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Abstract The fast-rotating 2-D clinostat, a ground-based
facility for investigations in simulated microgravity, is
mainly used for experiments with cell suspensions. Here,
we describe the adaptation of a 2-D clinostat for adher-
ent cell investigations using commercially available slide
flasks. As a gradient of residual accelerations is present in
the slide flasks during clinorotation, the range of maximal
g-values has to be adjusted to the investigated cells and
type of analysis. For gene expression analysis, a harvest-
ing slide chamber was constructed, allowing collection of
cells exposed to defined g-values. Using this slide cham-
ber, human 1F6 melanoma cell line, exposed in the ranges
of <0.012 g, <0.024 g, or <0.036 g for 24 h, was har-
vested and the respective mRNA levels of guanylyl cyclase
A (GC-A), an enzyme catalyzing cyclic GMP synthesis,
were determined by real-time quantitative PCR analysis.
Our results show that the down-regulation of GC-A mRNA
levels in 1F6 melanoma cells depends on the residual accel-
eration values with a maximal reduction at <0.012 g. We
further used the slide flasks by the clinorotation of murine
RAW 264.7 macrophage cell line for f-actin analysis. The
laser scanning microscopy images of cells exposed to
g-values of <0.006 g for 1 h show an increase in the cell
size of clinorotated cells, but no rearrangement in the f-actin
filament system compared to static 1-g controls. Thus, 2-D
clinostats equipped with slide flasks can be used for adher-
ent cell experiments, however, the maximal g-values have to
be carefully considered.
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Introduction

Gravity is an environmental factor being present on earth.
Many (unicellular) organisms have developed mechanisms
to sense the gravity vector for orientation purposes. It has
been demonstrated that mammalian cells react to hyper-
or microgravity by changes in gene expression and cel-
lular function (Hughes-Fulford and Lewis 1996; Ivanova
et al. 2004, 2011; Ulbrich et al. 2011; Thiel et al. 2012).
However, experimental capacities in real microgravity are
limited due to high cost and rare access (International Space
Station, ISS) and due to the short experimental time in
the range of seconds to minutes (sounding rockets, drop
tower). Therefore, parabolic flights (with repetitive changes
of microgravity and hypergravity phases) or ground-based
facilities (aiming to achieve conditions of simulated micro-
gravity) are often used to investigate biological samples
under altered gravity conditions, which in turn provide
a prerequisite for experiments intended to be flown in
space.

Fast-rotating 2-D clinostats are commonly used ground-
based facilities for exposition of biological samples (small
animals and plants, cells, and microorganisms) to simulated
microgravity conditions. These are able to generate high
quality of reduced gravity conditions (>0.001 g) and several
studies have shown that results from various model systems
using 2-D clinorotation are similar to results found in real
microgravity (Hemmersbach et al. 2006; Brungs et al. 2011;
Thiel et al. 2012; Herranz et al. 2013), thereby justifying
the use of the term “simulated microgravity conditions”.
In a fast-rotating 2-D clinostat, the sample is mounted
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horizontally and rotated around an axis perpendicular to
the gravity vector (Briegleb 1967), thereby preventing par-
ticle sedimentation. Suspensions of cells can easily be
clinorotated by pipetting them in compartments of a suf-
ficient small diameter. For exposition of adherent cells on
a fast-rotating 2-D clinostat, there are limitations mainly
due to the inverse correlation between the amount of cells
(growth area) and the residual accelerations with respect
to the quality of microgravity simulation. The values of
the residual accelerations in the cell cuvette during rota-
tion depend on the rotation speed (rotations per minute,
rpm) and the rotation radius (r) (Klaus et al. 1998),
thereby restricting the experimental possibilities on 2-D
clinostats.

Here, we describe the adaptation of adherent cells on a
2-D clinostat using commercially available slide flasks. For
cell collection a special slide chamber has been constructed.

Material and Methods
Cell Culturing

As example for experiments with adherent cells using
fast-rotating 2-D clinostats, we selected the low-metastatic
human 1F6 melanoma cell line, which we have used in a
previous 2-D clinostat study (Ivanova et al. 2011) and the
murine RAW 264.7 macrophage cell line (Raschke et al.
1978). Pigmented 1F6 human melanoma cells (a kind gift
from Prof. van Muijen, Department of Pathology, Nijmegen
University, The Netherlands) were grown in Dulbecco’s
modified Eagle’s medium (DMEM), containing 10 %
(vol./vol.) heat-inactivated fetal calf serum (FCS), 2 mM
glutamine, and antibiotics as described previously (Ivanova
et al. 1997). Adherent murine RAW 264.7 cells were cul-
tured in DMEM medium supplemented with 10 % FCS
(vol./vol.) and 1 % penicillin/streptomycin. All cells were
grown in incubators at 37 °C, 5 % CO,, and 97 % relative
humidity.

Clinorotation

The fast-rotating 2-D clinostat used in this study was
originally developed by Briegleb (1992) and modified by
J. Hauslage for the use of slide flasks (Fig. 1a). It provides
two parallel horizontal clinorotation axes, each for fixa-
tion of up to 3 slide flasks. Melanoma cells were seeded
onto 9 cm? slide flasks (Nunc, Thermo Fisher Scientific,
Langenselbold, Germany) at a density of 0.2 x 10° cells
per flask and grown for 24 h at 37 °C in the medium
described above. After washing with phosphate buffered
saline (PBS), flasks were filled completely with phenol
red-free DMEM medium containing 0.25 % bovine serum
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Fig. 1 2-D Clinostat adapted for slide flasks and slide chamber for
cell collection. a 2-D clinostat with slide flask holder for three slide
flasks on each rotation axis. b Commercially available 9.0 cm? slide
flask with removable slide. The slides allow investigation of cells from
different culture areas exposed to defined maximal residual accelera-
tions, e.g., <0.012 g, <0.024 g, or <0.036 g (respective slide area with
a diameter of 6 mm, 12 mm, or 18 mm). ¢ Cell harvesting chamber.
Slides are placed in the slide chamber consisting of a bottom plate and
two cover plates forming free areas of 6 mm (<0.012 g) or 12 mm
(<0.024 g) for collection of cells using an appropriate cell scraper

albumin (BSA), 10 mM 4-(2-hydroxyethyl)-1-piperazine-
ethanesulfonic acid (HEPES), pH 7.4 (DMEM-HEPES),
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and 0.1 mM 3-isobutyl-1-methyl-xanthine (IBMX), a non-
selective phosphodiesterase inhibitor (Ivanova et al. 2004).
Cells were incubated for 2 h at 37 °C. Three cell culture
slide flasks were inserted per horizontal rotation axis and
clinorotated at 60 rpm for 24 h and 37 °C, respectively. The
RAW 264.7 cells were seeded at a density of 1 x 10° cells
per slide flask completely filled with DMEM medium con-
taining 10 % FCS and 1 % penicillin/streptomycin. After
2 h at 37 °C for adherence, 3 slide flasks were inserted per
rotation axis of the fast-rotating 2-D clinostat and rotated at
60 rpm for 1 h (37 °C).

For all experiments 1-g controls were prepared simulta-
neously and placed inside the clinostat box in a horizontal
position. Slide flasks with bubbles in the medium were dis-
carded, as clinorotation even with a single bubble induced
rounding-up and detachment of cells (data not shown). The
loss of adherence of cells as an indicator of detachment
was monitored microscopically and quantified by count-
ing the number of adherent cells by subsequent trypsination
(0.005 % trypsin/0.02 % EDTA) 24 h after clinorotation
using Trypan Blue exclusion assay.

Harvesting Device for Adherent Cells Grown in Slide
Flasks

In the 2-D clinostat using slide flasks, only a small number
of cells are located in the rotation axis, an optimal posi-
tion for very high quality of simulations. All other cells
are exposed to different residual acceleration, depending on
the rotation speed and the distance from the rotation center.
We investigated the effects of different ranges of residual
accelerations on the mRNA levels of guanylyl cyclase A
(GC-A), an enzyme catalyzing the synthesis of the second
messenger 3’, 5'-cyclic guanosine monophosphate (cGMP),
in human 1F6 melanoma cells. To collect only cells exposed
to defined ranges of g-forces, e.g. <0.012 g, <0.024 g, or
<0.036 g, corresponding to a slide flask area with a diam-
eter of 6 mm, 12 mm, or 18 mm (Fig. 1b), respectively, a
special harvesting slide chamber was constructed (Fig. 1c).
This chamber consists of two cover plates attached to a bot-
tom plate, allowing slide insertion without wiping off the
cell layer. The cover plates are designed to form a free area
along the slides, whose width in mm depends on the rele-
vant g-values for investigation and functions as a track for
corresponding cell scrapers.

RNA Isolation and Real-Time Quantitative Polymerase
Chain Reaction (qPCR) Analyses

RNA isolation and qPCR analysis were performed as
described previously (Ivanova et al. 2011). Briefly, for RNA
isolation and gene expression analyses on mRNA level,
1F6 melanoma cells were harvested in areas of <0.012 g,

155

<0.024 g (for both using the harvesting slide chamber), or
<0.036 g (from whole slide flask) immediately after stop-
ping the clinostat. In order to obtain sufficient numbers
of cells for mRNA analyses, cells from two slide flasks
were pooled. Total RNA was isolated from cell lysates
using the RNeasy Plus® Micro kit (Qiagen®, Hilden, Ger-
many). Then 1 ug of RNA was reverse transcribed into
single-stranded ¢cDNA by random priming (QuantiTect®
Reverse Transcription system, Qiagen®, Hilden, Germany).
As example for investigation of gene expression, cDNA
analyses was performed using primers for GC-A, the
housekeeping gene glyceraldehyde 3-phosphate dehydroge-
nase (GAPDH), hypoxanthine phosphoribosyltransferase 1
(HPRT1) (all obtained from QuantiTect® primer, Qiagen®,
Hilden, Germany) as endogenous reference and SYBR
green as fluorescent dye (QuantiFast® SYBR Green PCR
kit, Qiagen®, Hilden, Germany). For negative controls no-
template reaction mixes were used. Data were acquired after
one PCR initial activation step (5 min at 95 °C) and two-step
cycling (40 cycles), each cycle consisting of 10 s denatura-
tion at 95 °C plus combined annealing and extension for 30 s
at 60 °C. Levels of gene expression were determined using
an efficiency-corrected and calibrator-normalized relative
quantification method (LightCycler®, Roche).

Cytoskeleton Staining

For investigations on the impact of clinorotation on the
cytoskeleton in adherent macrophages, f-actin fibers were
stained by Texas Red-conjugated Phalloidin. After stopping
of the clinostat, cells (without harvesting) were immedi-
ately fixed for 30 min with 4 % paraformaldehyde (PFA),
washed in PBS and permeabilized using 0.2 % Triton
X-100 in PBS at room temperature (RT). After 1 h blocking
with 3 % BSA in PBS cells were incubated in PBS contain-
ing 1 pg/ml 4-6-diamidino-2-phenylindole-d-hydrochloride
(DAPI) (Applichem, Darmstadt, Deutschland) in 0.3 %
BSA for nuclei visualization and Phalloidin-Texas Red 1:40
(Invitrogen, Darmstadt, Germany) for 1 h at RT. Samples
were washed in PBS and mounted in Fluorescent Mounting
Medium (Dako, Hamburg, Germany). Subsequent analysis
of 200 cells exposed to a maximum residual acceleration
of 0.006 g (area with a diameter of 3 mm) in the adhesion
region was performed using an Eclipse 80i Nikon micro-
scope equipped with a confocal imaging system (D-Eclipse
C1) with lasers of 408 nm (DAPI) and 543 nm (Texas Red).

Result Analyses
Results are presented as means = SEM from 3-5 indepen-
dent experiments of 4-6 replicates. Means were compared

using an unpaired z-test. Differences were considered sig-
nificant when P < 0.05.
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Results

Application of Slide Flasks and Harvesting Device
for Gene Expression Analyses

Application of the presented slide flasks and slide chamber
enabled collection of cells exposed to a defined maximal
residual acceleration. As an example for gene expression
analyses of 2-D clinorotated adherent cells, we determined
GC-A mRNA levels in 1F6 cells exposed to <0.012 g,
<0.024 g, or <0.036 g (respective slide area with a diameter
of 6 mm, 12 mm, or 18 mm) (Fig. 2) for 24 h. The respective
GC-A mRNA levels were 51.7 % +3.9 %, 83.8 % =+ 8 %,
and 94.0 % = 3.7 % of 1-g controls in 1F6 melanoma cells,
indicating that the down-regulation of the GC-A mRNA lev-
els is inversely proportional to the residual acceleration. Fur-
ther, the mRNA levels of the housekeeping gene GAPDH
were not altered for the investigated range of g-forces. The
1F6 human melanoma cells exposed on a fast-rotating 2-D
clinostat (60 rpm) were viable during the investigated time
periods of 24 h. The percentages of the necrotic cells were
less than 2.5 % of the total cell number.

Application of Slide Flasks for Staining Analyses

Using laser scanning microscopy and a Phalloidin-Texas
Red staining procedure, we investigated the f-actin fila-
ment system at the adhesion region after 1 h exposure to
clinorotation (<0.006 g) in comparison to static 1-g con-
trols. Representative images are given in Fig. 3. A large
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Fig. 2 Influence of maximal residual accelerations of <0.012 g,
<0.024 g, and <0.036 g on the expression of GC-A and the house-
keeping gene GAPDH in low-metastatic 1F6 human melanoma cells.
The investigated cells were clinorotated for 24 h at 37 °C. The mRNA
levels of GC-A (black bars) and GAPDH (grey bars) were determined
by a calibrator-normalized and efficiency-corrected real-time quantita-
tive polymerase chain reaction, using HPRT1 as an internal reference.
Results are presented as percent of 1-g controls. Data are means of
4-6 replicates of 3—5 independent experiments. Asterisks (*/**) indi-
cate statistically significant differences (P< 0.05 / P< 0.01) between
cells exposed to g-values <0.024 g or <0.036 g and cells exposed to
<0.012 g
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variety of cell forms and f-actin arrangements was observed,
in which f-actin is accumulated particularly in the pseu-
dopodia of 2-D clinorotated cells (Fig. 3a) as well as of 1-g
controls (Fig. 3d, e and f). Stress fibers of the actin fila-
ment system were also found in macrophages under both
conditions—clinorotation and at 1 g. However, clinorotated
cells appeared larger and flattened compared to the 1-g con-
trol cells. These results indicate that under the investigated
conditions 1 h of clinorotation induces changes in the size
of adherent macrophages, but obviously not in the f-actin
filament system.

Discussion

In this study we demonstrate the adaptation of a 2-D clino-
stat for experiments with adherent cells using commercially
available slide flasks. As clinorotation generates centrifu-
gal forces, which depend on the cell’s distance from the
rotation axis and the rotation speed, a gradient of residual
acceleration is present in the respective flasks. Taking this
into account, we constructed an appropriate slide chamber
for harvesting of adherent cells exposed to defined maximal
residual accelerations followed by analyses.

To test the application of slide flasks and the harvesting
slide chamber for gene expression analysis, we investigated
the effects of clinorotation on the expression of GC-A,
as the presence of functional natriuretic peptide-sensitive
membrane-bound guanylyl cyclase isoforms (e.g., GC-A
and GC-B) in melanoma cells has been related to metastasis
(Ivanova et al. 2001; Kong et al. 2008). Moreover, we pre-
viously reported a down-regulation of the mRNA levels of
GC-A and GC-B in human low metastatic 1F6 and highly
metastatic BLM melanoma cells exposed to <0.012 g for
6 h and 24 h in comparison to static 1-g controls (Ivanova
et al. 2011), suggesting a reduction of the metastatic poten-
tial of melanoma cells. Here, we present a new set of
experiments in order to study the effect of different ranges
of residual accelerations (e.g., <0.012 g, <0.024 g, or
<0.036 g for 24 h) on the mRNA levels of GC-A in human
1F6 melanoma cells. We found a down-regulation of GC-A
mRNA levels in clinorotated 1F6 melanoma cells of approx-
imately 50 % for residual accelerations <0.012 g and of
approximately 18 % for <0.024 g compared to 1-g con-
trols, respectively. There were no changes at <0.036 g. In
addition, the value for the area of <0.012 g is similar to pre-
viously published data (Ivanova et al. 2011). As the cells
experienced compatible physical and environmental condi-
tions in spite of gravity, the results indicate a threshold of
gravisensatation in melanoma cells. Together, our data show
a clear relationship between residual acceleration and gene
expression within the same experimental set-up. We assume
that the maximal effect in our studies at <0.012 g may
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Fig. 3 Influence of 2-D
clinorotation on the f-actin
filament system in adherent
RAW 264.7 macrophages.
Representative laser scanning
micrographs of cells exposed for
1 h up to 0.006 g (diameter of

3 mm) (a—c) and of the
corresponding 1-g controls

(d—f) are shown. The f-actin
filaments were stained by
Phalloidin-Texas Red (bright red
regions) and the nuclei by DAPI
(blue regions), respectively.
Scale bars are 6 um for clinostat
experiments and 3 pm for 1-g
controls, demonstrating the
increase of clinorotated cells
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correspond to the expected behavior in real microgravity,
but it has still to be tested in appropriate flight experiments.

We also tested the application of slide flasks for inves-
tigations of possible effects of clinorotation on highly
dynamic intracellular structures, e.g., alterations of the
cytoskeletal elements in a very high quality area of simu-
lation (e.g., <0.006 g) using another cell type, e.g., RAW
264.7 macrophages. We found an increase of cell size for
clinorotated cells (<0.006 g for 1 h) in comparison to 1-g
controls, which could be related to spreading and flattening
accompanied by the formation of additional focal contacts,
when the g-vector cannot be detected anymore by the cells.
Interestingly, no alteration of the f-actin filament system
in RAW 264.7 macrophages comparing 2-D clinorotated

cells (<0.006 g for 1 h) and 1-g controls was evident after
1 h of clinorotation. In contrary, changes in the f-actin
filament system and cell morphology have been demon-
strated in several cell type such as osteoblasts exposed to
real microgravity (Hughes-Fulford 2003) and cells of the
human monocyte cell line J-111 exposed to real micrograv-
ity and on a random positioning machine (Meloni et al.
2006, 2011).

For osteoblasts, alterations in the actin cytoskeleton and
loss of focal adhesions have been found after 4 days in
microgravity in comparison to flown cells under 1-g con-
ditions (Hughes-Fulford 2003). The discrepancy between
osteoblast and RAW 264.7 macrophages could be attributed
to the differences in their motility. In contrary to osteoblasts,
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Fig. 4 New clinostat set-up, which can be used as insert for incuba-
tors. The clinostat set-up is equipped with 6 parallel rotating axes that
can be loaded with 24 slide flasks in total (Design M. G6rog, Institute
of Aerospace Medicine, DLR, Cologne, Germany)

which are not motile, the f-actin filament system of
macrophages is constantly rearranged for cellular move-
ment. We also explain the discrepancies in the results due to
the fact that cytoskeletal rearrangements are highly dynamic
processes, which demand on-line fixations and on-line visu-
alization during clinorotation; otherwise the effect might
have already disappeared or misinterpreted with respect to
adaptation phenomena. By using a clinostat microscope
(Hemmersbach et al. 2006) and thus on-line visualization,
we observed dynamic changes in the RAW 264.7 cell mor-
phology — rounding up of the cells followed by flattening
(data not shown), finally resulting in our observation of
an increased cell size after clinorotation. Thus, we confirm
the data of Moes et al. (2011) who also stated comparable
dynamical changes in the morphology and actin filament
system of the human epidermoid cell line A431 in simulated
(clinostat) as well as real microgravity (sounding rocket)
conditions.

For monocyte J-111 cells, Meloni et al. (2006) stated sig-
nificant changes in the structure of f-actin, S-tubulin and
vinculin after 1 h and 24 h exposure on a random posi-
tioning machine in comparison to 1-g controls and after
24 h exposure of J-111 cells in real microgravity on the ISS
(Meloni et al. 2011) compared to 1-g in-flight and ground
controls, which are related to the highly reduced motility
of monocytes in low gravity (Meloni et al. 2011). Whether
differences between our results and the already published
data obtained by just two endpoint measurements at 1 h and
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24 h are due to cell specific responses and sensitivities to
altered gravity or just due to operational differences have to
be shown in the future.

Current hardware developments (Institute of Aerospace
Medicine, DLR, Cologne, Germany) will enlarge the exper-
imental challenges of gravity-related experiments in ground
based facilities. In this context, a new clinostat set-up with
6 parallel rotating axes (24 slide flasks in total) has been
constructed as insert for commercially available incuba-
tors (Fig. 4), which will increase the amount of exposed
material close to the center of rotation and thus in the
area of simulated microgravity conditions. In addition, such
kind of device will allow fixation at dedicated time lines,
providing more information on gravity-related changes
in a highly dynamic and adaptive systems such as the
cytoskeleton.

Taken together, our experimental approach opens a lot
of possibilities with respect to experiments under altered
gravitational stimulation aiming to achieve simulated micro-
gravity conditions. Commercially available slide flasks can
be used for exposition of adherent cells in a 2-D clinos-
tat and provide optimal growth conditions up to 24 h as
revealed by the viability of the exposed cells. Longer last-
ing experiments are principally possible, but then a culture
medium change is needed. Our device is ideally suited to
investigate processes, which need to develop and remain sta-
ble for some time, e. g., gene expression. However, in the
case of fast and highly dynamic processes on-line visualiza-
tion and fixation should at least additionally be performed,
otherwise adaptation phenomena could be masked. Due to
the residual acceleration gradient present in the slide flasks
during 2-D clinorotation, the ranges of maximal g-values
have to be considered, discussed and adjusted to the investi-
gated adherent cell type and to the applied analyses. Finally,
simulation studies need to be verified in real microgravity
allowing the usage of the term “‘simulated microgravity” for
this kind of cell system.
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