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1 Introduction

1 Introduction

Over the last billions of years, gravity has beareger-present environmental factor during the
creation of life and in evolution, affecting theypdgenetic development of all living organisms
(Anken and Rahmann, 2002). Gravity is the oldestwkn stimulus, which compelled the
ancestors of all extant living beings to develogibachievements to counter the gravitational
force (e.g. elements of statics like any kind afleton). Already early forms of life possibly used
gravity as an appropriate cue for orientation amutrol, since it is continuously present and has a
fixed direction (Anken and Rahmann, 2002). Theuefice of gravity is not well understood,
however, except that there is a clearly visiblddgal response to gravity in the structure and
functioning of living organisms (e.g. gravity sersan plants, in animals or even in humans)
(Clément, 2005). By altering the influence of thawty vector, it is possible to investigate its
impact on cell activity and functional parametefsnterest. In the present study, the influence of

altered gravity (i.e. microgravity and hypergrayigy the cellular level was investigated.

1.1 Effects of Microgravity and Hypergravity on the Development of Life

There are many studies, which have been performeithgl spaceflight and in ground-based
facilities (GBF, microgravity simulators) to invegdte the influence of microgravity @ on the
development of cells, plants, animals and humarsctwsuggested that many cell types are
sensitive to the microgravity environment (e.g. Waka et al., 2009; Buravkova et al., 2008;
Wang et al., 2011; Wakayma et al., 2009; CrawfoolnYgy, 2006; Serova et al., 1982).
Moreover, experiments during space missions suchCasmos 1129 and STS-80 have
demonstrated that microgravity affected the repctido and the early embryogenesis of rodents
(rats and mice) (Crawford-Young, 2006; Wakayamalgt2009; Serova et al., 1982; Kojima et
al., 2000). For example, rats were allowed to natepace, but the females failed to become

pregnant, although fertilization had occurred (Saret al.; 1982, Crawford-Young, 2006), and
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mouse 2-cell embryatid not show any sign of development during theasxre to microgravity
(Crawford-Young, 2006).

Furthermore, experiments were performed with amph#& such asXenopus laevisor
Pleurodeles waltl By using ground-based facilities (GBF, see chapt2) such as clinostat to
simulate the influence of microgravity on the deyghent of early staged embryosXxg#nopusit
was shown that there were changes at all stagedewélopment in comparison to the
development under normal gravity conditionsgjl(Crawford-Young, 2006; Neff et al., 1993).
These changes during development in simulated gnawaty resulted in a different morphology
of the hatching embryos: they had a larger headgetaeyes and an arched back (Neff et al.,
1993; Crawford-Young, 2006). Also salamandétke@rodeles waltlyevealed to have problems
during development in real microgravity. They shdvaénormalities in the neural tube closure in

the head or cephalic region (Crawford-Young, 2006).

Studies in order to analyze the underlying mecmanmicrogravity as well as hypergravity gh
experiments focus on gravity induced-alterationstred cellular level and thus the early
development of embryonic stem cells and embryogsifégang et al.; 2011, Shinde et al., 2015;
Kawahara et al., 2009). Wang et al. (2011) analyzetbus effects of simulated microgravity on
e.g. cell cycle distribution, cell differentiationell adhesion, apoptosis, genomic integrity and
DNA damage repair in murine embryonic stem cell€88s). These results indicated that
MESCs are sensitive to simulated microgravity iaptithg with respect to cellular events (Wang
et al., 2011; Buravkova et al.,, 2008). There weso aome studies performed undergh
conditions, which focused on genes that are invblugforming the cytoskeleton as well as those
encoding growth factors (Ma et al., 2013). The expe of cell linesn vitro to parabolic flights
showed that hypergravity and vibrations, both ogogrduring parabolic flights, affected the

behavior and development of cells and their gempeession (Ma et al., 2013).

Current research focuses on the development andyegenmesis in weightlessness in order to
understand the development of biosystems in theegbof altered gravity. Regarding this issue,

hypergravity provides a further condition to stutthg impact of gravity on the development.



1 Introduction

These kinds of studies are still at the beginnind many aspects can be investigated (e.g. cell

cycle, differentiation, morphological changes, gerpression and cytoskeleton).

1.2 Microgravity Simulators and Hypergravity Facilities

A number of ground-based facilities based on aaffiérphysical principles exist, aiming at a
simulation of microgravity such as the 2D and 3Dagtat, the random positioning machine, the
rotating wall vessel and diamagnetic levitationuiBys et al., 2016; Herranz et al., 2013). These
approaches are used to investigate the effecthmilated microgravity on e.g. the development
of embryos and embryonic stem cells as well as el structure, gene expression and
differentiation of cardiomyocytes (Crawford-Yourf)06; Hemmersbach et al., 2006; Herranz et
al., 2013; Wang et al., 2011; Shinde et al., 20E&xthermore, centrifuges are used for the
exposure of biosystems to hypergravity conditiarmshsas the Multi Sample Incubator Centrifuge
(MuSIC) and the Short Arm Human Centrifuge (SAH®hich are both located at the German
Aerospace Center at Cologne, Germany (Frett e2@L5).

The 2D clinostat technique allows the rotation ainples (typically in liquid media) around an
axis perpendicular to the direction of the grawigctor at a certain speed (usually at 60 rpm).
Under these conditions the gravity vector is cam$faurned, reaching according to the working
hypothesis residual accelerations which are nodoipgrceived by the exposed systelftgi(e

1) (Herranz et al.,, 2013; Brungs et al. 2013). Datid centrifuges are used to create a
hypergravity environment (up to 4§) for cell cultures, plants, aquatic systems up to humans
(Frett et al., 2015).

The use of ground-based facilities to simulate agcavity and to create hypergravity is a
convenient way to study the effects of altered igyaconditions in vitro on the early
development and the embryogenesis. Furthermorg,ates essential for preparing experiments

under real microgravity (e.g. spaceflights) comhs.
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19 Microgravity Clinorotation

Figure 1: The principle of clinorotation: cells in liquid media will sediment under normal gravity corditions (1
g) (left). Cells under real microgravity conditionswill be randomly distributed and weightless (cente). By the
exposure on a 2D clinostat, cells will be rotatedl@eng one axis perpendicular to the direction of thegravity
vector; microgravity is simulated due to the neutrdization of sedimentation (right) (from Hader et al., 2005)

1.3 Embryonic Stem Cells (ESCs)

Stem cells are pluripotent cells, which are commaitéfined as undifferentiated cells that can
proliferate. They have the capability of both gelfiewal and differentiation to a number of
various types of specialized cells (Rippon and &st2004). ESCs were first isolated in 1981 by
using culture techniques which are based on thereqre with the culture of ordinary stem
cells. Embryonic stem cells are pluripotent stertscelerived from the inner cell mass of a
blastocyst, an early stage preimplantation embryoure 2 (Evans and Kaufman, 1981;
Thompson et al., 1998; Itskovitz-Eldor et al., 2D@@luripotency is the competence of cells to
differentiate into any of the three germ layerddderm, endoderm and mesoderm) and is one of
the major properties of ESCs. These cells arendigished by their ability to stay in an
undifferentiated statén vitro by special culture conditions. While embryonicnsteells can
generate all cell types in the body, adult sterts @k multipotent and can produce only a limited

number of cell types.
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Embryonic stem cells have a normal karyotype, na@intig a high telomerase activity and
exhibiting a remarkable long-term proliferative g@atial (Bishop et al., 2002; Rippon and
Bishop, 2004). Cells of the inner cell mass lasiiyntinue to generate the embryo proper and
therefore have the capacity to form all the tissnébhe body. The three distinct layers are formed
after a blastocyst’s inner cell mass undergoesoeeps of specific organization (gastrulation),
which occurs after the blastocyst phase in embrydeivelopment. Gastrulation involves many

issues including distinct differentiation patteraosll shape and cell adhesion (Rowland, 2009).

\‘ Blastocyst
O }® g b-j % Inner Cell Mass
Fertilization Embryo '3
O
-
( Q%’ “ EMBRYONIC STEM CELLS

&

Ectoderm Mesoderm Endoderm Germline

Brain, Skin Muscle, Blood, Lung, Gut, Liver Sperm, Egg
Bone, Cartilage

Figure 2: Schematic representation of the isolatiorof ESCs: the blastocyst contains three componen(the
inner cell mass, the trophoblast and the blastocoglESCs are isolated from the inner cell mass of astocysts
and form all the tissues of the body; the three gen layers (mesoderm, ectoderm and endoderm) are fored
during gastrulation (Yabut and Bernstein, 2011; edied by Wegener).

Although these pluripotent cells are relatively sHived in the embryadn vivo, they have the

ability to stay in an undifferentiated staite vitro by growing in the presence of leukemia
inhibitory factor (LIF) and/or on a feeder layermtirine embryonic fibroblasts (MEF) (Smith et
al., 1988; Williams et al., 1988; Rippon and Bishgp04; Kawahara et al., 2009). When LIF or
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MEF are withdrawn, most types of ESCs differenteientaneously to form aggregates formally
known as embryoid bodies (EBs) (Kawahara et aD926lescheler et al., 1997). These spherical
structures consist of a range of different celiduding cells of all three germ layers and plerity o

other cells.

The synchronous formation of EBs can be achievedelmoval of the feeder cell layer or LIF

followed by suspension culture. EBs recapitulatayraspects of cell differentiation during early
embryogenesis. The continuous culturing of muriB€Ein vitro as embryoid bodies leads to the
formation of a range of differentiated cell typexluding the three germ layers as well as
cardiomyocytes, hematopoietic, endothelial and etkel muscle cells, neurons as well as
chondrocytes, adipocytes, liver and pancreatidssigurosawa, 2007; Kawahara et al., 2009;
Hescheler et al., 1997).

1.4 Cardiomyogenesis

A basic approach to study cardiomyogenesis, a psogéich leads to the formation of the
myocardium, is provided by the use of pluripotenirime embryonic stem cells (MESCs) by
focusing on the differentiation capability vitro (Hescheler et al., 1997). By culturing ESi@s
vitro in the absence of LIF or MEF, the cells form enaldybodies, which consist of a various
number of cell types including cardiomyocytes. Timglticellular arrangement in EB outgrowth,
cardiomyocytes appear as spontaneously contractihglusters (from day 7 onwards). During
differentiation, these clusters increase in sizd #re contractions intensity (Hescheler et al.,
1997).

There have been several cardiac specific genestddtewhich play a crucial role in the
development of cardiomyocytes sucheasand - cardiac myosin heavy chain (myosin heavy
chain 6 and 7), atrial natriuretic factor (ANF) amyosin light chain isoform 2V (MLC-2V)

(Hescheler et al.,, 1997). These genes are alsdvetvan EB contractions and can give an
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overview of the differentiation status. Furthermd8s are transparent due to their small number

of cell layers; thus, they can readily be analylagdight microscopy (Hescheler et al., 1997).

In previous studies the formation and differentiatiof cardiomyocytes in EB outgrowth was
explored under simulated microgravity as well agdarnormal gravity conditions. One of the
pilot studies were carried out with murine embryostem cells under ad.environment (Shinde
et al., 2015). Another study was performed undewutated microgravity conditions (Shinde et
al., 2015) to investigate the effect of gravitynf{alated microgravity) on differentiation,
pluripotency and differentiation markers as well aa genes which are involved in
cardiomyogensis (Myh 6, myosin heavy chain 6, arnyh M, myosin heavy chain).7There were
no studies performed under hypergravity conditiensfar, although increased gravitational
stimulation - hypergravity - may have an impactioa development of embryonic stem cells and

cardiomyocytes, respectively.

1.5 Cell Cycle

The cell cycle is a process in which the replicatend transmission of genetic material to
daughter cells takes place. Cell cycling consistsmo distinct phases, the Interphase and the
mitosis (M-phase). The Interphase comprises the @&- S- and the G2-phases and prepares
cells for mitosis. During the S-phase the chromasoeplication takes place, during the M-phase
the chromosome transmission occurs, whereas thea@d-G2-phases represent gap phases,
which temporarily separate the S- from the M-phésgire 3. Cells, which areactive and
growing are arranged in the G1-phase and are rigedptsignals to begin DNA synthesis. In the
S-phase, cells aractively replicating DNA. When cells are exiting the S-phathey start
preparing for cell division (mitosis) in the G2-gleaand contain twice the normal amount of
DNA. Connected to the G2-phase is the M-phase éisi)towhich is a four-step process and
consists of the prophase, the metaphase, the ase@Em the telophase and results in cell

7
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division and normal DNA content. In the GO-phasat hown infigure 3, cells have left mitosis
and are quiescent. These resting cells may beivatet by special signals and enter the G1-
phase. After one cell division, each daughter s#diits a new cell cycle beginning in the
Interphase with G1.

G1 S G2/M EBs

G1 ) G2/M | ESCs

Figure 3: Comparison of the schematic cell cycle micture of embryonic stem cells (ESCs) and embryoid
bodies (EBs): M=Mitosis, S=Synthesis (S-phase), @Z=Gap phases (from White and Dalton, 2005; editely
Wegener).

White and Dalton (2005) reported that pluripotegitscin the rodent epiblast have an unusual cell
cycle structure, in which the cells are devotethtoS-phase and just a few cells formed G1- and
G2-gap phases. Furthermore, it has been reporéddlo other pluripotent populations such as
murine embryonic stem cells, human embryonic stefis,cmurine embryonal carcinoma and

embryonal germ cells show such a cell cycle strecfWhite and Dalton, 2005).

Figure 4shows the differences of the cell cycle structwkesndifferentiated murine embryonic
stem cells (left) in comparison to differentiategll€ derived from embryonic stem cells (EBS)
(right). Note the prominent change in cell cycleusture accompanying differentiation,
particularly the expansion of the G1- and the Ssph&he SubG1l-phase, leftmost peak next to
the Gl-phase, consists of fragmented and apoptetis, including nuclear fragmentations,

chromatin condensation and DNA fragmentations.
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differentiation
#
ESCs EBs

| \ u .
h’\- l“*-twv‘v\,gs | \- \A

% S-phas 62 13

% G1 21 51

% G2/M 17 26

Cell cycle time (hours) 8-10 > 16

Figure 4: Embryo-derived pluripotent cells have anunusual cell cycle structure. Undifferentiated mESG
(left) and embryoid bodies (EBs) (right) derived fom mESCs were stained with propidium iodide (PI) ad
analyzed by flow cytometry (from White and Dalton,2005; edited by Wegener).

1.6 The Cytoskeleton in Altered Gravity

The cytoskeleton of eukaryotic cells can have dimde of functions: on the one hand it gives
the cell shape and mechanical resistance to defmmand on the other hand the cytoskeleton is
involved in many signaling pathways and biologipabcesses. Furthermore, it allows cells to
migrate and import extracellular material (endosigp The cytoskeleton is also responsible in
segregating chromosomes during cellular divisiom & forms specialized structures such as
flagella, cilia and lamellipodia or podosomes (e@rawford-Young, 2006), enabling cell

locomotion. The cytoskeleton is composed of thregnnprotein classes, which are capable of
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rapid assembly and disassembly (McKinley et all,5)0This property gives the cytoskeleton its
dynamic structure.

Eukaryotic cells such as embryonic stem cells ¢oritaee main kinds of cytoskeletal filaments:
microfilaments (MF), intermediate filaments (IF)damicrotubules (MT). Microfilaments or

actin filaments are composed of actin, intermediteents are composed of a family of related
proteins sharing common structural and sequenciirésa and microtubules are built with

tubulin as the basic subunit.

It has been reported that it can have detrimerftatts on individual cells, when parts of the
cytoskeleton do not act in a normal fashion (CradAgoung, 2006). The interactions between
microtubules, intermediate filaments, microfilangeand associated proteins are essential for the

normal behavior of the cytoskeleton in cells.

At the level of the cell, a number of structurateedtions take place under microgravity,
especially regarding the cytoskeleton, which becdisorganized, and in cellular responses to
the environment (Crawford-Young, 2006). Changethe gravitational field affect not just the
cell architecture such as the cytoskeleton; thep alffect the position of cell organelles like
mitochondria and nuclei, which cause an increaseeih apoptosis and the function of cell
organelles can be affected as well (Crawford-Yof)6). Also it has been reported that there
are differences in the cell’s morphology undey dompared to microgravity (Crawford-Young,
2006).

1.7 Aim of this Study

The influence of altered gravity (microgravity arypergravity) on the development of
embryonic stem cells is still not well understo&hinde et al. (2015) developed a method to
expose ESCs to simulated microgravity conditionmgighe principle of clinorotation. First
results indicated that there are changes in thee gexpression and the embryoid body

morphology. The present study complements the stiidghinde et al. (2015) in terms of cell
10
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cycle and cytoskeleton analysis of clinorotated smihic stem cells and in studying the effect of
hypergravity on ESCs differentiation considering three germ layers and their derivatives (e.g.

cardiomyocytes).

Embryonic stem cells were exposed to simulatedagi@avity and to a hypergravity environment
for indicated time periods and then transferregedtri dishes to investigate possible changes in
cell cycle distribution, gene expression, cytoskele arrangement, EB morphology and
differentiation. Embryoid body “beating” patternader 1g and hypergravity were observed as

functional read out for cardiomyogenesis.

11
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2 Materials and Methods

2.1 Materials
2.1.1 Consumables

Cell culture dishes (10 cm) Greiner Bio-one, Sadimg
Germany

Cell culture flasks (T25, T75) Thermo Fisher Sdiant
Karlsruhe, Germany and
Sarstedt, Nurnbrecht,

Germany

40 um cell strainers Greiner Bio-one, Solingen,

Germany
Cover slips Roth, Karlsruhe, Germany

Falcon tubes (15 mL, 50 mL) Roth, Karlsruhe, Germnan
and Sarstedt, Nurnbrecht,

Germany

Pipette tips (10 pL, 200 pL, 1000 pL, 5000 pL) iRotKarlsruhe, Germany
and VWR, Darmstadt,
Germany

Pipettes, plastic, sterile (1 mL, 5 mL, 10 mL, 2b,/50 mL) Roth, Karlsruhe, Germany
and VWR, Darmstadt,

Germany

Eppendorf tubes (1.5 mL, 2.0 mL) Eppendorf, Hamburg
Germany and Roth,

Karlsruhe, Germany
12



2 Materials and Methods

Slides Roth, Karlsruhe, Germany

Syringe (1 mL) Braun, Melsungen, Germany

2.1.2 Reagents

2-Mercaptoethanol Life Technologies,

Darmstadt, Germany
Antibiotic-penicillin-streptomycin Biochrom,a8lin, Germany

Bovine serum albumin (BSA), fetal bovine serum eLif Technologies,

Darmstadt, Germany

DAPI (4',6-diamidino-2-phenylindole) Applichem, astadt,
Germany

Ethanol (EtOH) Roth, Karlsruhe, Germany

Ethanol absolute Merck Chemicals, Darmstadt,
Germany

Fluorescence Mounting Medium Dako, Hamburg;n@zay

Glasgow’s minimum essential medium Life Techndegi

Darmstadt, Germany

Leukemia inhibitory factor (LIF) Merck ChemicaBarmstadt,
Germany

Paraformaldehyde (PFA) Roth, Karlsruhe, Gegyman

PBS (Phosphate Buffered Saline) Roth, Karksy@ermany

13



2 Materials and Methods

Polyethyleneimine (PEI)

Phalloidin-Texas Red

Propidium lodide (PI)

Triton X-100

Trizol

Trypsin/EDTA

2.1.3 Kits

First Strand cDNA Synthesis kit

RNeasy mini kit

SYBR-Green PCR Master Mix

Sigma  Aldrich,  Munich,
Germany

Invitrogen, Karlsruhe,

Germany

Thermo Fisher Scientific,

Karlsruhe, Germany
Roth, Karlsruhe, Germany

Thermo Fisher Scientific,

Karlsruhe, Germany

Sigma  Aldrich,  Munich,

Germany

Thermo Fisher 8tfi,

Karlsruhe, Germany
Quiagen, Hilden, Germany

Life Technologies,

Darmstadt, Germany

14
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2.1.4 Nucleotide Sequences

Table 1: Nucleotide sequences of the primers usedrfqRT-PCR.

Sr. | Gene Forward Reverse

No. | symbol

1 Troponin | 5 CGTGGTCCTGGCTGCTGAGC 3’ 3’ CAGCTGGCTGGGGGCTGGAA

2 Oct 4 5" CAGCAGATCACTCACATCGCCA 3 | 3' GCCTCATACTCTTCTCGTGGG 5'

3 KIf 4 5 CTATGCAGGCTGTGGCAAAACC 3 | 3 TTGCGGTAGTGCCTGGTCATT 5’

4 Cdh 1 5 TGATGATGCCCCCAACACTC 3’ 3’ TGGCAGTGTCCCTCCAAATG

5 Nanog 5 GCGGACTGTGTGTTCTCTCAGGC 3| 3 TTCCAFATCCFTTCABGATAG 5’
6 Myh 6 5 GCTGGAAGATGAGTGCTCAGAG 3’ | 3' TCCAAACCAGCCATCTCCTTG 5’

7 S-actin 5 GCACCACACCTTCTACAATG 3’ 3’ TGCTTGCTGATCCACATCTG’

2.1.5 Cell Culture Media

Culture medium for CGR8 (CD-medium): Glasgow’s mmnim essential medium with 2 mmol/L

glutamine, 50umol/LB-mercaptoethanol, 1000 units/mL leukemia inhibitdactor (LIF),
penicillin (100 units/mL) / streptomycin (100 pg/irhnd 10 % fetal bovine serum.

Random Differentiation Medium (RD-medium): Glasgewhinimum essential medium with 2

mmol/L glutamine, 100 pmol/lB-mercaptoethanol, 1% non-essential amino acidsicifian
(200 units/mL) / streptomycin (100 pg/mL) and 2Geé¥al bovine serum.

15
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2.2. Methods
2.2.1 Cell Culture

Mouse embryonic stem cells, cell line CGR8 (ECAC& B5011018), originally provided by the
Institute for Neurophysiology, University of Cologn Germany, were maintained within
gelatine-coated flasks in standard embryonic stelinneedium (CD-medium) in the presence of
leukemia inhibitory factor (LIF) for at least 48 Urs to achieve adhesion. Therefore, a T75 cell
culture flask was coated with 5 mL of 0.2 % gelatend incubated for 30-45 min in a €0
incubator at 37 °C. The remaining gelatine was rerdand the CGR8 cells, which were frozen
in fluid nitrogen, were melted and seeded in 12g¢ainplete medium with 120 pL LIF. After 24
hours the medium was removed and refilled withHfresmplete medium and fresh LIFgure 5
represents the experimental plan for both expostiescells were first exposed to hypergravity
or simulated microgravity for indicated time peso@4 hours, 3 days and 6 days). Then, some
samples were fixed for direct analyses whereasr cthmples were transferred to petri dishes

until day 10 (only hg experiments) for further investigations.

16



2 Materials and Methods

CGRS single cell suspensions

l

Exposure to hypergravity (h g) and microgravity (n g) / 1 g — incubation times

1 Day 3 Days 6 Days

| | |
! }

Sample collection EBs transfer into 10 cm
petri dishes on a shaker in
a CO, incubator (h g
experiments only)

Cultivation in 1 g — incubation times

Medmum exchange on day: 3,5,7,9 | Day 3 Day 6 Day 10

L

Sample collection

Figure 5: Schematic representation of the experimeal plan.

For further processing, the attached cells wertectgld by trypsinization and the cell numbers
were determined by using a Neubauer Chamber (heoroeyer). For trypsinization the medium
was removed and the attached cells were washedl@ithL PBS. PBS was removed and 5 mL
0.05 % trypsin/EDTA (1x) was added and the samplee incubated for 2 min (5 % GOB7
°C). To stop this reaction 5 mL RD medium was adaied the cells were transferred to a 15 mL

conical tube and centrifuged at 2¢@r 5 min at room temperature.
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2.2.2 Simulated Microgravity Experiments

Microgravity (i1 g) was generated using the 2D-Pipette-Clinostat r(aar Aerospace Center,
Cologne, Germanyyi@gure 6 which enables the exposure of non-adherent (@t cultures) in

10 (1 mL each) pipettes in parallel. This clinostats designed and constructed at the German
Aerospace Center in Cologne, Germany. Pipettes avifmall diameter (3.5 mm) are rotated
along their horizontal axis with a speed of 60 mesulting in a maximum acceleration of 7 x*10

g at the periphery of the pipetteBhe following equation was used to calculate theiimam

acceleration:
a= w"'r
with a=accelerationp=angular velocity, r= radius.

Cultured cells were harvested and the cells werglygeesuspended in 5 mL RD medium by
pipetting up and down. Mouse embryonic stem ceisaxcounted with a Neubauer Chamber and

diluted to a final concentration of 2.5 x*dells/mL.

The samples were split into two groups: One groupipettes was cultured at the bottom of the
clinostat (static 3y control) and the other group was cultured in theinostat (ug group). The
system was placed in an atmosphere of 95 % a# /0, at 37 °C inside an incubator. The day

on which the samples were mounted on the clinegatreferred to as day 0.
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Figure 6: A 2D-Pipette-Clinostat allows the exposwe of ten 1 mL pipettes in parallel; 1g controls are located
at the bottom (arrow) (DLR, Cologne, Germany; desiged by Dr. Jens Hauslage).

700 pL of the cell suspension were transferredachel mL pipette in such a way that the
suspension remained in the center of the pipéites keaving air at both ends. The openings of
the pipettes were closed with sterile parafilm anel pipettes were fixed in the clinostat for
various time periods. The treatmentgugroup was rotated and the controlgjlgroup was kept
stationary. For each group 10 pipettes were usé&edr A,3 and 6 days two samples from each
condition (1g and pg) were collected in 15 mL tubes and centrifuged@® g for 5 min,
afterwards the supernatant was removed and thet pedis rinsed with PBS to prepare the cells

for the different fixations.

At day 3 of exposure the medium of all pipettes wlagnged. Therefore, the cell suspensions of
each group (19, 1 g) were transferred to a 15 mL tube and centrifuged60g for 5 min, the
supernatant was removed and the pellet was gesdlyspended in fresh random differentiation
medium. New pipettes were aspirated as describedeadnd kept on the rotating clinostatgu

and at the bottom (@) until day 6. The experiments were performed thirmes (n=3).
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2.2.3 Embryoid Body Collection and Further Processig

Embryoid bodies (EBs) were collected after 1, 3 @rthys. For EB collection, the pipettes were
removed from the incubator and transferred to adigty cabinet. The parafiim was gently
removed, and for each condition ¢l 1 g) two pipettes were inverted inside 1.5 mL sterile
Eppendorf tubes. The EBs were centrifuged at@f@r 5 minutes at room temperature, the
supernatants were aspirated and the EBs were wasiwdwith 0.8 mL of PBS. Then, the EBs

were fixed in 0.8 mL of 4 % PFA for 30 min at rodemperature and were washed with PBS

again. The Eppendorf tubes were stored at 4 °@hiocytoskeleton staining.

Two pipettes of each condition were transferredlfomL conical tubes for flow cytometry
analysis. First the EBs were centrifuged at §60r 5 minutes and washed with PBS as described
above. PBS was removed and 1 mL trypsin/EDTA wakeddo each tube, which were labeled
with an A, and incubated for 5 min inside an indobaAfter gently pipetting up and down the
EBs were centrifuged at 2@Pfor 5 min. The supernatants were transferred secnd 15 mL
conical tube (labeled B) and 5 mL random differatiin medium was added. Another 1 mL
trypsin/EDTA was added to falcon tubes (labeledaA) incubated for 5 min inside an incubator,
then transferred to tubes (labeled B). 40 um dedlireers were placed on the top of 50 mL
conical tubes and the cell suspensions in falcbagdB were filtered through the strainer kept on
50 mL tubes. The collected filtrates in 50 mL falctubes contained single cells and were
centrifuged at 770y for 5 min. Supernatants were gently removed, dmal pellets were
resuspended in 1.5 mL PBS and fixed in 4.5 mL efgold 100 % EtOH to generate a final
concentration of 70 % EtOH. The cell suspensionew®red at -20 °C for at least 24 hours for

flow cytometry analysis.
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2.2.4 Hypergravity Experiments

Hypergravity was generated using the Multi Sampieubator Centrifuge (MuSIC, DLR,
Cologne, Germany), which was placed in an incubatoB7 °C and 5 % CQO(figure 7).
Confluently grown CGRS8 cells from T75 cell cultutasks were trypsinized and transferred to
T25 cell culture flasks with a final concentratioh2.5 x 10 cells/mL and a total volume of 25
mL. Mouse embryonic stem cells were exposed tondiraaous hypergravity (ko) of 1.8g (with

a speed of 100 rpm) for 1, 3 and 6 days. Thg cbntrols were grown in parallel in T25 cell
culture flasks at the bottom of the centrifugehe same incubator. The day on which the cells
were mounted on the centrifuge was referred toagsd All experiments under hypergravity

conditions were performed four times (n=4).

At day 3 of exposure the medium was changed. Aaaglyl the EB suspensions of the treatment
and the control group (b, 1 g) were transferred to a 50 mL tube and centrifugie®60g for 5
min, the supernatants were removed and the pe&liets gently resuspended in 25 mL of fresh

random differentiation medium. The same flasks wsed and refilled.
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Figure 7: Multi Sample Incubator Centrifuge: for in cubation during hypergravity conditions of cell cukures
different inserts have been constructed. Dependingn the experimental demands, accelerations up to 49
under controlled environmental conditions can be aplied. 1 g controls are located at the side of the centrifuge
(arrow) (DLR, Cologne, Germany).

2.2.5 Embryoid Body Collection and Further Processig

For EB collection the cell culture flasks were resad from the incubator to a biosafety cabinet
and inverted to 50 mL falcon tubes. Then for eamiddion (1g, hg) 3 mL of CGR8 EBs were
transferred to petri dishes (10 -cm diameter) dairtg 12 mL of RD medium. These CGR8 EB-
containing dishes were placed on a continuouslykisgadevice inside a CQOincubator

(reciprocation motion 50/min) until day 10. The mad was changed every second day.
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On day 3, 6 and 10 the EBs from the petri dishegwellected and fixed in Trizol. Trizol is a

reagent, which can be used for the isolation oh4ggality total RNA, DNA and protein of

biological samples such as embryonic stem cellsr&tbre, the EBs were washed with 2 mL of
PBS twice and collected in 1 mL Trizol, transfernetb 1.5 mL DNAse free tubes and stored at -
80 °C until RNA isolation. Right after the expostioehypergravity EBs were also collected in 1
mL Trizol after 1, 3 and 6 days. The petri dishewravphotographed (stereomicroscope Nikon
SZM 1500, Nikon Instruments Europe B.V., Germartybhe collection days to analyze the EB

morphology (diameter, area and circularity).

Furthermore, 1.5 mL of the EB suspensiongy(h g) were fixed in 0.8 mL of 4 % PFA for
cytoskeleton staining as well as for flow cytome#yalysis as described for the microgravity

experiments.

2.2.6 Cytoskeleton Staining (Phalloidin/DAPI)

After the fixation in PFA the samples of treatmant control groups (b, | g) were centrifuged
at 2.2g for 5 min and washed three times with PBS. Theeswgiants were removed and 400 pL
of 1 % Triton-X100 in PBS was added for 2 min aimotemperature, followed by three washing
steps with 0.1 % BSA in PBS. Subsequently the sasnwkre blocked in 3 % BSA in PBS for 1
hour at room temperature and centrifuged agZd@ 5 min. Then Phalloidin-Texas Red (it binds
and stabilizes actin polymers) in PBS with a ratio1:40 was added to each sample and
incubated for 1 hour followed by a centrifugati@i2( g, 5 min) and three washing steps with 0.1
% BSA. In order to stain the nuclei, DAPI (4'6+idino-2-phenylindole), which is a
fluorescent stain that binds strongly to A-T riakgions in DNA, was added for 20 min in
darkness. In the meantime an area of 2 cm in demefas encircled on 0.1 % PEI
(Polyethyleneimine) in PBS coated slides with a pap. The samples were rinsed with PBS

twice and a drop of EB suspension was transfeodbd slides, mounted in DAKO, a mounting
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medium for fluorescent microscopy protecting thengles against whitening, and covered. The
slides were analyzed by a confocal laser scantirmgelscent microscope (Nikon D Eclipse,80
Nikon Instruments Europe B.V., Germany) and proegswith ImageJ (Fiji Is Just, Image

Processing and Analysis in Java).

2.2.7 Flow Cytometry

Flow cytometry is a laser-based method measuriagottysical and chemical characteristics of
cells as they travel past a detector in a singlesospension. Flow cytometers consist of a light
source (laser with a specific wavelength), coll@ctioptics, electronics and a computer that
translates signals to data. A fine stream of thlescspension is directed through the laser beam,
where every passing cell scatters and absorbs sdrtlee light and might additionally emit
fluorescence. A detector in front of the light beameasures forward scatter, which correlates
with cell size. Several detectors measure sidetescabide scatter is proportional to the
granularity of the cells. These fluorescence detsctjuantify the fluorescence emitted from

stained cells or particles (Part, 2000; PD Dr. Well, personal communication).

Flow cytometers can also be used for cell cycldyarsaand cell sorting. The most commonly
used dye for DNA content and cell cycle analysiprigpidium iodide (P1) (Part, 2000; Hellweg,

personal communication). Propidium iodide passesutfh a membrane, intercalates into the
major groove of double-stranded DNA and producdsgaly fluorescent adduct that can be
excited at 488 nm (Part, 2000; Hellweg, personairooanication). For cell cycle information see

chapter 1.5.

The profile of cells in different phases of thelceycle was determined using previously

established methods (White and Dalton, 2005). Afteubation for indicated times (1, 3 and 6
24



2 Materials and Methods

days) cells were processed and stained with Pl thed analyzed by FACSCalibur (BD

Biosciences, Heidelberg, Germany). For the staitiggcell suspensions, which were fixed in
EtOH and stored at -20 °C for at least 24 hourgewtluted with PBS at a ratio of 1:1 and
centrifuged at 50Q for 5 min at room temperature. The supernatants Wiscarded and 1 mL of

P1 staining solution was added to each sample rarubated at 37 °C inside a €{Ddcubator for

1 houir.

10 mL PI staining solution contained 10 mL PBS, pQORNA-se, 80 pL propidium iodide and
8 uL Triton-X 100.

The stained samples from the different conditiohsimulated microgravity and hypergravity as
well as the control groups were then analyzed BA@SCalibur. All raw data were converted to
FlowingSoftware 2.5.1 (a flow cytometry data anaysoftware) and processed with a
programmed analysis for cell cycle phases by PD Christine Hellweg (DLR, Cologne,
Germany) {igure 9. The further analysis was done with Microsoft &x010 (Microsoft
Deutschland GmbH), also a special programmed dbestalyze the different phases of the cell

cycle, which was programmed by Prof. Dr. Christafatark-Khan (DLR, Cologne, Germany).
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Figure 8: Example of flow cytometry analysis with FowingSoftware 2.5.1 based on a pilot experiment: He
first image (upper left) shows a dot plot of forwad and side scatter, below is shown a typical celld status
with the majority of cells in the GO/G1 phase (lefpeak) and G2/M phase (rightmost peak). The area b&een
these peaks indicates cells within the S-phase. Theper right image shows a dot plot of single celldbelow,
the statistics are shown. Further analysis can beothe with Microsoft Excel.

2.2.8 RNA Isolation and cDNA Synthesis

The isolation and purification of RNA in the coursé the hypergravity experiments was
performed using an RNeasy mini kit at the Institide Neurophysiology of the University of
Cologne. In brief, the EBs in Trizol were lysed ppgssing through a 24-G needle with a 1 mL
syringe 30 times. 0.2 mL Chloroform (CHLMWas added, then vortexed to mix the contents
uniformly and the samples were centrifuged at 12 #0n at 4 °C for 15 min. 400 pL of the top
layer, which contained the RNA, was transferred ispecial filter tubes (which were placed in
1.5 mL collection tubes) and centrifuged for 1 nain12.500 rpm, then the filter tubes were
removed and 450 pL ice cold 100 % EtOH was addeath sample.
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These solutions were transferred into special 1L5calumns which are used for RNA isolations
(RNeasy Mini Spin Columns) and again centrifuged 12500 rpm) for 20 seconds at room
temperature. The filtrate was discarded and 60@{uRW1 buffer (from RNeasy mini kit) was
added, followed by a centrifugation for 1 min (2300 rpm). The filtrate was discarded again,
then 600 pL RPE buffer (from RNeasy mini kit) wakdad and the samples were centrifuged
once more. Subsequently, the columns were traesfanto new 2 mL collection tubes and
centrifuged for 2 min at room temperature to remthesbuffers completely. The columns were
converted to DNase and RNase free 1.5 mL colledtibes and 22 pL nuclease free water was
added to the center of the columns for the finahih of centrifugation (12.500 rpm). The

supernatants contained the RNA. The collectiondwhere stored on ice.

The total RNA was purified using an RNeasy mini &itd RNA quantification was performed
using NanoDrop 1000 (Thermo Fisher Scientific, Karhe, Germany).

cDNA for the quantitative real-time polymerase chegaction (RT-gPCR) was then obtained
with the First Strand cDNA Synthesis kit. The feliog protocol has been optimized for
generating first-strand cDNA for the use in twopstgRT-PCR. For a single reaction the

following components were combined in a tube oreice gently mixed:

5 X VILO ™ Reaction Mix 4 pL
10 X SuperScriptR Enzyme Mix 2 uL
RNA (up to 2 ug) X ML

RNase free water to 20 pL

cDNA First Strand Synthesis conditions were aofed: 10 min at 25 °C, 60 min at 42 °C and 5

min at 85 °C to terminate the reaction.
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2.2.9 Reverse Transcriptase Quantitative Real-Timd?olymerase Chain Reaction (qRT-
PCR)

Quantitative real-time PCR at the Institute for Mghysiology of the University of Cologne was
used to determine the expression levels of thesgehmterest (see results and discussion) of the
hypergravity (hg) experiments. gqRT-PCR analysis was performed uam@\Bl 7500 FAST
Detection System (Applied Biosystems). RNA fromteaample was reverse transcribed using a
SuperScript VILO cDNA synthesis kit (chapter 2.2.RT-PCR was performed for treatment
and control group (lg, 1 g) using SYBR-Green PCR Master Mix. The reactiorunu was 20
ML, including 2 puL of template cDNA and a final mer concentration of 500 nmol/L. The
Master Mix combined for a single run: 10 pL Platmfe SYBRR Green qPCR SuperMix-UDG
with ROX, 0.5 pL of each Forward and Reverse pri@éruM) and 7 pL RNase free water.

18 pL of the mixed Master Mix was added to eacH wela 96 well PCR plate as well as 2 pL
cDNA. Subsequently, the plates were run on thetnes instrument ABI7500 FAST detection
system (Applied Biosystems).

PCR conditions were as follows: 2 min at 50 °C, i at 95 °C, 40 cycles of 3 s at 95 °C and 30
s at 60 °C, followed by a melting curve analysepgtl5 s at 95 °C, 1 min at 60 °C and 15 s at 95
°C per cycle).

gRT-PCR was performed for the following target geridyh 6 (Myosin, heavy chain 6, cardiac
muscle), Oct 4 (octamer binding transcription faetppluripotency and differentiation marker),
CDH 1 (Cadherin-1, differentiation marker), KIf KrOppel-like factor 4, differentiation marker),

cardiac Troponin (CT, cardiac muscle), Nanog (plotency marker).

The gene expressions of target genes were normdaizehe housekeeping reference g@ne
actin. The relative fold-expression changes weteutated using the algorithm as the power of
the negative value of the delta-delta Ct valué*f2) with a base of 2 (Livak and Schmittgen,

2001). The resulting mRNA expression values werdtgd as a fold change relative to the
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respective control with Microsoft Excel 2010 (Misadt Deutschland GmbH). For raw data

analysis the ABI7500 software v2.06 was used.

2.2.10 Embryoid Body Morphology

In a previous study, the morphology of embryoid ibedwas investigated under simulated

microgravity conditions (Shinde et al., 2015).

In addition to this study, in the present work t#Bs were formed by cultivation in a T25 cell
culture flask as mentioned in chapter 2.2.5 to ym®althe impact of hypergravity on EB
morphology. Right after the exposure to hypergyavibe treatment and control group were
photographed immediately after 1, 3 and 6 daysggteicroscope Nikon SZM 1500, Nikon
Instruments Europe B.V., Germany, Zeiss Axiovert [h@erted Microscope, Carl Zeiss,
Oberkochen, Germany) and transferred into petiedisuntil day 10. The plates were also
photographed at day 3, 6 and 10 to investigateilggsshanges in EB morphology. Furthermore,
the day on which EBs started “beating” was videpgeal.

The EBs were photographed at the indicated timatpoand the diameter, the area and the
circularity (roundness, a function of the perimeded area) were determined using ImageJ and
Microsoft Excel 2010 (Microsoft Deutschland GmbRr circularity the following equation was

used:

. . 4 1 Area
Circularity = ———.
Perimeter?
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2.2.11 Statistical Analysis

Statistical analyses were performed with GraphPashP5 (GraphPad Software, Inc, USA).
Statistics were based on the Kolmogorov-Smirnowmadity test. For cell cycle analysis and EB
morphology (area, diameter and circularity) Two-wayva and Bonferroni post hoc tests were
performed to evaluate the statistical significarféer qRT-PCR no statistical tests were carried

out because of the insufficient mMRNA quality angmssion values (see results).

A P value of < 0.05 was considered statisticallyngicant. The nomenclature in figures and
tables is: * = p < 0.05, ** = p < 0.01, *** = p <@01.
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3 Results

3.1 Simulated Microgravity Experiments
3.1.1 Macroscopic and Microscopic Observations: Cgskeleton

In order to study the impact of simulated microgsawon the actin cytoskeleton, three
independent experiments were performed with thiferent passages of CGRS8 cells in 1 mL
plastic pipettes containing RD medium. For indidatene periods the cells were exposed to
simulated microgravity, while the controls were kapthe bottom of the 2D pipette clinostat. At
particular time points, EBs were stained with Rbidlh-Texas Red (actin flaments) and DAPI
(cell nuclei) to qualitatively investigate visibthanges in the formation of actin filaments. In
figure 9the actin filaments and cell nuclei are showntlier specified time periods comparing the
treatment (Lg) to the control group (@). The merged pictures as well as the bright fddures

are also representedfigure 9on the left side. During the observations the ascopy settings

(e.g. light intensity) were not changed.
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Figure 9: Actin cytoskeleton of cultured embryoid lodies after 1 day (A), 3 days (B) and 6 days (C):
comparison of treatment (ng) and control group (19); EBs were photographed with a confocal laser scaimg
fluorescence microscope; red: actin filaments (Phlgidin-Texas Red), blue: cell nuclei (DAPI), blue ad red:
merged. Scale bars: 100 pm.
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The 1 day exposure of ESCs to simulated micrograshiowed no obvious variations in actin
filaments of the resulting EBs compared with thgecbntrol, though their size differenced as EBs
were smaller under simulatedguthan the 1g control (igure 9 A). Also the 3 day exposure did
not show any sign of change with respect to thendcamework compared with the control
group (igure 9 B, whereas on day 6 the microfilaments in clinaedasamples were less
pronounced flgure 9 Q. The actin framework under @ condition was denser and tightly
arranged compared to the actin framework in cellsiciv had developed in simulated
microgravity. There were no obvious changes obskenveell nuclei arrangements after 1 day, 3
days and 6 days between the two gravity conditidhg. 6 day control group showed, however,
that some cell nuclei were located at the bordethef EB, where the actin filaments were
diffusely arranged. Furthermore, there were diffess in EB sizes observed, especially after 24
hours as well as on day 3 and 6 between theathd pug group. The g samples were smaller

than the corresponding control groups (see scaibare 9).

3.1.2 Effect of Simulated Microgravity on the CellCycle

In order to investigate the effect of simulated nmgravity on the proliferation of embryonic stem
cells, mouse ESCs were prepared and stained witpiddum iodide at different time points
during development. Propidium iodide intercalatew ithe major groove of double-stranded
DNA and produces a highly fluorescent adduct. Seipehtary, the cells were stained before the
start of the experiment and referred to as dayd. Ik 3 and 6 days, the experiments were
performed three times. lingure 10the differences of the cell cycle structure of iffiedentiated
murine embryonic stem cells (left) in comparisonetabryoid bodies (right) under normalgl
environment, is shown. Note the dramatic changecefi cycle structure accompanying
differentiation, particularly the expansion of tk&l- and the S-phase. Furthermore, the total
number of cells is higher on day 6 than on dalydi(e 10).
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Figure 10: Comparison of cell cycle structure of udifferentiated mESCs (left) and embryoid bodies (EB)
(right) derived from mESCs, which were stained withpropidium iodide (P1) and analyzed by flow cytomety.

Figure 11represents CGRS cells in different cell cycle @sasvhich have been maintained ina 1
g environment compared to cells kept at simulateckrogravity during differentiation until day

6. Here it is shown that most cells were arrangethe G1-phase and that apoptosis (SubG1-
phase) was increased during differentiation undgra% well as under simulatedguconditions
(leftmost peak next to G1l-phase) compared with figr@intiated cells. This phase consists of
fragmented and apoptotic cells, including nucleagrmentations, chromatin condensation and

DNA fragmentations.

Furthermore, in both groups, fewer cells were ayeahnin the S-phase as well as in the G2/M-
phase during development until day 6 compared wiittifferentiated cellsfigures 10and11).
When ESCs were maintained at g énvironment the total number of cells was higlmmpared

with the treatment group at each time poimLfe 17).
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Figure 11: Embryoid bodies derived from mESCs werestained with Pl and analyzed by flow cytometry:
comparison of cell cycle structure in CGR8 EBs, with were cultured in normal gravity (control group: 1 g)
and simulated microgravity (treatment group: p g) for different time periods. The data represent mans of
three experiments (n=3).

Table 2shows the results of cell cycle analysis and s the average (in percent) of cells in
the different phases of the cell cycle comparirgyttieatment group (g) with the control group
(1 g). There were no significant difference in cell leyphases between the treatment and control

group, except for the G1-phase on day 6 of expdgute0.001).
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Table 2: Mean percentage of cells in the differentell cycle phases during the exposure to simulated
microgravity compared with the 1 g controls. Statistical significance (p<0.001) is nked with a ***,

Time G1 G2 S SubGl | Polyploid

points

[days] Hg 1g | Mg |19 | ug|1g | ug | 1g | ng| 1g
0 25.4 42 30.7 1.3 0.5
1 316 | 297 |389]402|266] 29 |0.88]237] 0.6 | 0.2
3 298 | 31.4 |356|347|249]236]102/928] 05 | 0.2
6 320 |aa4 |28.7|278|188|14.4(133(192| 1.4 | 0.2

3.2 Hypergravity Experiments
3.2.1 Embryoid Body Morphology and “Beating” Activity

Four independent experiments were performed with different passages of CGRS8 cells in T25
cell culture flasks containing RD medium. For paurtar time periods the cell culture flasks were
exposed to hypergravity, while the control flaskerevkept at the bottom of the centrifuge under
1 g. Visual observation was performed after transfigriEBs into petri dishes and immediately

after exposure.

Right after the incubation times, EBs were photpgesl comparing the g control and treatment
(h g) group. Figure 12shows that EBs during development in hypergraeyditions built
hyphae-like or dumbbell-shaped structures on daypd 3. On day 6 of exposure, EBs formed
globular chains. The control group had oval EB sisaand differed in EB sizes during further

differentiation.
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1 day 3 days 6 days

Figure 12: Morphological changes of cultured mESCand EBs of CGR8 on days 1, 3 and 6 immediately afte
the exposure to hypergravity (1.8g) in comparison to the control condition (1g) in cell culture flasks. EBs
were photographed with the stereomicroscope; scaters: 1000 pm.

Hypergravity
(culture flasks)

1 g Control
(culture flasks)

A second control experiment was performed, in whisBR8 cells were cultured in T25 cell
culture flasks in I until day 6 in the same incubator. Here, the Baskre kept at the bottom of
the centrifuge without running any samples on teeatrfuge; therefore the cells were not
influenced by possible side effects, such as \tmat (igure 13. These cells showed the

formation of cell spheres (EBs) with a clear roghdpe and a more or less equal size.
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1 day 3 days 6 days

1 g Control
(culture flasks)

Figure 13: Morphological changes of cultured mESCsaind EBs of CGR8 on days 1, 3 and 6 under ¢
conditions. EBs were photographed with the stereomioscope; scale bars: 1 day: 100 um; 3 days: 200 pth
days: 300 pm.

3.2.1.1 Changes in the Morphology of Embryoid Bodge

For further processing, EBs were transferred irgti glishes on a shaker and further cultivated
under similar conditions (incubator: 37 °C, 5 % £ @6 % air) until day 10. These EBs showed
the capability to reorganize their EB shape ancevedale to form structures similar to EBs under
the 1 g environment at each time pointiglre 14. Furthermore, EBs showed a slightly

“‘damaged” shape on each time point after transterpetri dishes.
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1 day 3 days 6 days

Transfer into petri dishes

Cultivation until day 10 (1 g)

Exposure to hypergravity

Figure 14: Embryoid body reorganization: cells wereexposed to hypergravity (1.8) for 1, 3 and 6 days and
transferred into petri dishes until day 10 (centralrow). Within this timespan EBs reorganized their ell shape
(bottom raw). EBs were photographed with the steremicroscope. Scale bars: 1000 pm.

Furthermore, microscopic observations of EBs gtahd at hypergravity conditions revealed that
EBs formed under the influence of hypergravity wagmificantly larger in area (1 day: p < 0.05,
6 days: p < 0.001) and in diameter (24 hours: p08,06 days: p < 0.01) than those formed o 1
at 1 day and 6 days, when EBs were observed ritghttae exposureigure 15 A, B. On day 3

of exposure EBs had a smaller area and diameterdfiar 24 hours and 6 days. During the
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development under normal gravity conditions, trexdter of embryoid bodies was more or less
constant. Regarding circularity, no significantfeliences were observedg(re 15 Q; the
circularity factor ranged between 0.58 and 0.7bfth, hypergravity and @ condition.

For comparison, the mean circularity factor of eyot bodies under normald.conditions was
0.82 after 1 day, after 3 days it was 0.86 andax®& 6 days, which reflects the specific round
EB shapes (data not shown).
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Figure 15: Morphological changes in area (A), dianmter (B) and circularity(C) after incubation of ESCs under
hypergravity or 1 g for different time periods in cell culture flasks. The data represent means * standard
errors of four independent experiments (n=4).
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3.2.1.2 Embryoid Body “Beating” Activity

The exposure of cells to hypergravity resultedhi@a tormation of hyphae like structures of EBs
as compared with those formed in thg tontrol (igure 12. These EBs, when transferred to
petri dishes on a shaker, reorganized their usBaslape and formed structures similar to EBs
under the Iy environmentf{gure 14. Furthermore, they differentiated into a variefycell types
including cardiomyocytes, which are able to coritrdbese EB containing plates were further
observed as functional read out for cardiomyogenesitii day 10. EBs, when exposed to
hypergravity for 24 hours, started “beating” onrage at day 6.75 underdland on average at
day 7.5 under hypergravity conditions (n=4). Thea$ as well as the 6 day hypergravity exposed
samples were transferred to petri dishes until #dyas well and showed increased beating
patterns compared with the control group. EBs, wévgomosed to hypergravity for 3 days (n=4),
started “beating” on average at day 7.5, whereasdhntrol group started “beating” on average at
day 9.3. The 6 day exposure (n=4) resulted in E&gisg their “beating” on average at day 7.5;

in contrast, EBs at @ started “beating” on average at day 10.
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3.2.2 Microscopic Observations: Cytoskeleton

For microscopic observations of the cytoskeletonewibryonic stem cells, four independent
experiments were performed with four different paes of CGR8 cells in cell culture flasks
containing RD medium. At the indicated time peri¢2$ hours, 3 days and 6 days) samples were
collected and EBs were stained with Phalloidin-Befed (actin filaments) and DAPI (cell
nuclei). During the observations the illuminatianditions were not changed.

In figure 16the actin filaments and cell nuclei are showntlfier indicated time points comparing
the treatment (ly) with the control group (&). The samples exposed to hypergravity for 1 day
(A), 3 days B) and 6 days{) exhibited a strong and tightly arranged actimfesvork with a
high density of actin filaments compared with tleeresponding control. Especially on day 3 of
exposure, actin filaments had developed from tinetacorner to the center of the EB, whereas
the actin filaments underd were not formed as intense as under Mhere were no qualitative

changes observed in cell nuclei between the diftezenditions.
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| day

6 days

3 days &
lg hg

Figure 16: Cytoskeleton of cultured embryoid bodiesifter 1 day (A), 3 days (B) and 6 days (C): comp&on of
treatment (h g) and control group (1 g); EBs were photographed with a confocal laser scanning fluorescence
microscope; red: actin filaments (Phalloidin-TexasRed), blue: cell nuclei (DAPI), blue and red: mergd. Scale

bars: 100 um.
43



3 Results

3.2.3 Effect of Hypergravity on the Cell Cycle

The effect of hypergravity on cell proliferation svanvestigated by using CGR8 mouse
embryonic stem cells, which were prepared and etiawith propidium iodide at indicated time
points. Samples were collected after 1, 3 and & ddyexposure (n=4). The average of the
percentage of cells in the different cell cycle sgsaof four independent experiments was used
for further examinations. The cells were stainetbilgethe start of the experiment, which was

referred to as day 0 (n=4).

Figure 17represents the adjustment of cells in differert cgcle phases during exposure to
hypergravity until day 6. Here, it is shown thatsnoells were arranged in the G1-phase and that
apoptosis (SubG1-phase) was increased at day Jdswader 1 g as well as under hypergravity
conditions. In both groups, fewer percent of celese arranged in the S-phase as well as in the
G2/M-phase during further differentiation. Note tdeamatic decrease of total cell numbers,
when ESCs were exposed to hypergravity comparddthvit corresponding d. control groups at

each condition.
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Figure 17: Embryoid bodies derived from mESCs werestained with Pl and analyzed by flow cytometry:
comparison of cell cycle structure in CGR8 EBs, wich were cultured under normal gravity conditions
(control group: 1 g) and hypergravity (treatment group: h g) for different time periods. The data represent
means of four independent experiments (n=4).

Table 3shows the results of the cell cycle analysis apdasents the mean percentage of cells in
the different phases of the cell cycle comparingtteatment group (@) with the control group

(1 g). No significant changes were observed duringettosure to hypergravity compared with 1

g controls. Noticeable is the strong increase didalthe SubG1-phase with time, which is also

represented ifigure 18 (leftmost peak next to G1-phase). Cell numbethé&G2- and S-phase
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were decreased with further differentiation, wherealls in the G1-phase were increased under
the normal gravity environment compared with uredightiated cells (day 0) and cells, which
were exposed to hypergravity. There were fewerscattanged in the G1l-phase on day 6 of

exposure. Overall, there were no significant déferes observed.

Table 3: Mean percentage of cells in the differentell cycle phases during the exposure to hypergrayi(h g)
compared with the 1g control.

Time G1 G2 S SubG1 Polyploid

points

[days] | hg | 1g | hg | 1g | hg | 1g | hg | 1g | hg | 1¢g
0 22.9 38.6 37 1.8 0
1 249 | 26.6 | 375 | 373 | 32.8 | 344 4.6 1.6 0.2 0.2
3 223 | 249 | 27.2 | 273 | 288 | 254 | 214 | 224 0.3 0
6 17.7 | 24.2 | 27.4 | 246 | 21.1 22 29.2 29 4.5 0.1

3.2.4. Comparison of Cell Cycle Distribution of theawo 1 g Control Groups

In table 4the cell cycle distribution of the two @ controls (1g control of the simulated
microgravity experiment vs. @ control of the hypergravity experiment) is showiney differ
with respect to their location: thedLcontrol of the simulated microgravity experimentsrev
located at the bottom of the used clinostat (Bgere 6, whereas the I controls of the
hypergravity experiments were located next to thening centrifuge (sekgure 7). There were
significant changes observed in each cell cyclesphexcept of the cells, which were polyploid
(not shown).
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Table 4: Mean percentage of cells in the differentell cycle phases of the two @ control conditions. Statistical
significances are indicated as follows: * (p<0.05j; (p<0.01), *** (p<0.001).

time 1 g controls

points Gl G2 S SubG1 Polyploid

[days] | hg Hg hg | mg |hg| pg | hg| ng | hg |ug
0 22.6 25.4 38.6 42 37 30.7 1.8 1.3 0.03 0.5
1 26.6 29.7 37.3| 40.2 | 34.4 29 1.6 2.4 0.2 | 0.2
3 24.9 314 27.3 | 34.7* | 254 23.6 22.4 | 9.3** 0 (0.2
6 242 | 44.4*** | 246 | 27.8 22 14.4** 29 | 19.2* | 0.1 0.2

3.2.5 Effect of Hypergravity on the Gene Expression

gRT-PCR was performed to quantify the expressioelée of the genes of interest (Myh 6,
CDH1, Klf4, CT, Nanog, Oct4), which play a cruciale in differentiation, pluripotency and
cardiomyogenesis. The gene expressions of targeisgeere normalized to the housekeeping
reference genp-actin. The relative fold-expression changes wateutated and summarized in
table 5 The control values were always 1 for thg dondition and are not shown in the table.

As a result of the insufficient mMRNA quality, oneperiment was excluded before qRT-PCR was
performed. Furthermore, no statistical analysesewsarried out because of the fluctuating
expression values of all target genes, which rariged e.g. 1.4 to 377.2 in the same condition
(not shown). Inable 5the mean fold change expression values of all taygees with standard

deviations are shown (n=3), which represent trengtrariance of the data.
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Table 5: Mean fold-expression values of pluripotenc and differentiation markers as well as mean fold-

expression values of genes involved in cardiomyogesis + standard deviations (SD).

cardiomyogenesis pluripotency markers
cardiac Troponin Myh 6 Nanog Oct 4
day mean *SD mean =SD mean = SD mean £ SD
1 35.23 +51.74 40.24 £ 64.37 134.39 £ 210.56 4.56 + 3.87
3 8.59+8.42 1.23+1.06 15.14 £ 21.28 0.74 £ 0.82
3.92 £5.04 4.87 £ 4.46 5.61+4.61 5.94 £ 5.89
differentiation markers
CDH 1 Kif 4 Oct 4

day mean +SD mean +SD mean +SD

1 0.87 £0.70 12.41 £ 18.15 4.56 £ 3.87

3 13.09 + 20.97 3.00+4.48 0.74 £0.82

6 1.92 £2.60 3.22+4.14 5.94 +5.89

The fold-expression values of the target genediveléo the corresponding control (which is 1)

showed a strong variance on day 1, day 3 and alstag 6. When embryonic stem cells were

exposed to hypergravity, the fold-expression valoés.g. Nanog, one of the pluripotency

markers, indicated that during exposure to hypeityrdhe expression of Nanog decreased as

well as the expressions of cardiac troponin, Mydn@ KiIf 4, whereas the fold-expression values

of CDH 1 showed a higher expression on day 3 timaday 1 and 6. The fold-expression values

of Oct 4 showed a higher value on day 1 and 6 tharday 3, which indicated a higher

differentiation potential on day 1 and 6 compaeday 3.
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4 Discussion

4.1 Simulated Microgravity Experiments

In this study, the effects of simulated microgravising the 2D clinostat on qualitatively visible

parameters of the actin framework of the cytoskeletnd of the cell cycle of murine embryonic

stem cells (ESCs) including apoptosis and proliferawere investigated. Shinde et al. (2015)
developed the method to expose ESCs to clinorotafiirst results indicated that there are
changes in the gene expression and embryoid bodyholmgy, when cells were exposed on a
2D clinostat (Shinde et al., 2015) or to real migavity (Blaber et al., 2015). The present study
complements the study of Shinde et al. (2015) imseof cell cycle and cytoskeleton analysis of

clinorotated embryonic stem cells.

4.1.2 Simulated Microgravity affects the Actin Cytskeleton

It is well known, that changes in the gravitatiofiald (e.g. microgravity) affects cytoskeleton
components of rodents such as microtubules (MTermmediate filaments (IF) and actin
filaments (AF) in vivo (Crawford-Young, 2006). There were some studiegopmed to
investigate the influence of real and simulatedragcavity on microtubules and actin filaments
(e.g. Rosner et al, 2006; Nabavi et al., 2011; elval., 2002). The interactions between MT, IF
and AF are crucial for the normal fashion in cé@sawford-Young, 2006). In the present study,
the effect of clinorotation on the actin framewankthe cytoskeleton of murine embryonic stem
cellsin vitro was examined. The results indicated qualitativergka in the actin filaments, when
ESCs were exposed to a 2D clinostat compared with maintained at @ normal Earth gravity.
On day 6 of exposure, the actin framework was dease tightly arranged under ¢ as
compared with the actin framework under simulated. When the influence of the Earthly
gravitational vector is neutralized, there is necéoanymore affecting the cells; obviously this

condition induces the development of a lesser prooed actin framework. Consequently, the
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tasks of the cytoskeleton (e.g. maintaining celapsh providing mechanical resistance to
deformation and supporting some signaling pathwaysy be affected as well. These findings
are consistent with earlier observations of theaotwf gravity (e.g. Rosner et al., 2006; Nabavi
et al., 2011; Uva et al., 2002). Uva et al. (20@2)nd that cytoskeletal components (microtubules
and actin filaments) were damaged after 30 min ursitteulated microgravity and that actin
filaments were highly disorganized. Furthermoresytiiound altered chromatin condensations
and DNA fragmentations in the cell nuclei, whiclsuked in an increased apoptosis rate (Uva et
al., 2002). In the present study, there were ntgasive changes in the arrangement of cell
nuclei observed, when ESCs were exposed to cliaboot There should be further
investigations performed focusing on the arrangeénoércell nuclei during the exposure to a
microgravity environment and furthermore with regp® an increased apoptosis rate induced in
microgravity (e.g. using a mitochondrial membran&eptial assay kit or a homogeneous
caspases assay to proof apoptosis). Changes aytibs&keleton (actin flaments, microtubules as
well as intermediate filaments) have been repartesfudies conducted on different types of cells
such as osteoblastic and glia cells as well as huM&F-7 cells (breast cancer cells). The
cytoskeleton was disorganized at the beginning,dfiigr a certain timespan (approximately 3
days), it was reestablished (Guignandon et al.,1200va et al.,, 2002; Li et al., 2009).
Interestingly, these studies used differentiatdts.c&€hese findings hypothesize that embryonic
stem cells (initially undifferentiated ESCs, usedthis study) may not be able to adapt to the
microgravity environment immediately but adapt tt@uring further exposure, indicated by the
reestablishment of their actin network. As a consege, investigations should be performed
focusing on the expression of e.g. tubulin andnactiidentify the role of these two main protein

classes of the cytoskeleton in adapting towardswagravitational environment.

4.1.2 Effects of Simulated Microgravity on the CelCycle

A number of previous studies, which were focusedhenimpact of microgravity on ESCs using

different experimental approaches to achieve sitedlanicrogravity, have shown a variety of
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results (e.g. decreased cell numbers, altered mxthgsoperties, decreased “stemness” and
increased differentiation) (e.g. Wang et al., 200/kkayma et al., 2009; Buravkova et al., 2008).
In contrast, experiments with ESCs in real micrggyaobtained in the course of spaceflight
showed a decrease in differentiation markers ingigaa discrepancy between the applied
simulation approach and real microgravity (Blabeale 2015). Here it has to be considered that
a variety of ground-based facilities to provide siated microgravity such as clinostats (2D, 3D)
and random positioning machines (RPM) as well agnas for magnetic levitation have been
developed; however, these devices use differingiphl/principles, and, in consequence, they do
not necessarily provide functional weightlessnessmf the perspective of the biosystem
employed (Herranz et al., 2013; Brungs et al., 20D&pending on the experimental setup (e.qg.
exposing samples in a small/big radius around thtation axes) it has to be proven, which
microgravity simulator is best for the intended esiqments. Wang et al. (2011) e.g. found no
changes in cell cycle distribution among differéme points (1 and 3 days), when embryonic
stem cells were exposed to clinorotation using acBbostat. These results are similar to the
results of the present study; on day 1 and 3 noifgignt differences were observed between
clinorotated and 3 samples. However, there was a significant diffeeeim the number of cells
in the G1-phase between thg froup and the |g group on day 6, when ESCs were exposed to
the 2D clinostat. More cells were arranged in tHepBase in both groups and were therefore
sensitive to signals to initiate DNA synthesis. Taet that the mean percentage of cells in the S-
phase was higher on day 3 and 6 in thg group compared with the d group indicates the
capability of undisturbed and even extensive peddifion during the exposure to clinorotation.
However, differences in the S-phase between thedgwaops were not significant. Normally,
about half of the cells are arranged in the S-plrasedifferentiated ESCs and this is consistent
with the well-known characteristics of embryoniemt cells with respect to their ability to
proliferate (White and Dalton, 2005; Wang et a1 2). Earlier studies indicated that ESCs had
an increased apoptosis rate during developmentrusieulated microgravity using a 3D
clinostat (Wang et al., 2011). In the present sttliy results of the cell cycle distribution,
especially regarding the mean percentage of ESCHhenSubGl-phase, which consists of
fragmented and apoptotic cells, was increased guurther differentiation in both conditions (1

0, 1 g) compared with undifferentiated ESCs; howeversignificant differences were observed.
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If the chosen simulation approach in fact fulfitis requirements can be finally answered, when a
corresponding experiment is performed under rearagravity conditions such as e.g. in the

course of a spaceflight or parabolic flights.

The present results show that clinorotation afféoescytoskeleton, especially actin filaments, as
well as the proliferation of murine embryonic steells and apoptosis from day 3 and 6 onwards.
However, more investigations are required focusimgthe cell cycle analysis from day 6
onwards as well as some studies focusing on tleslkgteton, in combinations with methods e.g.
Western Blot and gqRT-PCR referring on protein aeteyexpressions related in forming the
cytoskeleton. Moreover, there is one important eispehich should be considered. The normal
processing procedure of fixating embryonic stentsdeds to be revised. Embryonic stem cells
were exposed to simulated microgravity, but thendblls were centrifuged at e.g. 26@or 5

min for e.g. changing the medium or for washingpstdt cannot be excluded that this strong
hypergravity phase influenced the cells as wellweler, the 1g groups as well as the g
groups were treated in the same way and, the gigntfdifferences with respect to cell cycle and
changes of the cytoskeleton, clearly, indicate ityarelated effects. Furthermore, the staining
procedure of embryonic stem cells and embryoid d®tias to be revised as well. In this study,
the cells were blocked in BSA, which was not neasssThe blocking procedure is normally
used for immunolabeling, a biochemical processéhables the detection of an antigen bound to
a particular site within a cell or organ. In addlitito that, some centrifugation steps and therefore

the influence of the strong hypergravity phase maprevented as well.

Some of the used methods in this study were apfdiethe first time. For further investigations

the protocols have to be revised (e.g. the wasstiegs, cytoskeleton staining).
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4.2 Hypergravity Experiments

In order to study the possible influence of hypavgy on the development of embryonic stem
cells, several parameters were selected, whichnamdved in differentiation, pluripotency and
cardiomyogenesis. In addition to that, the cellleyand embryoid body morphology of ESCs

were analyzed.

4.2.1 Hypergravity affects the Actin Cytoskeleton ad Embryoid Body Morphology

Embryoid bodies derived from murine embryonic steglls were exposed to hypergravity for
specific time periods. EBs showed size variatiomsaiea and diameter at day 1 and 6; the
diameters were significantly higher as comparedhimse under the @ control conditions.
Interestingly, the 3 day exposed EBs did not showsagnificant changes in area and diameter.
They were smaller in both parameters, which magpthéuted to cell adaption to hypergravity
conditions at a later time point, although thereexghanges observed after 24 hours. Wang et al.
(2011) have reported that ESCs under simulatedogpiarity conditions (using a 3D clinostat)
showed a decrease of adhesion rate, which norrdahlzleen cells had adapted (approximately
after 3 days). Possibly ESCs behave in the samamayypergravity environment. The changes
in area and diameter of hypergravity-exposed ES€re @lso reflected in morphological changes
of EBs, which formed hyphae-like or dumbbell-sha#dictures on day 1 and 3 as well as
globular chains on day 6 as compared with samptes the control groups. These EB shapes
were sensitive to any kind of treatments (e.g.tthasfer into petri dishes resulted in isolated
cells). Furthermore, in this study there were ajs@litative differences in the cytoskeleton,
precisely in the actin structure, observed. Theosype of ESCs to hypergravity resulted in a
denser and tightly arranged actin framework as @etgpwith the corresponding controls af 1
on each time point, which indicate the capabilifyadaption to the environment. When the
influence of the gravitational vector was interesifi(1.89), cells obviously compensated the
resulting force by forming, e.g. a more powerfutoskeletal framework and thereby adapted to

the hypergravity environment. It is questionablén# identified changes in EB morphology and
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in the cytoskeleton are also reflected in theirnmalr functions at the cellular level. It may be
possible that some signaling pathways along thes&gietal framework are affected by the
exposure to a hypergravity environment; furtherneixations should be performed for a better
understanding of the phenomena observed, in comntimaith methods such as Western Blot
and gRT-PCR referring on protein and gene exprassiovolved in forming the cytoskeleton.

However, the results of the present study sugdedtthe EB shape definitely is influenced by

hypergravity, which is also represented in theraithmework of EBs.

4.2.2 Effects of Hypergravity and Vibrations as Pasible Side Effect on the Cell Cycle

In the course of the present study, the influerfdeypergravity on the cell cycle distribution was
investigated, finding a strong increase of cellshe SubG1-phase, but no significant changes
were observed at any time point comparing the rireat with the control group. A strong
increase of cell numbers in the SubG1-phase alatigtime in both gravity conditions has also
been reported for cells, which were exposed to lsitad microgravity (Wang et al., 2011), and is
consistent with the results in this study (see t#ap.1.2). Interestingly, the mean percentages of
cells in SubG1-phase under thg tontrol conditions were as high as those whichevexposed

to hypergravity at each time point. Furthermorewas expected that the mean percentages of
cells in each cell cycle phase would be identicadlar both 1g control conditions. i.e. the
stationary samples in the incubator hosting either centrifuge or the clinostat (see chapter
3.2.4). This was, however, not the case. In tlgecbntrols of the clinostat experiments, more
than 40 % of cells were arranged in the Gl-phasereas only half of this percentage was
arranged in the G1-phase in thg tontrol of the centrifuge experiments. A similarding was

the percentage of cells in the SubG1-phase betwesse two 1g control conditions. 19 % of
cells increased in the clinostagXontrol and nearly 30 % of cells increased inllgecentrifuge
control. It can be speculated that samples kepiheabottom of the centrifuge may experience
vibrations due to the running of the centrifugeisibssumed that such kind of vibrations do not

occur in the clinostat, which has to be provenhia future. There were few studies performed
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analyzing the impact of vibrations on e.g. chongtes, which suggested that vibrations were
significantly detrimental to cartilage (Wehland at, 2015; Ma et al., 2013). Consequently,
vibrations might have an influence on embryonierstells. Furthermore, there were changes in
EB morphology between the two control experimentghis study observed such as size and
shape variances, which may be attributed to theatidns of the running centrifuge as well (see
chapter 3.2.1). This arises the question how tange appropriate @ controls, which also has
been considered by Kamal et al. (2015).

4.2.3 Altered Gene Expression and CardiomyogenesisHypergravity

Shinde et al. (2015) examined the influence of &aed microgravity on the expression of genes
(KIf 4, Oct 4, CDH 1), which are able to induce larjpotent and differentiated state in CGR8
embryonic stem cells, and they observed that tlgesees were not significantly affected.
Moreover, they analyzed the expression of Myh 7ctvis involved in cardiomyogenesis. When
ESCs were exposed to simulated microgravity, th@ession of Myh 7 was downregulated as
compared with the Iy control. Shinde et al. (2015) also found that Efben they were
transferred to petri dishes at day 3 and subselyuaritured under similar conditions like thegl
controls for additional 7 days, showed a reduceatibg activity compared with the control
group. Blaber et al. (2015) found a reduced expyassn a number of cardiovascular
differentiation markers, specifically in cardiomybe markers such as Myh 6 and Myh 7, which
were downregulated in EBs differentiated in rea). (IConsequently, the expression of KIf 4, Oct
4, CDH 1 and Myh 6 as well as the expression of itmave genes, namely cardiac Troponin and
Nanog, was investigated in this study under hygetiggr conditions. Unfortunately, the results of
gRT-PCR were not evaluable because of the highuifdions in the same conditions. The
guestion of interest is whether the expression ghM and cardiac Troponin is upregulated or
downregulated. Here, it may be possible that My& @pregulated due to the earlier contractions
in EBs, which were found (averaged) at day 7.5,mMB8Cs were exposed for 3 and 6 days as

compared with the findings in the correspondingtmngroups. This phenomenon also may
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support the assumption that there are differencekd differentiation and pluripotency markers
(CDH1, Oct 4, KIf 4, Nanog), which may cause adaslifferentiation into cardiomyocytes under
hypergravity conditions than under d. Furthermore, there should be some experiments

performed, which focus on the expression of cyttetka markers (e.g. tubulin and actin).

4.3 Conclusion and Outlook

Overall, the results of the present study sugdest tlinorotation affects the actin system in
embryonic stem cells and the cell cycle distribatiddoreover, the results suggest that also
hypergravity has an impact on the differentiatiastenmtial, on cardiomyogenesis, and on EB
morphology as well as on the actin framework of imeirembryonic stem cells. Further
investigations should be performed to study theeatffof vibrations on the differentiation
potential of ESCs. Furthermore, the commonly used @stablished procedures when
experimenting with stem cells have to be considdesdmples are centrifugations of cells which
have previously been exposed to simulated micragyratHiowever, as both — control and
experiment samples — were processed after expostite same manner, a gravity-related effect
can be discriminated. Nevertheless, a weak or sporese might be obscured by centrifugation

after clinorotation.

Mouse embryonic stem cells are able to differeatiato the three germ layers, recapitulating
many aspects of the cell differentiation during lyeambryogenesis. Therefore they are a
convenientin vitro model to analyze the impacts of simulated micraigyaand hypergravity on
the development. The cytoskeleton is known to heial for numerous cellular processes. In
addition to this study, focusing on the actin fravoek during the exposure to simulated
microgravity, changes in microtubules have to besaered, which may result in an altered or
slowed down cell cycle distribution, particularly mitosis and therefore in proliferation. These
indications of the actin system could explain sarhéhe mentioned dysmorphologies such as
neural tube closure in the heaBldurodeles wal)l or the different morphology of hatching

Xenopusembryos occurring during their development in waeavity, as well as the lack of
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development of mouse-embryos. Crawford-Young (2066hd that all cytoskeletal components
were altered to some degree in microgravity whigghtnhave far reaching consequences if the
cells are embryo cells. Another aspect, which ltadd noticed, is that e.g. fish are able to
produce live offspring in real microgravity (CrawdYoung, 2006) in contrast to rodents such
as mice and rats. The underlying mechanisms dfifatton and embryogenesis under normal 1
g Earth gravity as well as under microgravity obwlyudepend on the given basic achievements

of a biosystem to counter/use the gravitationatdgresent or absent (Clément, 2005).

On the opposite, the results in the present studbywed that hypergravity resulted in the
formation of a denser and tightly arranged actamfework. Further studies should also focus on
microtubules which may be more dynamic and in taffluence the cell cycle positively (e.g.
faster proliferation rate). Differences in embrydiddy morphology such as dumbbell-like
structures may also indicate a high apoptosis vaté&h may be attributed to the shape and size
of EBs occurring during the development in hypergya On the other hand, the earlier
contractions in EBs during the exposure to hypetgramay be a further indication for an
extensive proliferation potential. It would be irgsting to know, if the exposure of cells to
hypergravity can counterbalance the effects ors aellen they have previously been exposed to
e.g. simulated or real microgravity, when the pssaeg procedure is revised. In this case,
providing hypergravity could be one of the main maghes, which can be used to antagonize
effects due to microgravity (e.g. bone loss, skdletuscle atrophy, cardiovascular problems,

immune system dysregulation and alteration of sérepcircadian rhythms).

Taken together, the impact of gravity on embryastiem cells differentiation is still not well
understood. The availability of methods to altee thfluence of gravity will help to identify
underlying mechanism of embryogenesis.

57



5 Summary

5 Summary

Murine embryonic stem cells (ESCs) were exposesinmlated microgravity using the principle
of a fast 2D clinostat and hypergravity (§)3to investigate the effects of (altered) gravityazll
differentiation. In this context, gravity-inducetianges in the cell cycle distribution, the gene
expression, the cytoskeleton, the embryoid bodypmmogy and the differentiation potential
have been investigated. Changes in the gene eigmemsd embryoid body morphology as well
as reduced beating patterns (correlated with arl@ewpression of Myh 7) of ESCs after exposure
demonstrated the impact of simulated microgravitye analysis showed changes in the actin
framework of the cytoskeleton on day 6 of clinotiaia as compared with the corresponding 1
controls; the actin framework was less pronounaeteu simulated microgravity conditions. Cell
cycle analysis of clinorotated ESCs revealed sicguit changes in the G1-phase: the number of
cells in the 1g control group was significant higher as comparéth ¥he clinostat group. ESCs
exposed to hypergravity revealed changes in thén acttmework after 24 hours; the
microfilaments were denser and tightly arrangednti@der 1g conditions. Furthermore,
hypergravity induced significant differences ire tmorphology of embryoid bodies regarding
area and diameter and resulted in an increasedsimpared with the @ control, whereas the
cell cycle seemed to be unaffected by hypergratibcation of the 1g control near to the
centrifuge versus location of the dL control on the bottom of a clinostat revealed edight
numbers of cells in the SubG1-phase. This resditates a potential device-specific side effect
of vibration and in turn a combined effect of hygawvity and vibration on the running

centrifuge. This has to be considered in furtheegtigations.

As a result of the insufficient RNA quality and tHkictuating expression values of the
investigated genes (Oct 4, Nanog, CDH 1, Myh 6diear Troponin and KIf 4), there were no
consistent results obtained in this study. Howewetreased beating activities in EBs may
indicate changes in the expression of differemratnarkers and in genes, which are involved in
the process of cardiomyogenesis. The handling duoes of embryonic stem cells used in this
study, have to be revised for further studies sistemmdard laboratory procedures include e.g.

centrifugation steps in order to concentrate cellsich might interfere with the gravity-related
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5 Summary

experimental set-up. Overall, the results of thisdg suggest that embryonic stem cells are
sensitive to altered gravity conditions and resptangravity changes by e.g. forming a more/less
powerful actin framework. Further investigationg aecessary for understanding the effects of
gravity and its effects on the actin cytoskeletam the differentiation of ESCs and for
understanding the development under altered grawitglitions.
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List of Figures

Figure 1: The principle of clinorotation: cells iiquid media will sediment under normal gravity ditions (1 g)
(left). Cells under real microgravity conditionslMde randomly distributed and weightless (cent&y.the exposure
on a 2D clinostat, cells will be rotated along oagis perpendicular to the direction of the gravigctor;
microgravity is simulated due to the neutralizatafrsedimentation (right) (from Hader et al., 2005)................. 4
Figure 2: Schematic representation of the isolatidieSCs: the blastocyst contains three compor{émsinner cell
mass, the trophoblast and the blastocoel); ESCdsmiated from the inner cell mass of blastocysts orm all the
tissues of the body; the three germ layers (mesodectoderm and endoderm) are formed during gastior
(Yabut and Bernstein, 2011; edited DY WEQEINEL)........ccvivveieeeeieesieieestee ettt e e sse s sees 5
Figure 3: Comparison of the schematic cell cycleicture of embryonic stem cells (ESCs) and embrjoidies
(EBs): M=Mitosis, S=Synthesis (S-phase), G1/G2=@hases (from White and Dalton, 2005; edited by WeQes
Figure 4. Embryo-derived pluripotent cells have @musual cell cycle structure. Undifferentiated mES§feft) and
embryoid bodies (EBs) (right) derived from mESCsevetained with propidium iodide (PI) and analyzad flow
cytometry (from White and Dalton, 2005; edited BGANEN..........ccveveeeeeeee et 9
Figure 5: Schematic representation of the expertalgrian.............ccoveveeveeiesiieie s 17
Figure 6: A 2D-Pipette-Clinostat allows the expasaf ten 1 mL pipettes in parallel; 1 g control® docated at the
bottom (arrow) (DLR, Cologne, Germany; designedbyJens Hauslage)............cccoevvevuerveceeiesiveiesieseeeeesinns 19
Figure 7: Multi Sample Incubator Centrifuge: forcimbation during hypergravity conditions of cell wuwks different
inserts have been constructed. Depending on theriemental demands, accelerations up to 40 g undetrolled
environmental conditions can be applied. 1 g cdstrare located at the side of the centrifuge (arrd®LR,
(070 oo g TSI C 1= s aT=T 0 OSSR 22
Figure 8: Example of flow cytometry analysis witlowingSoftware 2.5.1 based on a pilot experimette Tirst
image (upper left) shows a dot plot of forward aide scatter, below is shown a typical cellulartgsawith the
majority of cells in the GO/G1 phase (left peakll @2/M phase (rightmost peak). The area betweesetipeaks
indicates cells within the S-phase. The upper rigidge shows a dot plot of single cells, below, dtaistics are
shown. Further analysis can be done with MiCrOEOREL............ccovveveieieieieeer et 26
Figure 9: Actin cytoskeleton of cultured embryo@ties after 1 day (A), 3 days (B) and 6 days (@nparison of
treatment (1 g) and control group (1 g); EBs wetwipgraphed with a confocal laser scanning fluosssme

microscope; red: actin filaments (Phalloidin-Texaed), blue: cell nuclei (DAPI), blue and red: matg&cale bars:

Figure 10: Comparison of cell cycle structure ofdifferentiated mESCs (left) and embryoid bodiessjEBight)
derived from mESCs, which were stained with propidiodide (PI) and analyzed by flow cytometry............... 34
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Figure 11: Embryoid bodies derived from mESCs vetated with Pl and analyzed by flow cytometry: parison
of cell cycle structure in CGR8 EBs, which weretuwneld in normal gravity (control group: 1 g) andnuilated

microgravity (treatment group: 1 g) for differeiine periods. The data represent means of threeriexgets (n=3).

Figure 12: Morphological changes of cultured mES®sl EBs of CGR8 on days 1, 3 and 6 immediately tfee
exposure to hypergravity (1.8 g) in comparison lie tontrol condition (1 g) in cell culture flaskEBs were
photographed with the stereomicroscope; scale DBBSO JUM.......cccceveeiereeriesiieiesieieetiesie et ee st see e e ee e 37
Figure 13: Morphological changes of cultured mES®sl EBs of CGR8 on days 1, 3 and 6 under 1 g dondit
EBs were photographed with the stereomicroscopeduars: 1 day: 100 um; 3 days: 200 um; 6 day® gén.. 38
Figure 14: Embryoid body reorganization: cells wezgposed to hypergravity (1.8 g) for 1, 3 and 6sdand
transferred into petri dishes until day 10 (centraw). Within this timespan EBs reorganized thel shape
(bottom raw). EBs were photographed with the stetiecoscope. Scale bars: 1000 [M......cccccvevevvvrreevrienennn, 39
Figure 15: Morphological changes in area (A), diaere(B) and circularity(C) after incubation of ESGmder
hypergravity or 1 g for different time periods iellcculture flasks. The data represent means td#ad errors of
four independent EXPEIIMENTS (NT4).....c.evieiieiesieie sttt sttt sttt et et e st e e et ateestassseessesssessesssenses 40
Figure 16: Cytoskeleton of cultured embryoid bodiéter 1 day (A), 3 days (B) and 6 days (C): congmar of
treatment (h g) and control group (1 g); EBs weteofographed with a confocal laser scanning fluosss®

microscope; red: actin filaments (Phalloidin-TexXasd), blue: cell nuclei (DAPI), blue and red: matg8cale bars:

Figure 17: Embryoid bodies derived from mESCs vetated with Pl and analyzed by flow cytometry: parison
of cell cycle structure in CGR8 EBs, which werdureld under normal gravity conditions (control gmul g) and
hypergravity (treatment group: h g) for differeniné periods. The data represent means of four iedeéent

EXPEIMENES (NT4) ittt ettt ettt e e et et e et e e et e te e st et es e st e s teessaase e st assaea e e asaesasstasssasseaseensaasseasasssessenssesseens 45
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Statistical Analyses

Statistical analyses were performed with GraphPadnP5. Statistics were based on the

Kolmogorov-Smirnov normality test. For cell cycleadysis and EB morphology (area, diameter

and circularity) two-way Anova and Bonferroni pdgic tests were performed to evaluate the

statistical significance. A P value of < 0.05 wamnsidered statistically significant. In the

following tables the statistics are shown:

in thestf column the time-span of an

experimental/control run is provided, followed lwyotcolumns which represent the two gravity

conditions (1g vs pg/ hgor 1g vs 1g). The column labeleBifferencerepresents the difference

of analyzed values obtained between the two carditiThe 95 % confidence interval (Cl) is

shown in the next column, which reflects a sigmifice level of 0.05, the P value. The column

which is labeled with represents the post hoc test. The last column suipes the statistical

significance (ns= no significance, * = p < 0.05,%p < 0.01, *** = p < 0.001).

Embryoid Body Morphology

Two-way Anova and Bonferroni post hoc test

1 g circularity vs. hg_circularity

Day of differ. 1g circ hyp_circ Difference 95% CI of diff. t P valug Summary
1 0.68 0.58 -0.09 -157.9 to 157.7 0 P>005 ns
3 0.58 0.64 0.06 -157.7 to 157.9 0 P>005 ns
6 0.7 0.58 -0.12 -157.9 to 157.7 0 P>005 ns
1 g diameter vs. lg_diameter
Day of differ. 1g_dia hg _dia Difference 95% CI of diff. | P value Summar
1 274 414.2 140.2 -17.60 to 298.0 3 P<0.p5 *
3 254.6 341.2 86.55 -71.25 to 244.3 2 P>0p5 ns
6 240.6 400.7 160.1 2.294 to 317.9 3 P<0.Q1 i
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1g areavs. ly_area

Day of differ. 1g_area lg_area Difference 95% CI of diff. t P valug Summary
1 40540 82040 41500 -7759 to 90750 3 P<Q05 *
3 51550 62760 11210 -38040 to 60470 1 P>005 ns
6 35120 96810 61680 12430 to 11090C 4 P<0.001 ***

Cell Cycle Analysis (10, hg vs. corresponding @ control)

Two-way Anova and Bonferroni post hoc test

1g Glvs. pyg G1

Day| 1g G1 ug G1 Difference 95% ClI of diff. t P value Summary
0 25.4 25.4 0 -11.351t0 11.35 0 P>0.05 ns
1 29.75 31.57 1.823 -7.447 t0 11.09 0.6512 P>0/05 ns
3 31.43 29.77 -1.66 -10.93to 7.611 0.5928 P>005 ns
6 44.38 31.98 -12.4 -21.67 to -3.126 4.42/7 P<0.0p1  ***
1g G2vs. yg 1G2
Day| 1g G2 Mg lG2 Difference 95% CI of diff. t P value Summary
0 42.03 42.03 0 -11.14t0 11.14 0 P >0.05 ns
1 40.15 38.87 -1.287 -10.38 to 7.806 0.4685 P 5 0[0 ns
3 34.64 35.63 0.9867 -8.106 to 10.08 0.3593 P 5 0|0 ns
6 27.78 28.72 0.9367 -8.156 t0 10.03 0.3411 P 5 0|0 ns
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19 S-phase vs. g_S-phase

Day | 1g_S Mg S Difference 95% CI of diff. t P value Summary
0 30.74 30.74 0 -9.759 10 9.759 0 P>0.05 ns
1 29.03 26.57 -2.457 -10.42t0 5.511 1.021 P >0.p5 ns
3 23.57 24.85 1.28 -6.688 t0 9.248 0.5319 P >0.p5 ns
6 14.39 18.77 4.383 -3.58510 12.35 1.821 P >0.p5 ns
19 SubG1lvs. |g SubGl
Day| 1g SubGl Mg_SubG1 Difference 95% CI of diff. t P valug Summafy
0 1.33 1.33 0 -15.44 t0 15.44 0 P>0.05 ns
1 0.8767 2.373 1.497 -11.11 to 14.10 03931 P5Q0 ns
3 10.2 9.277 -0.9267 -13.53 10 11.68 0.2434 P5Q00 ns
6 13.3 19.15 5.853 -6.753 t0 18.46 1.537 P>005 ns
1 g Polyploid vs. pg_Polyploid
Day| 1g_Pplyploid pg_Polyploid Difference 95% CI of diff. t P valu¢  Sorary
0 0.51 0.51 0 -1.8951t0 1.895 0 P>005 ns
1 0.1967 0.62 0.4233 -1.1241t01.971 0.9057 P50.0 ns
3 0.1567 0.4767 0.32 -1.228t0 1.868 0.6846 P50.0 ns
6 0.16 1.377 1.217 -0.3309 to 2.764 2603 P>0.05 ns
1g Glvs. g G1
Day| 1g G1 hg G1 Difference 95% CI of diff. t P value Summary
0 22.58 22.58 0 -8.029 to 8.029 0 P >0.05 ns
1 26.57 24.87 -1.7 -9.729 10 6.329 0.70L P >0.p5 ns
3 24.92 22.32 -2.595 -10.62t0 5.434 1.07 P>0p5 ns
6 24.21 22.29 -1.918 -10.59t0 6.754 0.7324 P 50J0 ns
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19 G2vs. g G2
Day| 1g G2 hg G2 Difference 95% CI of diff. P value Summary
0 38.56 38.56 0 -7.874t0 7.874 P >0.05 ns
1 37.25 37.54 0.2975 -7.577 10 8.172 0.12501 P 5 0|0 ns
3 27.34 27.18 -0.16 -8.034t0 7.714 0.06727 P 500 ns
6 24.63 25.61 0.9883 -7.517 t0 9.494 0.384i7 P % 0|0 ns
1g S-phase vs. § S-phase
Day | 1g_S hg S Difference 95% CI of diff. t P value Summary
0 37.03 37.03 0 -6.901 to 6.901 P>0.05 ns
1 34.44 32.83 -1.607 -8.508 t0 5.293 0.7713 P50p ns
3 25.35 28.84 3.488 -3.413t0 10.39 1.678 P >0.p5 ns
6 22.04 24.3 2.259 -5.194 10 9.713 1.004 P >0.05 ns
1g SubGlvs. [y SubG1l
Day| 1g SubGl hg_SubG1 Difference 95% CI of diff. t P valug Summafy
0 1.805 1.805 0 -10.92 t0 10.92 0 P>0.p5 ns
1 1.58 4.56 2.98 -7.937 t0 13.90 0.9087 P>0[05 ns
3 22.36 21.36 -1.003 -11.92 t0 9.915 0.304 P>005 ns
6 29 27.63 -1.368 -13.16 to0 10.42 0.3842 P >0[05 ns
1 g Polyploid vs. tg_Polyploid
Day| 1g_Polyploid hg_Polyploid Difference 95% CI of diff. t P valu¢  Smary
0 0.0325 0.0325 0 -1.340 to 1.34d 0 P >0]05 ns
1 0.1625 0.195 0.0325 -1.308to0 1.37 0.08029 M5 ns
3 0.03 0.305 0.275 -1.065 to 1.614 0.6794 P>0.05 ns
6 0.14 0.1767 0.03667 -1.411 to 1.484 0.08386 M5 ns
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Cell Cycle Analysis (B (hqg) vs. 19 (1 Q)

Two-way Anova and Bonferroni post hoc test

1g(hg) Glvs. 1g(g) Gl
Day| 1g(hypergravity) | 1g(microgravity) | Difference 95% CI of diff. t P vau| Summary
0 22.58 25.4 2.823 -7.010t0 12.66 0.9504 P >0.05ns
1 26.57 29.75 3.177 -5.4951t011.85 1.213 P>0.05ns
3 24.92 31.43 6.516 -2.156t015.19 2488 P >0.05ns
6 24.21 44.38 20.17 11.50t028.84 7.701 P<0J001***
1g(g) G2vs.1g(ug) G2
Day| 1g (hypergravity) | I1g(microgravity) | Difference 95% CI of diff. t P vau | Summary
0 38.56 42.03 3.465 -6.179t013.11 119 P >0|05 ns
1 37.25 40.15 2.908 -5.597t0 11.41 1.13P >0.05 ns
3 27.34 34.64 7.308 -1.197t0 15.81 2.84% <0.05 *
6 24.63 27.78 3.158 -5.347t0 11.66 1.22% > 0.05 ns
19 (hg) _S-phase vs. d (ug)_S-phase
Day | 1g (hypergravity) | 1g (microgravity) | Differencg 95% CI of diff. t P value| Summar
0 37.03 30.74 -6.285 -14.74 10 2.166 2.462 P >0Q.05 ns
1 34.44 29.03 -5.411 -12.86 t0 2.0438 2.4p3 P >0Q.05 ns
3 25.35 23.57 -1.783 -9.237t05.670 0.7922 P50.0 ns
6 22.04 14.39 -7.647 -15.10t0-0.1941 3.397 P<0}j01 **
1g(thg) SubGlvs. 3 (ug) SubGl
Day | 1g (hypergravity) | 1g(microgravity) | Differencq 95% CI of diff. t P value | Summarny
0 1.805 1.33 -0.475 -13.85t0 12.90 0.117@ >0.05 ns
1 1.58 2.373 0.7933 -11.00t0 12.59 0.222P > 0.05 ns
3 22.36 9.277 -13.09 -24.88t0-1.294 3.674 P<0/01 **
6 29 19.15 -9.845 -21.64t01.947 2764 P<005 *
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1g (h g) Polyploid vs. 1g (1 g)_Polyploid

1 g (hypergravity) | 1g (microgravity) | Difference 95% CI of diff. P value | Summarn
0 0.0325 0.51 0.4775 -1.164t0 2.1 31 P50.0 ns
1 0.1625 0.1967 0.03417 -1.413to 1.4 81> 0.05 ns
3 0.03 0.1567 0.1267 -1.321 to 1.5] 97 P50.0 ns
6 0.14 0.16 0.02 -1.428 10 1.46 7# >0.05 ns
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