that require phase relationships other than 1:1 in-phase (0°) or anti-
phase (180°) are difficult or near impossible without extensive training (Lee et
al., 1995;Fontaine et al, 1997;Swinnen et al., 1997). The difficulty associated
with producing complex relative phase patterns, such as 90°, have been
traditionally attributed to inherent constraints associated with the structure
of the neuromuscular system (Schoner and Kelso, 1988). It is important to
note, however, that auditory and/or visual metronomes were typically used to
pace bimanual performance in these experiments (Zanone and Kelso, 1992).

More recent research, however, has indicated that complex coordination
patterns (e.g., 90° relative phase) could be performed quite well within a few
minutes of training when provided integrated feedback information and other
attentional distractions were minimized (e.g., metronomes, vison of the limbs)
(Kovacs et al., 2010;Kennedy et al,, 2015). One type of integrated feedback
that has proved successful in facilitating complex modes of coordination is
Lissajous displays (Figure 1). Lissajous displays provide a goal template along
with on-line integrated information regarding the position of two individual
points (e.g., limbs) as a single point (e.g., cursor). The general results of
experiments using Lissajous displays have indicated that this type of feed-
back information allowed participants to quickly and effectively produce a
wide range of complex bimanual tasks. (Kovacs et al,, 2009a;Kovacs et al.,
2009b:Kennedy et al., 2016;Kovacs et al,, 2020).
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FIGURE 1: Illustration depicting Lissajous plot of 90 degrees relative phase (A), and visual
metronome (B) feedback conditions.
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In a recent experiment directly comparing bimanual performance with
Lissajous displays to visual metronomes, Kovacs et al. 2020 demonstrated
that participants could produce a wide variety of relative phase patterns
after only 6 minutes of practice whereas participants were not able to pro-
duce the same relative phase patterns with visual metronome. The ability to
coordinate complex bimanual tasks with the limbs when provided integrated
feedback information suggest that the detrimental effects associated with
complex bimanual coordination tasks may be due to attentional, perceptual,
and or cognitive constraints associated with the task or environment (Shea
et al, 2016). It is believed that Lissajous displays provide the CNS system an
opportunity to override the perceptual and/or neurophysiological constraints
acting on the system However, producing complex bimanual coordination
in altered-gravity environments may be even more challenging for the CNS
due to the increased attentional, perceptual, and cognitive demands associ-
ated with spaceflight and altered gravity environments (Friedl-Werner et al,,
2021). As such, itis not clear whether individuals can use Lissajous displays to
coordinate complex bimanual coordination patterns in altered-gravity envi-
ronments similar to ground studies. Therefore, the purpose of the current
study is to determine if individuals can coordinate a complex pattern of
force (90°) in simulated microgravity similar to performance on Earth and
to compare performance between the two types of feedback information
(Lissajous plots vs. visual metronome).
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METHOD

A head-up tilt (HUT)/head-down tilt (HDT) paradigm was used to compare
microgravity and Earth. Earth (90° HUT) and microgravity (-6° head-down
HDT) environments were simulated with a tilt table (Figure 2). Right limb
dominant participants (N= 8) attempted to produce a continuous 1:1 bimanual
force pattern with a 90° relative phase offset paced with a visual metronome
or Lissajous displays. The metronome consisted of two separate targets, one
for each limb, with a 90° phase offset moving at 1 Hz from bottom-to-top
(Figure 1B). Participants produced force with each limb to match the pattern
paced by the metronome. The Lissajous display consisted of a goal template
and a cursor indicating the forces produced by the two arms (Figure 1A). For
the Lissajous condition, participants’ movement were self-paced to meet a
goal frequency of 1 Hz. Participants were asked to speed up or slow down
when their movements frequency was slower or faster than 1 Hz. The cur-
sor moved from left-to-right as force was produced with the right arm and
from bottom-to-top as force was produced by the left arm. The template
illustrated the specific pattern of force needed to produce the 90° goal coor-
dination pattern. Participants performed 14 trials for each feedback (metro-
nome, Lissajous) and gravity (Earth, microgravity) condition, counterbalanced
across conditions. Each trial was 30 s. Absolute error (AE) of the continuous
relative phase was used a measure of the degree to which the required goal
relative phase was achieved. Variability of error (VE) and constant error (CE)
were used as measures of stability and bias of the 90° coordination pattern.

v
FIGURE 2: [llustration depicting the experimental arrangement for the gravity conditions (a), Earth
(90° HUT) (b), Microgravity (-6° HDT).
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All force signals were processed by using MATLAB, and the two-way repeated
measure of variances analysis (Feedback X Gravity) for the variables AE, VE
and CE was performed by SPSS 27.0.

RESULTS

Results indicated significantly lower AE with Lissajous displays compared to
visual metronomes (P=.03) (Figure 3). However, participants were not able
to tune-in the goal coordination pattern (high AE and VE) within the 6 minutes
of practice with the metronomes and performance was biased (CE) toward
the anti-phase coordination pattern (180°).
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FIGURE 3: Mean absolute error (AE) by feedback condition. The results indica